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ABSTRACT 

In al1 eukaryotic cells the commitment to enter the ce11 cycle in late Gi is a bighiy 

regulated event characterized by a burst of gene transcription. In budding yeast, the 

heterodimeric tnmscnption factor SBF is composed of Swi4 and Swi6 and is required for the 

induction of a large group of genes early in the ce11 cycle. In this thesis, 1 describe a novel set of 

mechanisms that regdate and modulate the activity of SBF. 

During the ce11 cycle, Swi4 binding to DNA is a highly regulated event restricted to only 

late M and GI phases. Through a series of genetic and biochemical experiments, 1 detemiined 

that the inhibition of Swi4 binding to SCBs in the absence of Swi6 is intrinsic to Swi4 and is 

mediated through the C-terminal region of Swi4. Further, the C-terminal region of Swi4 could 

interact in vitro with the N-terminal DNA-binding domain of Swi4. My data suggest that 

intramolecular interactions with the C-terminal region of Swi4 physicaiiy prevent the DNA- 

binding domain h m  binding SCBs. Upon the addition of Swi6, the interaction of the C- 

terminal region of Swi4 with Swi6 alleviates this inhibition, allowing Swi4 to bind DNA. 

SBF-dependent transcription involves the cyclin-dependent kinase CM-Cdc28. 

Howeva, in the absence of CM, SBFdependent transcription stilt occurs. 1 present direct 



evidence linking the PKCI-MAPK pathway to SBF activation. Further, 1 found that activation 

of Slt2 by heat shock leads to the transcriptional induction of the SBF-dependmt genes PCLl 

and PCL2 but not CLNI and CLN2. 

Through a series of genetic, biochemical and DNA microarray analyses 1 show that Slt2 

likely modulates the activity of Swi4 to regulate the transcription of 28 genes, many of which are 

not cell cycle-regulated or SCB-regulated. This work suggests that the PKCI-MAPK pathway 

rnay utilize Swi4 outside of the ce11 cycle to elicit part of the transcrriptional response necessary 

for ce11 integrity. My experiments also suggest that the heat shock expression of SlWSwi4- 

dependent genes may not require Swi6. 
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CHAPTER 1 

Introduction 



The events of DNA replication, mitosis and cytokinesis define a fiuidamental periodicity 

in the eukaryotic ce11 cycle. Precise coordination of the unidirectional transitions beniveen these 

stages is critical to ce11 integrity and survival. Loss of appropriate ce11 cycle regdation is 

involved in the development of numemus diseases including both hereditary and spontaneous 

cancers. Although oncogenic defects have been identifieci which target al1 stages of the ce11 

cycle, the step that is most fiequently deregulated is at the Gi/S boundary (Bartek et al., 1999; 

Ford and Pardee, 1999). Indeed, in al1 eukaryotic cells, the cornmitment to enter the ce11 cycle in 

late Gi at the "Restriction Point" in mammalian cells or at "Start" in yeast cells is a highly 

regulated evmt. Passage thtough "Start" or the "Restriction Point" is accompanied by a burst of 

gene transcription which cornmits the ce11 to the ce11 cycle (for review see Lania et al., 1999; 

Sanchez and Dynlacht, 1996). 

At the restriction point or Start, the ce11 must sense signals regarding ce11 size, nutrient 

availability, cellular integrity and extra-cellular environmental stresses. Al1 of these signals 

converge on late Gl transcription factors to either activate transcription and drive entry into the 

ce11 cycle or repress transcription and block entry into the ce11 cycle. Understanding the 

mechanisms of integration of signaling pathways regulating Gl transcription factors is key to our 

understanding of the molecular basis of diseases in which ce11 cycle regulation is perturbed. 

The use of the budding yeast Saccharomyces cerevisiae as a mode1 organism to 

understand the ce11 cycle has been pivotal to our understanding of transcriptional control of the 

ce11 cycle. In S. cerevisiae, two Gl-transcription factors, SBF and MBF, are responsible for the 

burst of transcription in late Gl. in my thesis 1 elucidate novel mechanisms of regulating and 

modulating the activity of the Gl transcription factor SBF. In this chapter, 1 nrst present a brief 

overview of the yeast ce11 cycle, followed by a survey in depth of the hction,  structure and 



regulation of SBF at Start. 1 also discuss roles for SBF outside the ce11 cycle with particular 

emphasis on the PKCI-MAP Kinase ce11 wdl integrity pathway. 

SBF and Regulation of the S. ccrevhiae CeU Cycle 

1. A. Overview of the S. cerevisiae CeU Cycle 

Most eukaryotic ce11 cycles are divided into four major phases: Gi, the gap between 

mitosis and the onset of DNA replication; S phase, the period of DNA synthesis; Gz, the gap 

between S and M phases; and M phase or mitosis. S. c e d s i a e  is a particularly powerfiil mode1 

organism for studying the ce11 cycle since the phase of the ce11 cycle can be Msually assessed by 

bud morphology (see Figure 1-1; reviewed by Lew, 1997). Below 1 give a brief outline of the 

key events of each stage of the ce11 cycle and the role of the cyclins. 

i) Staw In budding yeast cells, the major regdatory event goveniing the ce11 cycle is "Start," 

the point of ce11 cycle cornmitment. This laadmark event in yeast is analogous to the "restriction 

point" in mammalian cells (Pardee, 1989). Start is defined as the point after which celb no 

longer respond to anti-mitogenic signais such as pheromones that arrest cells in GI (Hartwell et 

al., 1974). Passage through Start is an irreversible decision; after Start, the ce11 must complete 

the ce11 cycle. Hence, regulating entry into Start is crucial for ce11 survival. Cells enter "Start" 

only after they have reached a critical size and have adequate nutrients provided that no 

pheromone is present (reviewed in Lew, 1997). 

ii) Post-Start Events and S phase: Passage through Start initiates three major processes. First, 

DNA replication is initiated h m  numemus origins of replication (reviewed in Dutta and Bell, 

1997). Second, spindle pole bodies assemble and duplicate shortly after Start and the short 

microtubules act as organizing centres for the upcoming cellular events of mitosis (reviewed in 

Lew, 2000). Third, bud formation is initiated by the coordinate mamangement and polarization of 



Figure 1-1 Schematic Overview of the Sacchur0myces cemdbiae Mitotie CeU Cyclc. 

The ce11 cycle of S. cereviisiae is markeà by two major cellular events, DNA replication in S 

phase and chromosome segregation in Mitosis. These two events are separated by two Gap 

phases Gi and G2. Entry into the ce11 cycle or passage through "Start" occws in late Gi. As 

shown in the bottom half of the figure, progression through the ce11 cycle is easily monitored in 

yeast by the state of the bud. Ce11 cycle progression is driven by five successive waves of ce11 

cycle-regulated transcription. The height of each wave is proportional to the numbers of genes 

induced in each wave. It is postulated that the various waves of transcription are regulated by 

distinct sets of transcription factors. The transcription factors proposed to be responsible for 

each wave of transcription are indicated at the top of the diagram (Spellman et al., 1998). 





the actin cytoskeleton (reviewed in Lew, 2000). Ce11 polarization ailows for delivery of 

secretory vesicles to the site of bud p w t h .  This ailows for specific delivery of ce11 wall 

components required for formation of the new bud and maintains the integrity of the ce11 wall. 

iii) G 2  and M phase; In contrast to higher eukaryotes, the nuclear envelope of S. cerevisiae is 

not broken down during mitosis. Rather, during G2 the nucleus migrates to the bud neck and 

during mitosis half of the nucleus squeezes tbrough the neck. The short spindle poles formed in 

Gi/S elongate during mitosis and perform their masterfiil coordination of faithfûl segregation of 

the chromosomes. Cytokinesis occurs shortly after the completion of nuclear division, producing 

a larger mother ce11 and a smaller daughter cell. The difference in size means that daughter cells 

must undergo a period of ceIl p w t h  prior to entering the next ce11 cycle and dictates that the 

mother ce11 will enter the subsequent ce11 cycle earlier than the daughter cell. 

1. Bm Cyclin Dependent Kinases and Regulation of CeIl Cycle 

Nearly thirty years ago, classic ce11 fùsion experiments showed that late Gz or M phase 

cells contain an M phase-promoting factor (MPF) capable of accelerating the onset of mitosis in 

G2 cells (Johnson and Rao, 1970; and reviewed in Nasrnyth, 1996). Similarly, S phase cells 

contain S phase-promoting factor (SPF) capable of accelerating S phase in Gi nuclei (Rao and 

Johnson, 1970). Genetic and biochemical experiments determined that both MPF and SPF are 

kinases whose activity is modulated by interaction with an unstable regulatory subunit called a 

cyclin. We now know that every eukaryotic ce11 cycle is dtiven by successive waves of cyclin 

dependent kinase (Cdk) activity. 

In S. cerevisiae, the major Cdk goveming the ce11 cycle is Cdc28, which associates with 

three Gi cyclins (Clnl to CM) and six B-type cyclins (Clbl - Clb6) at defined times during the 

ce11 cycle (reviewed in Mendenhall and Hodge, 1998). The Cdk Ph085 associates with members 



of a family of 10 cyclins named PCLs and also plays a role during the ce11 cycle (reviewed in 

Moffat et al., 2000). Three GI-specific cyclins, Pcll, Pcl2 and Pc19, activate Ph085 during Gi 

phase (Espinoza et al., 1994; Measday et al., 1994). but the precise roles of these complexes 

during Gi is not well defineci (see section II A ii). 

1. C. Ce11 Cycle-Regolated Transcription 

One main control over the waves of cyclin activity occurs at the level of cyclin gene 

expression since cyclin transcription is often confïned to discrete periods of the cell cycle. The 

associated Cdk activity is correlated with the transcriptional activation of the gene encoding the 

cyclin regulatory component. Ce11 cycle-regulated transcription is not limited to the cyclin 

genes. Rather, ce11 cycle-dependent M A  fluctuations have been observed for genes involved 

in many cellular processes. Both yeast and mammalian cells have evolved to transcribe specific 

sets of genes at specific times throughout the ce11 cycle corresponding to when the activity of the 

gene is required (for review see Lania et ai., 1999; Sanchez and Dynlacht, 1996). It has been 

postulated thai there are many advantages to ce11 cycle-regulated expression of genes. First, 

transcribing genes only when the gene products are required conserves cellular energy since 

proteins are only synthesized when they are needed. Second, ce11 cycle-regulated expression is 

an important mechanism for confïning the activity of a gene product to a specific stage of the ce11 

cycle. In this case, transcriptional control must be coupled with mRNA instability and an 

unstable gene product. 

Genome-wide transcriptional analysis using DNA microarrays has elegantly 

demonstrated the sale of ce11 cycle-regulated transcription during the mitotic ce11 cycle in 

budding yeast (Cho et al., 1998; Spellman et al., 1998). More than 800 genes, or more than 10% 

of the predicted 6220 genes of S. cerevisiae. are ce11 cycle-regulated. Though the boundaries are 



not unequivocal, ce11 cycle-regulated transcription appears in five peak waves: late Wearly Gi 

phase, late Gl phase, S phase, G2 phase and M phase (Figure 1-1). It has been postulated that 

expression of each subgroup of ce11 cycle genes is largely regulated by specific transcription 

factors (see Figurel-1). Indeed, promoter analysis of each p u p  of genes has identified distinct 

sequences within each subgroup that are related to the binding motifs of known transcription 

factors. DNA sequence motifs are also found in the upstream sequences of genes within subsets 

that do not have known DNA-binding proteins associateci with them. This suggests that other, 

yet unidentifieci transcription factors may be required for faithful ce11 cycle-regulated 

transcription. Though studies of this coxnprehensive nature have yet to be conducted on 

mammalian cells, it is clear that large waves of cell-cycle transcription also occur in higher 

eukaryotic cells. 

a. Gi-S Transcription at Start 

As described earlier, passage through Start is an irreversible decision that commits the 

ce11 to entering the ce11 cycle (see section 1 A.i). Passage through Start initiates three events that 

require de novo synthesis of many gene products: DNA replication, spindle pole duplication and 

bud formation. Ce11 cycle DNA microarray experiments have detennined that nearly 300 genes 

are induced in late Gl in budding yeast (Cho et al., 1998; Spellma. et al., 1998). A similar burst 

of transcription also occurs at the "Restriction Point" in mammalian cells (Lania et al., 1999). 

Below 1 outline the roles of some of the genes that are transcribed at the Gi-S boundary and are 

required for the fidelity of ce11 cycle progression. 



11. A. Gents Trrnscribed rt Start 

i) G1 cyclins CLNf and CLNZ 

Clnl and Ch2 activate the CdL Cdc28 at Start (Tyers et al., 1993) and are required for 

regulating many cellular events at Start. A third Gi cyclin, Cin3, also activates the Cdk Cdc28 

but the CLN3 gme is transcribed earlier than C M  and CLN2 and has a role in regulating the 

activation of SBF at Start (see section N B.(i) for more details on Ch.3). clnlAcln2Acn3A 

mutants amst before Start; however, a st ra in  lacking any two CLN genes is viable (Nasmyth and 

Dirick, 1991). Further, hyperstable alleles of C .  accelerate passage tbrough Start (Tyers et 

al., 1993). Cln-Cdc28 complexes stimulate DNA replication indirectly by accelerating the 

degradation of the S phase inhibitor Sic1 (reviewed in Mendenhall, 1998). Sic1 inhibits the Clb- 

Cdc28 complexes that promote S phase and mitosis (Schwob et al., 1994). Cln-Cdc28 kinases 

also promote S phase by increasing the stability of the Clbs through phosphorylation of Cdhl, a 

protein required by the anaphase promoting complex (APC) for Clb degradation (reviewed in 

Jorgensen and Tyers, 1999). CLNl and CLNr have also been irnplicated in pre-bud site 

assembly (Lew and Reed, 1993), possibly through degradation of the CDK inhibitor Far1 

(Shimada et al., 2000). During late M and early Gi, Farl binds to and sequesters Cdc24 in the 

nucleus. Cdc24 is the guanine-nucleotide exchange factor for the GTPase Cdc42, which is 

required for proper reorganization of the actin cytoskeleton during polAzed growth. During Gi, 

Ch-Cdc28 phosphorylates Farl and triggers its degradation. Degradation of Farl releases 

Cdc24 h m  the nucleus allowing Cdc24 to activate Cdc42 at the incipient bud tip and activate 

polarized growth (for more infoxmation about Cdc42 see section M and Mendenhall and Hodge, 

1998). Undoubtedly, there are many otha roles for the Cln-Cdc28 complex in progression 

through Start which have yet to be detennined. 



ii) G1 cyclias PCLl rnd PCL2 

PCLI and PCL2 are the only members of the PCL cyclin family whose expression is 

induced at Start (Cho et ai., 1998; Measday et al., 1997; SpelJman et al., 1998). PCLI expression 

peaks at the same tirne as that of Gi cyclins CLNl and C M .  PCL2 expression peaks slightly 

earlier than PCLI, CLNI and CM2 and, though largely regulated by GI/S transcription factors 

(see subsequent sections), expression of PCLZ is partially dependent on the late M/early Gl 

transcription factor SwiS (Aeme et al., 1998; Measday et al., 1997). As noted earlier, the PCL 

cyclins associate with and activate the Cdk PH08S. The Pho85-Pcl complexes have been 

irnplicated in a wide variety of cellular events (reviewed in Moffat et al., 2000), but the role of 

PCLI/2 at Start is not fully understood. Pcll/2- associated Ph085 kinase activity is only essential 

for ce11 cycle progression in the absence of Clnl2-associated Cdc28 kinase activity (Measday et 

al., 1994). Mutants defective in PH085 or a subset of PCLs, including PCLJ and PCL2, display 

abnonnal actin localization and bud site selection (Lee et al., 1998). This result suggests that 

PCLl and PCL2 may have a d e  at Start in either establishing or regulating polarized ce11 

growth that is distinct fiom CLNI and CLNZ. In chapter III, 1 explore a link between PCLI and 

PCL2 expression and the PKCI-MAPK pathway (see section VI1 and subsequent sections for 

detailed discussion of the PKCI-MAPK pathway). 

iii) Cell Wall Synthesis Genes 

The swge of polarized growth required for bud formation necessitates the expression of 

numerous genes involved in formation of the ce11 wall. Indeed, the expression of a large group 

of genes involved in ce11 wall biosynthesis peaks in Iate Gl coincident with budding (Cho et al., 

1998; Igual et ai., 1996; Spellman et al., 19%). This group of genes includes FKSl (subunit for 

(l-3)-B-glucan synthase) and M I  (involved in mannosylation of proteins), both genes which 



are also induced by the PKCI-MAPK pathway upon heat shock (Igual et al., 1996). These 

genes are CO-expressed during the ceIl cycle with 92 genes whose expression peaks slightly aiter 

the peak of other GI genes (Spellman et al., 1998). This expression pattern suggests that they 

may be regulated in a siightly different manner b m  the other Gi-genes. 

iv) S Phase Cyclins C U 5  and CLB6 and DNA Syntbesis Genes 

The primary role of Clb5 and Clb6 is to initiate S phase (Schwob et al., 1994), prevent 

reinitiation on replication origins that have already nred (Dahmann et al., 1995) and negatively 

regulate Cln-Cdc28 activity (Basco et al., 1995). Consistent with these des ,  cfbSAdb6A strains 

have a long delay in S phase initiation, but they do eventually progress through the ce11 cycle. 

This result suggests that the remaining B-type c y c k  may play a redundant role with Clb5 and 

Clb6 (Schwob and Nasmyth, 1993). Indeed, a strain lacking al1 Clb activity arrests before S 

phase (Schwob et ai., 1994). Since one of the primary events of Start is to initiate S phase, it is 

not surprishg that many of the genes induced at Start are genes involved in DNA replication. 

These include the CDC9 DNA ligase, the POLI DNA polymerase and the RNRl/2 subunits of 

nbonucleotide reductase (Cho et al., 1998; Spellman et al., 1998). 

ïI. B. S. cerevisitze Gl-Tmnscriptioa Factor Complexes SBF and MBF 

As indicated in Figure 1.1 and illustrated in Figure 1.2, there are two transcription factor 

complexes required for transcription at Start, SBF and MBF (most recently reviewed in Breeden, 

1996). Maximal expression of the Gi cyclins, CLNI, CLN2, PCLI, and PCL2, at Start requires 

the transcription factor, SBF (SCB binding factor) (Espinoza et al., 1994; Measday et al., 1994; 

Nasmyth and Dirick, 1991; Ogas et al., 1991). SBF is a complex composed of at lest  two 

proteins, Swi4 and Swi6, which binds the repeated upstream regulatory sequence CNCGAAA 



Figure 1-2 The SBF and MBF Tnascriptian Factor CompIexcs. 

There are two major transcription factor complexes required for transcription at Start: SBF @CB 

binding factor) and MBF @CB binding factor). SBF, which is composed of Swi4 and Swid, - 

binds upstream regdatory element SCBs and is required for the maximal expression of the Gl 

cyclins, CLNI, CLN2, PCLI and PCL2, and ce11 wall biosynthetic genes. MBF, which is 

composed of Mbpl and Swi6, binds the upstream regdatory elements MCBs and is required for 

the maximal expression of genes required for DNA replication, including T M P I ,  POLI and 

RNR1. Both Swi4 and Mbpl contain DNA-binding domains that bind their respective target 

DNA sequences (red stripes). In contrast, Swi6, the shared component of the two Gl 

transcription complexes, does not bind DNA, but interacts with both Swi4 and Mbpl through a 

C-terminal heterodimerization domain (green shading). 
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(SCB m4/Swi6dependent gel1 cycle @XI) (Andrews and Herskowitz, 1989; Andrews and 

Herskowitz, 1989; Ogas et al., 1991; Taba et ai., 1991). SBF is also required for the Gi -specific 

expression of the HO gene and various ce11 wail biosynthetic genes (Andrews and Herskowitz, 

1989; Breeden and Nasmyth, 1985; Igual et al., 1996). Biochemical studies have revealed that 

Swi4 is the component of SBF that specificaily binds the SCB sequence (Andrews and Moore, 

1992; Primig et al., 1992). SM4 contains an N - t e e a l  DNA-binding domain that is sufficient 

for specific recognition of SCB sequences in W o  (Primig et al., 1992). In contrast, Swi6 has no 

DNA-binding activity but is present in the SBF complex because of its interaction with Swi4 via 

the carboxy-terininal regions (CTRs) of the two proteins (see section III C.) (Andrews and 

Moore, 1992; Koch et al., 1993; Primig et al., 1992; Sidorova et al., 1995). 

Swi6 also interacts with another DNA-binding protein, Mbpl, to form the transcription 

factor complex MBF (MCB-binding factor), which binds the repeated upstreatn regulatory 

sequence ACGCGTNA (MCB wlul gel1 cycle b x ) )  (Koch et al., 1993; Lowndes et al., 1991; 

McIntosh et al., 1991). MBF is required for the late Gi-specific transcription of numerous genes 

needed for DNA replication, including TMPI, POLI and RNRl @kick et al., 1 992; Elledge and 

Davis, 1990). Similar to Swi4 in SBF, Mbpl is the sole component which makes contacts with 

DNA, while Swi6 interacts with Mbpl through their C-terminal regions (CTR) (Sedgwick et al., 

1 998). 

The importance of SBF and MBF for ce11 cycle progression is clearly demonstrated by 

the phenotypes of the double mutants, swi4dmbpl A and swi4Anvi6A, which die with a terminal 

Gi phenotype (Koch et al., 1993; Nasmyth and Dirick, 1991 ; Ogas et al., 1991). Single mutants 

deleted for any one of Sm4, SW6 or UBPl are d l  viable. However, in contrast to 

mbplA strains, which have nonnal ce11 cycle progression and initiation of DNA replication 



(Koch et al., 1993), both wi4A aud wi6A strains are slow-growing with large misshapen cells 

(Andrews and Herskowitz, 1989; Breeden and Namnyth, 1987; Breeden and Nasmyth, 1987). 

This result suggests that some SBF-regulated gene products are essential for appropriate ce11 

cycle progression while misregulation of MBF-regulated genes can be tolerated. This idea is 

supported by the genetic observation that swi6AmbplA strains are viable with a phenotype 

similar to swi6A strains (Koch et al., 1993). Interestingly, in contrast to swi6A strains, swi4A 

homozygous diploid strains are inviable and swi4Nswi4-tsl diploids arrest in Gi when p w n  at 

the restrictive temperatwe (Ogas et al., 1991). These observations suggest that Swi4 may have 

roles at Start that are separate h m  those of Swi6. 

The fact that swi4A and rnbplA single mutant strains are viable while a 

swi4hbplA strain is inviable suggests that there may be cross-talk between SBF and MBF in 

vivo. Indeed, numemus studies have supported this idea. Regions of both the CLAU (Partridge 

et al., 1997) and C M  (Cross et al., 1994) promoters are Swi4-dependent but do not contain 

consensus SCB elements. Detailed analysis of the C M  promoter has indicated that Swi4- 

dependent activation occurs through MCB-like elements with a CGCG core and in vitro studies 

confimed that SBF can bind MCB-containing DNA fragments fiom the CLNl promoter 

(Partridge et al., 1997). Conversely it has been shown that Mbpl cm bind SCBs in vitro (Koch 

et al., 1993; Parüidge et al., 1997). Of the 300 Gi-genes identified by DNA microarray analysis, 

nearly al1 have at least one copy of an MCB or SCB element or a degenerate SCB motif 

ACRMSAAA (where R is A or G, M is A or C, and S is C or G) (Spellman et al., 1998). It is not 

known whether SBF indeed acts through the degenerate SCB motif. Both in vivo and in v i ~ o  

footprinting analysis have determinecl that Swi4 and Mbpl contact DNA outside the core motifs, 

suggesting that the context of the promoter elements may contribute to the DNA-binding 



specificity of Swi4 and Mbpl (Andrews and Herskowitz, 1989; Dirick et al., 1992; Harrington 

and Andrews, 1996; Koch et al., 1996). In order to fully understand transcriptional activation by 

SBF and MBF, an in depth analysis of the sequence specificity of Mbpl and Swi4 will be 

required. 

a. C. Gi/S Transcription Facaor Complexes in Other Organisms 

As regulation of "Start" or the "Restriction Point" is key to ce11 cycle control, many 

organisms have specialized Gi/S transcription factors. In the fission yeast Schizosaccharomyces 

pombe, the Gi/S transcription factor complexes are highly homologous to SBF and MBF (see 

next section and review by Breeden, 1996). "Star&" transcription is mediated by three gene 

products: CdclO (Lowndes et al., 1992), Resl (Caliguri and Beach, 1993) and Res2 (Miyamoto 

et al., 1994). Resl and Res2 interact with CdclO to fonn heterodimeric complexes that can bind 

specifically to the MCB elernent ACGCGT (see Figure 1-3). Though both the Resl -Cdcl O and 

Res2-Cdc 1 O complexes have been implicated in Start-specific transcription, the two complexes 

appear to have different roles. Genetic studies have indicated that Resl has a more important 

role in the mitotic ce11 cycle (Caliguri and Beach, 1993) while Res2 has a predominant role in 

meiosis and pre-meiotic replication (Miyamoto et al., 1994; Zhu et al., 1997). 

In mammalian cells, Drosophila and other higher eukaryotes, the E2F and DP protein 

farnilies form heterodimeric transcription factors that play a central role in expression of ce11 

cycle-regulated genes at the G,/S boundary (for review, see Dyson, 1998). E2F-DP activity is 

controlled by the retinoblastoma @Rb) family of pocket proteins. There are six E2F genes, two 

DP genes and three pRb family members in mammalian cells, and, as expected, the family 

encodes proteins with diverse activities and regulation. The simplest mode1 of E2F/pRB activity 

in the ce11 cycle is illustrated in Figure 1-3. The pRb-E2F complexes, which are thought to 



Figure 1-3 Cl-S Transcription Factor Complexes in Other Organisms. 

A) The Gi-S transcription factor complexes of Schizosaccharomyces pombe are highly 

homologous to SBF and MBF. Resl and Res2 interact with CdclO to fom heterodimeric 

complexes that bind specificaily to MCB elements. As is the case with SBF and MBF, only 

Resl and Res2 interact with the DNA. Genetic studies have indicated that the Resl-CdclO 

complex has a predominant role during the mitotic ce11 cycle, while Red-CdclO has a 

predominant role in meiosis. 

B) In higher eukaryotes, the E2F and DP protein families fom heterodimeric transcription 

factors that play a central role in expression of genes at the Gi/S boundary. In Go or in quiescent 

cells, the transcriptional activity of the E2F-DP complex is repressed through interaction of pRB 

with E2F. Enûy into the ce11 cycle leads to phosphorylation of pRB by Cyclin E- and Cyclin D- 

dependent CD&. Phosphorylation of pRB inhibits the interaction of pRB with E2F, which leads 

to de-repression of the E2F-DP complex and active transcription. 
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predominate in quiescent or early GI cells, act as repressors of transcription since pRb masks the 

E2F tramactivation domain. Cyclin D- ami Cyclin E-dependent phosphorylation of pRb inhibit 

the interaction of pRb with E2F allowing activation of EZFdependent transcription. 

Phosphorylation of E2F by Cdks also promots gene activation by stabilizing the interaction of 

E2F with transcriptional coactivators (Morris et al., 2000). 

Though there is little sequence similarit. between E2F-DP and SBF/MBF, the complexes 

perform analogous d e s  in regulating Gl/S transcription. The heterodimeric E2F complexes 

recognize a central c/gGCGCg/c sequence, which is similar to the central CGCG core sequences 

recognized by SBF, MBF and RedCdclO complexes (Zheng et al., 1999). X-ray 

crystallographic studies have also revealed structural similarity within the DNA-binâing domains 

of ESF, DP and Mbpl (see section IIï A. and Taylor et ai., 1997; Xu et al., 1997; Zheng et al., 

1999). In summary, studies of SBF and E2F regulation are likely to be mutually informative 

regarding conserved mechanisms of ce11 cycle-regulated transcriptional control. 

III. Anatomy of G1-Transcription Factors: Swi4, Swi6 and Mbpl 

The S. cerevisiae Gi-transcription factors SBF and MBF are members of a family of 

yeast Gi-transcription factors that share significant protein sequence sirnilarities (reviewed in 

Breeden, 1996). As described above, the family includes S. cerevisiae Swi4 Swi6 and Mbpl 

and S. pombe Resl, R a 2  and CdclO. Khveromyces lactis also has homologs to Mbpl and 

Swi6, but their roles in ce11 cycle transcription have yet to be determined (Koch et al., 1993). 

The SBF/MBF family members are most conserved in three distinct regions: an N-terminal 

DM-binding domain, a central arikyrin repeat domain implicated in protein-protein interactions 

and a C-terminal heterodimenzation domain (Figure 1-4). Proteolytic mapping of the domains 

of Swi6 



Figure 14 The Yeast Family of CeU Cycle Transcription Factors. 

Schematic diagram of the yeast family of transcription factors. The Swi4/6 family mernbem are 

most conserved in three distinct regions: the N-terminal DNA-binding domain (red striped box), 

the central ankynn domain (blue bubble equals an ankyrin repeat) and the C-terminal 

heterodherization domain (green checkered box). The DNA-binding domains of the SwW6 

family rnembers are highly homologous and share similarity with t h e  other transcription factors 

in b g i ,  including Phdl, Sok2 and StuA (see Figure 1-5). Interestingly, the N-terminus of 

Cdcl O has low similarity to the DNA-binding domains of the Swi4 family, but Cdcl O does not 

bind DNA. Al1 Swi416 family members have a central domain composed of four and one half 

ankyrin repeats. The most similar repeats are shown in darker blue, while the less similar repeats 

are shown in lighter blue. There is more similarity among the C-teminal heterodimerization 

domains of the DNA-binding proteins Swirl, Mbpl, Resl and Res2 (see Figure 2-5) and between 

the C-tenninal heterodimerization domains of Swi6 and CdclO. 
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has confïrmed that the tbree regions of sequence hornology are indeed stmcturally distinct 

domains linked by flexible regions (Sedgwick et al., 1998). In this section, 1 describe in detail 

the structural domains of the Swi46 family of ceIl cycle transcription factors with a particular 

focus on SBF. 

La. A. DNA-Binding Domaia 

Biochemical studies have revealed that Swi4 is the component of SBF that specifically 

binds SCB sequences (Andrews and Moore, 1992; Primig et al., 1992). Mobility shifi assays 

uskg SCB elernents and in vitro translated fragments of Swi4 have s h o w  that amino acids 36 - 

155 contain a DNA-binding activity specific for SCB elernents (Primig et al., 1992). However, 

neither fùll-length in vitro translated Swi4 nor Swi4 fiom swi6A yeast extracts c m  fonn discrete 

complexes on DNA (Andrews and Herskowitz, 1989; Primig et al., 1992). These results 

suggested that, in the absence of Swi6, the Swi4 DNA-binâing domain is inhibited ikom binding 

DNA. In contrast, purified Swi6 shows no DNA-binding specificity on its own (Koch et al., 

1993; Sidorova and Breeden, 1993), and U V  cross-linking studies have shown that Swi6 does 

not interact with the DNA, even in the context of SBF or MBF (Dirick et al., 1992). 

The DNA-binding domain of Swi4 is highly homologous to the N-terminal domains of 

other members of the Swi4/6 family of transcription factors, including Mbpl and the S. pombe 

cell cycle transcription factors Resl and ResZ (Figure 1-5). Mbpl has been shown to bind DNA 

through its fkst 124 amino acids (DVick et al., 1992), and the N-terminal regions of both Resl 

and Res2 are also sufficient for DNA-binding in vivo and in vitro (Ayte et al., 1995; Caliguri and 

Beach, 1993; Zhu et al., 1997). Like Swi4, the DNA-binding proteins Mbp 1, Res 1 and ResZ are 

also unable to bind DNA in the absence of Swi6 or CdclO (Ayte et al., 1995; Koch et al., 1993; 

Zhu et al., 1997). A few other transcription factors have also been identified in fbgi whose 



Figure 1-5 Aiignment of the N-termiad DNA-binding Domains of Swi4 Fa* Members. 

A sequence alignment of the DNA-binding domains of the seven fimgai proteins which share 

homology with the DNA-binding domain of Swi4. The green boxes indicate regions of identity 

and similarity (1, V, L) (F, Y) (K, R) with either the Swi4 or Mbpl DNA-binâing domain. The 

asterisk marks the position of the E56K mutation of the red semi-dominant, CdclO-independent 

allele. The crystal stnicture of the DNA-binding domain of Mbpl has been solved and the 

locations of the P-sheets (red arrows) and a-helixes (yellow tubes) are indicated above the 

alignment. The core region of the structure folds into a "winged" helix-tum-helix (HTH) motif. 

The location of the HTH is indicated on the bottom of the alignment. It is predicted that helix a2 

is the recognition helix involved in contacthg the DNA. 
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DNA-binding domains are similar to those of the Swi4 family. These proteins do not have either 

ankyrin domains or Swi4/6 C-teminal heterodimerization domains and have al1 been implicated 

in regulating development. They include the S. cermsiae proteins Phdl (Gimeno and Fink, 

1994) and Sok2 (Ward et al., 1995), which have both been implicated in regulation of 

pseudohyphal growth, and the Aspergillus niddans protein StuA (Miller et al., 1992) that is 

required for normal development of conidiophores. 

Though the primary structures of the DNA-binding domains of the Swi4 family are 

highly conserved, the sequmces show no apparent similarity to those of other DNA-binding 

domains. The X-ray crystal structure of the DNA-bindhg domain of Mpbl has been solved and 

consists of a six-stranded B-barre1 packed against a bundle of four a-helices (Taylor et al., 1997; 

Xu et al., 1997). The core region of the structure folds into a helix-tum-helix (HTH) motif with 

a short N-terminal g-strand and a C-terminal P-hahpin. The topology of this region is very 

similar to those of the "winged-HTH" DNA-binding domains (reviewed in Wintjens and 

Rooman, 1996) of catabolite gene activator protein (CAP) (Schultz et al., 1991), biotin repressor 

(BirA) (Wilson et al., 1992), the globular domain of the linker histone H5 (Clark et al., 1993), 

heat shock transcription factor (HSF) (Harrison et al., 1994) and ETS domains (Donaldson et al., 

1996). Interestingly, though E2F and DP have no sequence similarity to the Swi4/6 family and 

both E2F and DP are required to make contact with DNA, the recently published crystal structure 

of an E2F-DP-DNA complex shows that both E2F and DP have a fold related to the "winged- 

HTH" (Zheng et al., 1999). The structural parallels between E2F-DP and the Swi4 DNA-binding 

family members emphasize the conservation between mamrnalian and yeast Gi -transcription 

factors. 



Though both cvstal structures of the Mbpl DNA-binding domain were solved in thc 

absence of DNA, the structural homology to other HTH domains, including that of E2F-DP, 

predicts that basic helix a2 is the recognition helix involved in contacting the DNA. 

Interestingly, a semi-dominant allele of resl has been isolated in which glutamic acid 56 of helix 

a2 is mutated to lysine (Caliguri and Beach, 1993) (Figure 1-5). Expression of reslES6K 

suppresses cdd0 mutants, suggesting that the mutant Resl may have increased capacity to bind 

DNA in vivo in the absence of Cdcl O. The position analogous to ES6 in the Swi4/6 family of 

proteins is always acidic (E or D); however, in the developmental regulators Phdl, Sok2 and 

StuA, the equivalent site is a basic amino acid. Intemstingty, the developrnental regulators appear 

not to have regdatory partners, like Swi6, that facilitate theu DNA-binding. These observations 

suggest that the acidic site in helix a2 in the Swi4/6 family of DNA-binding domains may play 

an important role in regulating DNA-binding of the fùll-length proteins (Breeden, 1996; Xu et 

al., 1997). In section IV A. and in Chapter II, I discuss in more depth the regulation of Swi4 

DNA-binding . 

ITI. B. Ceatral Ankyrin Domain. 

All the Swi416 family members possess four complete and one partial ankyrin repeats in 

their central regions (Fig. 1-4). Ankyrin repeats typically occur as four or more continuous 

copies of a 33-amino acid degenerate sequence which provides a P-hairpin-helix-loop-helix 

(Pzat) structural frzunework for sites of protein-protein interactions (reviewed in Sedgwick and 

Smerdon, 1999). The role of the central repeats in Swi4/6 farnily proteins is not fully known, but 

it is clear that they are essential for function in some farnily members. Point mutations have 

been identified in each of the ankyrin repeats of Swi6 that eliminate Swi64ependent SCB- 

regulated transcription (Ewaskow et al., 1998; Sidorova and Breeden, 1993). Similarly, loss of 



fùnction mutations have been isolated in the ankyrin domains of Swi4 (M. Donoviel personal 

communications) and the Swi4/6 family member CdclO (Reyrnond et al., 1993). Though the 

an- repeats are required for transcription, neither mutations in nor deletion of the entire 

ankynn region of Swi6 or Swi4 impairs the interaction between Swi4 and Swi6 (Andrews and 

Moore, 1992; Ewaskow et al., 1998; Sidorova and Breeden, 1993). However, mutations in the 

an- domain of Swi6 can modulate the DNA-binding activity of SBF. While very few 

mutations fully eliminate SBF binding to SCBs, mutations in the ankyrm repeats can cause a 

change in the mobility of the complex (Ewaskow et al., 1998). This result suggests that the 

ankyrin domains are integral to the structure of Swi6. Since Swi6 ankyrin mutants are cornpetent 

to interact with Swi4 and bind DNA, the structural integrity of the ankyrin domains of Swi6 is 

likely important for transcriptional activation by SBF, possibly through interaction with other 

proteins. 

Cyrstallographic studies of the Swi6 ankyrin repeat region predict that the Swi416 family 

members have a unique arrangement of secondary structure elements (Foord et ai., 1999). The 

ankyrin domains of Swi6 fonn intramolecular interactions with adjacent transcriptional 

activation regions ( T m )  in vivo (Foord et al., 1999; Sedgwick et al., 1998). Interestingly, many 

mutations identifiecl in the Swi6 ankyrin domain are found in residues that are involved in the 

intramolecular interaction (Ewaskow et al., 1998). Interaction of the ankyrin domain with 

adjacent TARs of Swi6 may antagonize the activity of TARs, suggesting that the central ankynn 

motifs may play a central role in regulating transcnptional activity. 

The ankynn motifs of Swi6 are also required for the interaction of Swi6 with Stbl, a 

regulator of the timing of Start transcription (Ho et al., 1999, and see section N B.(ii a)). 

However, it is not known whether Stb 1 interacts directly with the ankyrin motifs or if disruption 



of the ankyrin motifs causes structural changes to other parts of the protein that directly interact 

with Stbl. The B-type cyclin Clb2 directly interacts with the ankyrin motifs of Swi4, and has 

been implicated in reguiating Swi4 dissociation h m  SCBs (section IV C. and Siegmund and 

Nasmyth, 1996). Though there is significant homology in the ankym repeats of the Swi4/6 

family members, Clb2 does not interact with the ankyrin repeats of Mbpl or Swi6. Thus, the 

ankyrin repeats of the SwW6 family are fwictionally divergent. 

III. C. C-terminal heterodimerization domain 

The third region of homology between Swi416 farnily members is the C-terminal region 

(CTR) that âkcts interaction between the DNA-binding proteins and the regulator proteins. Co- 

immunoprecipitation experiments show a direct interaction between Swi4 and Swi6 through their 

C-terminal regions (Andrews and Moore, 1992; Prirnig et al., 1992; Sidorova and Breeden, 1993; 

Siegmund and Nasmytâ, 1996). Though detailed mapping of the interaction has yet to be 

completed, crude deletion analysis has detennined that the C-terminal 78 amino acids of Swi4 

(Siegmund and Nasmyth, 1996) and amino acids 653 to 772 of Swi6 (Sedgwick et al., 1998) are 

required for interactions between these proteins. Likewise, the C-terminal 183 arnino acids of 

Mbpl are sufficient to interact with Swi6 (Siegmund and Nasmyth, 1996) and Resl and Res2 

interact with CdclO through their C-teminal regions (Ayte et al., 1995; Zhu et al., 1997). The 

C-tenninal region is highly conserved and is predicted to contain alpha helices with arnphipathic 

character (see Figure 2-5 and Breeden, 1996; Siegmund and Nasmyth, 1996). Interestingly, 

there is more similarity between the CTRs of the regulatory proteins, Swi6, kSwi6 and CdclO, 

and between the CTRs of the DNA-binding pmteins Swi4, Resl, Res2, Mbpl and kMbpl 

(Breeden, 1996). So far, there is no evidence that Swi4 and Mbpl can interact, and the specific 

features of the CTRs may direct interactions between regulator and DNA-binding proteins and 



Figure 1-6 Tbree Leveb of Regdation of SBF 

The timing of  SBF-mediated gene expression during the ce11 cycle is tightly controlled and 

requires multiple levels of regulation of  SBF activity: the binding of  SBF to SCBs in early Gi, 

the activation of SBF at Start, and the dissociation of SBF k m  SCBs during S phase. These 

sequential levels in regulation may aid in promoting the unidirectionai progression of the ce11 

cycle. 
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preclude interactions between two DNA-binding proteius. Another yeast transcription factor, 

Xbpl, is requireâ in meiosis (see section V) and bas a region homologous to the CTR of the 

Swi4/6 farnily (Mai and Breeden, 2000). However, it is not known whether Xbpl can intefact 

with any of the Swi4/6 family members. In Chapter II, 1 present experiments showing that the 

CTR of Swi4 is not just required for interaction with Swi6, but also plays a central role in the 

inhibition of Swi4 DNA-binding. 

N. REGULATION OF SBF 

The timing of SBF-mediatecl gene expression during the ce11 cycle is tightly controlled 

and requires multiple levels of regulation of SBF activity (see Figure 1-6). In this section, 1 

describe the mechanism of regulation of SBF at three levels: the bind'ig of SBF to SCBs in early 

Gi, the activation of SBF at Start, and the dissociation of SBF h m  SCBs after S phase. 

IV A) Regulation of SBF DNA-binding 

In vivo fwtprinting studies with both an SCB reporter plasmid and the CLN2 promoter as 

well as chrornatin irnmunoprecipitation experiments show that SBF binding to SCBs is limited to 

late M and Gi phases (Cosma et al., 1999; Hamington and Andrews, 1996; Koch et al., 1996). 

This strict regdation of SBF binding to SCBs through the ce11 cycle is accomplished through 

changes in the subcellular localization of Swi6, the intrinsic properties of Swi4, and access of 

SBF to the chromatin-bound promoters. 

i) Subcellular Localization of Swi6 

SBF activity may be regulated by changes in the subcellular localization of Swi6. Swi6 is 

largely cytoplasmic during S, G2 and early M phases and is predorninantly nuclear during late M 

and Gl phases (Figure 1-7 and Sidorova et al., 1995) and during a-factor treatment 



Figure 1-7 Subceliulrr LocrUzrtion of Swi6 Thromghout the Cell Cycle. 

The subcellular localization of Swi6 changes throughout the ce11 cycle. Swi6 is largely 

cytoplasrnic (mi) during S, Gz and M phase and Swi6 is predominantly nuclear dwing late M 

and Gl phases. Localidon of Swi6 is dependent on phosphorylation of ser-160, located next to 

a NLS. When ser-160 of Swi6 is phosphorylated, Swi6 is predominantly cytoplasrnic. In vivo 

fwtprinting studies and ChIP experiments have determined that SBF binds SCBs (purple) during 

periods when Swi6 is nuclear. 





(Taba et al., 1991). Locaiization of Swi6 is dependent on phosphorylation of serine-160, which 

is located next to a nuclear localization signal (NLS). Serine- 160 is phosphorylated during late 

GI, S and M phases and may "hide" the NLS, preventing nuclear localization of Swi6 (Sidorova 

et ai., 1995). Although Cdc28 plays a role in the t h h g  of ser-160 phosphorylation, it is not the 

kinase directly responsible for ser-160 phosphorylation (Sidomva et al., 1995). Presently, the 

kinase and the phosphatase responsible for regulating ser-160 phosphorylation remain unbiown. 

The relocalization of Swi6 to the nucleus is coincident with the in vivo footprinting of SCBs in 

late M phase and GI phase (Harrington and Andrews, 1996; Koch et al., 1996). A mutant of 

Swi6 in which ser-160 is substituted to aspartic acid is constitutively localized to the cytoplasm, 

but this mislocalization has no effect on the periodicity of HO, CLNl and SW14 GllS expression. 

However, the peak transcript levels of these genes are drastically reduced in strains expressing 

the S160D swi6 mutant. These results suggest that limiting the amount of Swi6 in the nucleus is 

an important mechanism for regulating SBF-dependent transcription. In chapter II, 1 present 

Swi4 localization studies that show that, in contrast to Swi6, Swi4 remains nuclear throughout 

the ce11 cycle. 

ii) Inhibition of Swi4 DNA-binding 

In vivo footprinting of SCBs in late M and Gi phases is coincident with localization of 

Swi6 to the nucleus, suggesting that Swi4 binding to SCBs occurs only when Swi6 is nuclear. 

Indeed, there is no evidmce that full-lmgth Swi4 cm bind SCBs independently of Swi6. In 

swi6A strains, SCB-driven expression of CLNI and CLNi is severely reduced and expression of 

HO is eliminated despite the fact that Swi4 protein is present and stable in a swi6A mutant 

(Andrews and Herskowitz, 1989; Breeden and Nasmyth, 1987; Nasmyth and Dirick, 1991; Ogas 

et al., 1991). Further, in vivo fwtprinting studies have shown that, in the absence of Swi6, 



protection of SCBs cannot be detected (Harrington and Andrews, 1996; Koch et al., 1996). 

Similarly, chromatin immunoprecipitation (ChIP) studies have shown that Swi4 localization to 

the HO promoter is undetectable in a mi6A strain (Cosma et al., 1999). While endogenous 

levels of Swi4 in the absence of Swi6 cannot activate SCB-reporter genes, over-expression of C- 

terminal truncations of Swi4 in vivo can pmmote Swi6-independent transcription fiom SCB 

elements (Andrews and Moore, 1992; Sidorova and Breeden, 1993). Ectopic expression of wild- 

type Swi4 also allows some activation of SBFdependent gene expression, but this activation has 

been attributed to C-terminal degradation of Swi4 due to overexpression (Sidorova and Breeden, 

1993). Together, these observations suggest a mode1 in which the DNA-binding domain of Swi4 

is inaccessible in the full-length protein when not comptexed with Swi6. In chapter II, 1 explore 

this mode1 through a series of in vivo and in vitro experiments. 

iii) Ch romatin Remodeliug 

Transcriptional activation in eukaryotes requires that transcription factors gain access to 

their target promoters in a chromatin environment (reviewed in Gregory and Horz, 1998; 

Workman and Kingston, 1998). Recent work has elegantly shown that SBF binding to the SCBs 

of the SBF-dependent gene HO is dependent on chromatin remodeling (Cosma et al., 1999; 

Krebs et al., 1999). HO expression is tightly regulated, with expression occurring only in 

haploid mother cells in late GI (for review see Nasmyth, 1993). HO expression is dependent on 

multiple pans-acting factors, including two chromatin remodelers, the ATP-dependent 

remodeling complex SWSNF and the histone acetyltransferase SAGA (Spt-Ada-Gd- 

acetyltransferase)(Breeden and Nasmyth, 1987; Perez-Martin and Johnson, 1998; Pollard and 

Peterson, 1997). HO expression is also entirely dependent on the transcription factors SwiS and 



Figure 14 Ordered Recruitment of T-s-Acting Factors to the WO promoter, 

The association of SwiS, SWVSNF, SAGA and SBF with the HO promoter is ce11 cycle 

regulated. In late anaphase SwiS localizes to the promoter of HO. In mother cells, Swi5 then 

recruits the SWI/SNF complex. The localization of SwiS to the HO promoter is transient, and 

SwiS dissociates h m  the HO promoter after recruitment of the SWSNF complex. However, in 

daughter cells the daughter cell-specific transcriptional repressor Ashl interacts with SwiS, 

preventing recmitment of SWSNF. The chromatin remodehg activity of SWVSNF on the HO 

promoter appears necessary for recruitment of SAGA and acetylation of histones on the SCB 

elements. Only d e r  the SAGA complex has been recruited to the promoter is SBF allowed to 

bind the SCB elements. Once SBF is localized to the HO promoter, transcription c m  only occur 

when SBF is activated at the Gi/S bounhary. The schematic is modified h m  Figure 9 in 

(Cosma et al., 1999). 
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SBF (Andrews and Herskowitz, 1989; Breeden and Nasmyth, 1987) and on the transcriptional 

repressor Ashl (Si1 and Herskowitz, 1996). 

ChIP experiments show that HO expression is regulated by the ordered recruitment of the 

tram-acting factors to the HO promoter (see Figure 1-8 and Cosma et al., 1999; Krebs et al., 

1999). In late anaphase the Zn-fhger transcription factor Swi5 localizes to the promoter of HO. 

In mother cells, SwiS then recruits the SWIISNF complex. The localization of SwiS to the HO 

promoter is transient, and after recruitment of the SWVSNF complex SwiS dissociates h m  the 

HO promoter. However, in daughter cells the daughter cell-specific transcriptional repressor 

Ashl interacts with SwiS preventing recruitment of SWSNF. The chromatin rernodeling 

activity of SWYSNF on the HO promoter appears necessary for recniitment of SAGA and 

acetylation of histones on the SCB elements. Only after the SAGA complex has been recruited 

to the promoter is SBF allowed to bind SCBs. Once SBF is localized to the HO promoter, 

transcription can only occur when SBF is activated at the Gi/S boundary (see next section). The 

inability of SBF to localize to the HO promoter until after chromatin remodeling has occurred 

suggests that chromatin remodeling may be a key regulatory feature of SBF-dependent 

transcription. However it is questionable whether SwiS, SAGA and SWIISNF are participants in 

the regulation of al1 SBF-dependent genes. The main mle of SwiS during the ce11 cycle appears 

to involve the regulation of many genes in the late Wearly Gl cluster, including SICI, PCLB, 

CDC6 and A S .  (McBride et al., 1999). Further, SwiS-binding sites are predominantly found in 

the promoters of late Wearly Gi genes (Spellman et al., 1998), and the role of SwiS in regulating 

late Gl-genes other than HO remains unknown. DNA microarray studies have shown that 

mutation of SWSNF or SAGA does not afkct the log phase levels of most Gl-specific 

transcripts (Holstege et al., 1998). However, it is possible that SWYSNF or SAGA may regulate 



the ce11 cycle-dependent expression of Gi-genes. It will be interesthg to determine whether 

activation of other Gi-specific SBF-dependent genes involves the ordered recniitment of tram- 

acting factors before SBF is allowed to bind DNA. 

IV. B. Regnlation of SBF Tnnscriptional Activation 

The binding of SCBs by SBF is not coincident with activation of SBF-dependent 

transcription; a secondary event must occur in order to activate SBF (Cosma et al., 1999, and see 

Chapter IV, Harrington and Andrews, 1996; Koch et al., 1996). Activation of SBF-dependent 

transcription during the ce11 cycle is largely dependent on CLN3 activity; however, deletion of 

CLN3 only delays Start, and does not arrest the cells in Gi. This observation suggests that other 

factors also play a role in activating SBF. In this section, 1 discuss both Cln3-dependent and 

Cln3-independent activation of SBF during the ce11 cycle. 

I )  CLN3-Dependent Activation of  SBF 

Passage through Start and activation of SBF and MBF require Cdc28 activity (Breeden 

and Nasmyth, 1987; Cross and Tinkleberg, 199 1 ; Dirick and Nasymth, 1 99 1). Expression of any 

one of the three CLN genes can restore SCB- and MCB-driven gene expression to a strain 

lacking c h  fùnction (Cross and Tinkleberg, 199 1; Dirick and Nasymth, 1991). However, CM3 

appears to be the main activator of SBF and MBF. In contrast to CLNl and CLNZ, whose 

expression peaks in late Gl and remains low during the rest of the ce11 cycle, C M 3  &anscript 

levels are relatively constant during the ce11 cycle with a small peak of expression in late M 

phase (Cho et al., 1998; Spellman et al., 1998; Tyers et al., 1993). Further, although CM-Cdc28 

kinase has a lower specific activity compared to Clnl-Cdc28 or Cln2-Cdc28 kinases, it is a much 

more potent activator of SBF- and MBFdependent transcription (Levine et al., 1996; Tyers et 

al., 1993). Elegant experiments have confimieed that CLN3 is essential for the timely activation 



of CLNl and C'LN2 gene expression, while C M  and C M  are important for proper execution 

of othet Start-related events such as DNA-replication and budding (Dirick et al., 1995; Levine et 

al., 1996; Stuart and Wittenberg, 1995). DNA microarray experiments confimi that 

overexpression of C m 3  induces the expression of Gl-genes (Spellman et al., 1998). This result 

clearly demonstrates the potency of Ch3 as an activator of the transcriptional program at Start. 

As mentioned previously, cells will only pass through Start after they have reached a 

critical ce11 size and if there are available nutrients. Several lines of evidence suggest that Ch3 

may be required for integrating these signals and coordinating ce11 size and nutrients with Start 

transcription. cln3A strains have delayed entry into Start and have a larger ce11 size, while an 

increased dosage of Ch3 leads to earlier entry into Start with a smaller ce11 size (Cross and 

Blake, 1993; Tyers et al., 1993; Dirick et al., 1995; Nash et al., 1988; Stuart and Wittenberg, 

1995). Further, Ch3 protein and Cln3-Cdc28 kinase activity are considerably higher in cells 

growing in glucose compared to cells growing in non-fermentable carbon sources (Hall et al., 

1998). Presently, the coordination between Ch3 activity and ce11 size is not fûlly understood, 

but, recent work suggests that the Ras-CAMP pathway and the translational efficiency of CLN3 

mRNA may be key in coupling ce11 division to ce11 growth (Hall et al., 1998; and reviewed in 

Polymenis and Schmidt, 1999; Polymenis and Shrnidt, 1997). The Ras-CAMP pathway's major 

role is in the sensing of nutrient conditions (reviewed in Thevelein and deWinde, 1999). 

Glucose activates the Ras-CAMP pathway to cause increased CAMP production. Inactivation of 

the Ras-CAMP pathway leads to a Gl ce11 cycle arrest, which can be suppressed by 

overexpression of C m 3  (Hall et ai., 1998). Lnterestingly, the Ras-CAMP pathway does not 

regulate the levels of CLN3 mRNA, but regulates the protein synthetic rate of Ch3 (Hall et al., 

1998). The S'leader of C M 3  mRNA contains a translational contml element that makes CLN3 



translation efficiency extranely sensitive to changes in cellular ribosome content and protein 

synthetic rates that correlate with growth rates in yeast (Polymenis and Shrnidt, 1997). CM3 

mRNA is translated well when ribosome content of the ce11 is high, but is disproportionately 

uihibited as the cell's ribosome content decreases. Decreases in cellular CAMP levels, by 

inactivation of the Ras-cAMP pathway, produce a decrease in total protein synthesis and a 

decrease in Ch3 protein levels and CM-Cdc28 kinase activity (Hall et al., 1998). Nutrient 

signals and Ch3 translation are also linked by the yeast phosphatidylinositol 3-kinase 

homologues Tor1 and Tor2 (reviewed in Thomas and Hall, 1997). P resdy ,  it is unknown 

whether the TOR pathway and the Ras-cAMP pathway act together or separately in regulating 

C h 3  activity. This work suggests that the sensitivity of Ch3 protein synthesis is a key 

mechanism in coordinathg ce11 growth with the initiation of ce11 division. 

Other extemal signals also impinge on the activity of Cln3. Pheromone treatment of 

haploid yeast cells m s t s  ce11 division in the Gi phase. One mechanism contributing to mating- 

factor-dependent Gi arrest is the inhibition of CM-Cdc28 kinase activity by the cyclin- 

dependent kinase inhibitor Far1 (Jeoung et al., 1998; and reviewed in Mendenhall and Hodge, 

1998). Understanding how multiple external signals lnect Ch3 activity will be important in 

delineating how cells regulate passage through Start. 

How CW-Cdc28 activates SBF at Start is not understood. Since Cdc28 activity is 

necessary for Start and since both Swi4 and Swi6 are phosphoproteins in vivo (Amon et al., 

1993; Madden et al., 1997; Sidorova et al., 1995; Taba et al., 1991), phosphorylation of SBF by 

Cdc28 has been proposeci as the mechanism of SBF-activation (Breeden, 1996). Since Swi6 has 

been implicated in both positive and negative regdation of SBF target genes @kick et al., 1992; 

Lowndes et al., 1992), most studies have focuseâ on the role of Swi6 phosphorylation. However, 



Cdc28 complexes do not appear to be responsible for direct phosphorylation of Swi6, and 

phosphorylation site mutants of Swi6 are not compromised in their ability to activate 

transcription at the appropriate time in Gi phase (Sidorova et al., 1995). These studies suggest 

that, if CM-Cdc28 activation of SBF is through direct phosphorylation, Swi4 may be the tme 

biological target of Cln3-Cdc28. Altematively, it has been suggested that SBF acts as a scaffold 

to localize CM-Cdc28 to the promoter where it fbnctions to activate other components 

(Breeden, 1996). However, biochemical interaction between SBF and Ch3 has not been 

reporteci. Another possibility is that Cln3-Cdc28-dependent activation of SBF may be through 

other proteins that have yet to be identified. 

ii) CLN3-Independent Activation of SBF 

The CLN3 gene is nomally dispensable, and cln3A strains still undergo SBF- and MBF- 

dependent transcription, albeit at a larger ce11 size. This result suggests that there are alternative 

pathways for activation of SBF. So far, three genes or pathways have been implicated in the 

alternative activation of SBF: BCK2, STBl and the Protein Kinase C 1 (PKC1)-MAPK pathway. 

Below 1 briefly outline the research implicating these genes in activating transcription at Start. 

a) BCRt 

BCK2 & p a s  of C-icjnase mutation) was originally isolated as a gene that, when 

overexpressed, can suppress the temperature-sensitive ce11 lysis defect of strains carryïng 

mutations in the protein kinase C pathway (Lees et al., 1993). However, B C . 2  also bas 

significant links to Start. Expression of BCK2 h m  a low copy plsrnid can suppress the ce11 

cycle arrest phenotype of a clnlcln2cin3 strain (Epstein and Cross, 1994). More significantly, 

deletion of either BCK2 or CLN3 results in a large ce11 size phenotype but deletion of both genes 

causes either ce11 death or a slow growth phenotype deperiding on the background (DiComo et 



al., 1995; Epstein and Cross, 1994). The effects of deleting both C m 3  and BCK2 suggest that 

Ch3 and Bck2 are in different pathways which both regulate progression through Start by 

activating G1-gene transcription. Consistent with this genetic result, deletion or overexpression 

of BCK2 does affect the transcription of Gi-genes (Dicorno et al., 1995; Wijnen and Futcher, 

1999). bck2A strains have a modest decrease in the rate and levels of CLNZ and PCLl 

transcription, and overexpression of BCKZ Ieads to increased expression of CLNI, C M ,  CLB5 

and PCLI. However, the induction of Gi-transcription by BCK2 is not fiilly dependent on either 

SBF or MBF hction (DiComo et al., 1995; Wijnen and Futcher, 1999). Nonetheless, 

overexpression of BCK2 does not suppress the lethality of swi4mbpl or swi4swi6 strains, 

suggesting that, like CLN3, the main role of B C ' 2  at Start is activation of transcription through 

SBF and MBF. As in the case with CLN3, the mechanism of BCK2-dependent activation of SBF 

and MBF is unknown. 

b) STBI 

Stbl was isolated h m  yeast by affinity chromatography using a recombinant Swi6 

ligand (Ho et al., 1999). stblA strains have no detectable defects in terms of growth, ce11 cycle 

progression or cell-cycle transcription of SBF- or MBF-dependent genes. However, as is the 

case with bck2A strains, a stblA strain in a ch3A background shows a significant growth defect. 

The cln3AstblA double-mutant grows slowly with a sijpificant Gl delay that results in a large 

ce11 size phenotype. In the absence of ch3, deletion of stbl exacerbates the delay in Gi 

transcription that is seen in the cln3A stain. Strains lacking both Stbl and Bck2 do not have any 

additional phenotypes, suggesting that Stbl and Bck2 may be in the same pathway (M. 

Costanzo, persona1 communication). Since Stbl interacts directly with Swi6, STBZ may be 



involved in transducing BC.2-dependent activation of SBF, but a direct link between Bck2 and 

Stbl has not been established. 

c) PKCI-MAP Kinase Pathway 

The P m - M A P  kinase pathway in yeast may also have a role in activating ce11 cycle 

progression. The PKCI-MAP kinase pathway is required to maintain cellular integrity during 

periods of polarized growth such as bud emergence (see section VI1 for more detail). Like bckZ 

mutants, strains mutated for genes encoding PKCI-MAP kinase pathway components are 

inviable when Cdc28 activity is decreased (Marini et al., 1996; Mazzoni et al., 1993). Further, 

overexpression of fiill-hgth SLT2, the terminal MAP kinase of the PKCI-MAP kinase cascade 

(see Figure 1 -9), suppresses the temperature-sensitive phenotype of cdc28 mutants (Mazzoni et 

al., 1993). Cdc28 is also required for polarized growth at Start, and the synthetic lethality 

between the two pathways may be due to deletion of two pathways required for budding. 

However, bud formation requires de novo protein synthesis, and cells cannot progress through 

Start without activation of Gi transcription. Therefore, it has been suggested that the MAP 

kinase SLT2 may be able to activate transcription at Start in the absence of Cdc28 activity. In 

sections VI1 to XII, I describe the PKCI-MAP Kinase pathway in detail, including its regulation 

and the possible connections between SBF regulation and the ce11 wall integrity pathway. 

IV. C. Regulation of SBF Repression/Dissociation 

Clb-Cdc28 kinase activity is required for repression of SBF-dependent transcription in G2 

and M phases. In a clbU shain that is devoid of al1 Clb-Cdc28 activity, CLN2, CLNI and PCLI 

transcript levels rernain high in G2 phase (Amon et al., 1993). Further, even in strains with high 

CLN activity, overexpression of CLBt represses SBFdependent transcription (Amon et al., 

1993). This result suggests that repression of SBF-reguiated genes by Clb kinases is dominant 



over activation of SBF by Cln kinases. This regulation may aid in promoting the unidirectional 

progression of the ce11 cycle. Furtheer, DNA microarray anaiysis has shown that overexpression 

of CLBZ causes the repression of most C'3-induced SBFdependent Gi-genes (Spellman et al., 

1998). 

Of the four B-type mitotic cyclins (Clbl-4), Clb2 seems to be the most important in that 

clbldclb3dclb4A sttaùis show no detectable phenotype, whereas deletion of Clb2 alone greatly 

retards mitosis (Fitch et al., 1992; Surana et al., 1991). Co-immunoprecipitation experiments 

show that Sm4 and Clb2 interact in mitotically arrested cells (Amon et al., 1993). Further, in 

vitro kinase assays on Clb2 immunoprecipitates from yeast lysates show that Swi4 is 

phosphorylated in the immunoprecipitates in a Cdc28dependent manner (Amon et al., 1993). 

Although these experiments suggest that Swi4 is a substrate of Clb2-Cdc28 in vivo, there is no 

direct evidence for this hypothesis. The Clb2-Sm4 interaction requires the ankyrin domains of 

Swi4 and is independent of Swi6 (Siegmund and Nasmyth, 1996). In vivo fwtprinting studies 

show that SBF does not bind the SCBs of CLN2 when Clb2 kinase activity is high (Koch et al., 

1996). These results suggest that Cm-dependent repression of SBF may involve 

phosphorylation of Swi4 by Clb2-Cdc28, which causes dissociation of SBF fiom the promoters 

of SBF-dependent genes. Interestingly though, the interaction between Swi4 and Clb2-Cdc28 

appears specific: no interaction is detected between Mbpl and Clb2-Cdc28. However, 

overexpression of C . 2  down-regulates the expression of MBF-dependent genes, suggesting 

that Clb2 also regulates MBF activity (Spellman et al., 1998). 

Roles of SBF Outside of the CeU Cycle 

Since strains lacking SBF arrest in G1 (Ogas et al., 1991) and since many Gi-genes have 

at least one SCB or MCB element in their promoters (Spehan et al., 1998), the main hction 



of SBF is iikely instigating the burst of transcription in late Gi that is synonymous with Start 

progression. However, there are fewer than 300 genes whose transcription peaks at Start, but 

more than 1 155 genes whose promoters contain matches to the SCB consensus elements (SPCD, 

2000). As mentioued in section II B, Swi4 sequence specificity is probably not limiteci to 

consensus SCBs, suggesting there may be a large number of genes regulated by Swi4 that do not 

contain SCBs in their upstream regulatory sequences. A comparison of the number of SCB sites 

upstream of Gi genes with the hquency of SCB sites upstream of a control group of non-cell 

cycle-regulated genes reveals that SCBs are fowid more hquently upstream of non-cell cycle- 

regulated genes than are binding sites for 0 t h  celi cycle transcription factors such as MCMfSFF 

(Spellman et al., 1998). This analysis suggests that SCB elements and SBF may regulate the 

transcription of many genes 0 t h  than those induced at Start. In this section 1 describe three 

ceIlular roles for SBF outside of Start: in meiosis, the DNA damage response and as a target of 

the Protein Kinase C (PKCl) pathway. 

V. SBF and Meiosis 

The mitotic Gi cyclins may also play a role at the onset of meiosis (Colomina et al., 

1999; Mai and Breeden, 2000). Though clnlA and cln2A strains can form spores (Dirick et al., 

1998), CLNI may play a distinct role during meiosis. In contrast to cln2A strains, clnlA cells 

display a significant delay in sporulation with a 25% reduction in sporulation efficiency (Mai and 

Breeden, 2000), and overexpression of CLNI prevents meiosis (Colornina et al., 1999). The 

seemingly contradictory effects of deletion and overexpression of CLNI on meiosis cm be 

explaineci by the hypothesis that C M 1  activity is required for events early in meiosis and it is 

detrimental to invoke these events during the late stages of the meiotic program. This hypothesis 

is consistent with the transient induction of Sm4 and Sm6 early in the meiotic program (Leem 



et al., 1998; Mai and Breeden, 2000). A h ,  deletion of either Swi4 or Swi6 results in reduced 

spore viability and recombination (Leern et al., 1998; Mai and Breeden, 2000). Presurnably, the 

transient induction of SM4 and Sm6 contributes to the transcription of C M  and other SBF- 

target genes required for meiosis. However, the genes induced by SBF in the early stages of 

meiosis have not been fùlly determined. It is assurned that SBF-dependent transcription during 

early meiosis must be tightly regulated, since SBF normally drives entxy into the ce11 cycle that is 

antagonistic to meiosis and spore formation. Indeed, overexpression of CLN3 prevents meiosis, 

presumably because i t activates SBF-dependent G transcription (Colomina et al., 1 999). 

Together, these observations suggest that the role of SBF during meiosis must be distinct h m  

the role of SBF at Start. One possibility is that the specificity of SBF changes during meiosis so 

that SBF only activates a subset of genes necessary for meiosis. Another possibility is that, 

during meiosis, the ce11 may actively repress transcription of some SBF-target genes. Indeed, it 

has been shown that transcription of both C M  and C . 3  is actively repressed during late 

rneiosis by the distant Swi4 family member Xbpl (Mai and Breeden, 2000). Tt will be interesting 

to determine whether Xbpl represses al1 SBF-dependent meiotic genes. Swi6 has also been 

shown to be necessary for the meiotic induction of the recombination genes RAD51 and RAD54, 

which have MCB elements in their promoters and may be regulated by MBF (Leem et al., 1998). 

The S. pombe Swi4 farnily member Res2 has also been implicated in regulating the meiotic ce11 

cycle (Miyamoto et al., 1994). 

VI. SBF and DNA Damage 

In S. cerevisiae and other eukaryotic cells DNA darnage invokes both checkpoint 

responses and the transcription of a large group of DNA repair genes (see the review by 

Lowndes and Murguia, 2000). mi4A and w i 6 A  strains but not mbplA strains are sensitive to 



the DNA damaging agent MMS and the DNA synthesis inhibitor hydroxyurea (HU) (Ho et al., 

1997). This result suggests that SBF, but not MBF, is required for the DNA damage response. 

Moreover, SBF has been linked to two kinases invalved in the DNA damage response: Rad53 

(Sidorova and Breeden, 1997) and Hm25 (Ho et al., 1997). 

Rad53 is a dual specificity kinase that is required for the DNA-damage checkpoint 

pathway (reviewed in Elledge, 1996; Lowndes and Murguia, 2000). Activation of the 

checkpoint by DNA damage initiates a ce11 cycle delay, which allows time for repair and 

improves survival in the presence of damaging agents. When Gl cells are treated with the DNA- 

allcylating agent MMS, CLNl and CLN2 mRNA levels are reversibIy down-regulated (Sidorova 

and Breeden, 1997). Sidorova et al. showed that Rad53 and Swi6 are not requireâ for the initial 

down-regulation of C M  and CLNZ, but are both required to maintain repression of CLN 

expression and delay Gi entry. The MMS-Gl delay is suppressed by overexpression of a Swi6- 

independent, truncated form of Swi4, suggesting that CLN repression may be through Swi6. 

Consistent with this hypohesis, Swi6 becomes phosphorylated upon MMS treatment in vivo in a 

Rad53-dependent manner. However, it has yet to be established whether phosphorylation of 

Swi6 is directly by Rad53 or a Rad53-associated kinase. It is also unknown whether 

phosphorylation of Swi6 upon Rad53 activation is required for repression of Swi6-dependent 

transcnp tion. 

When cells are exposed to DNA damage, many genes involved in DNA repair are 

transcriptionally induced, including the Gi-specific genes encoding ribonucleotide reductase 

(RNRI, RIVR2, and RNR3) (Elledge and Davis, 1990). hn-25, swi6 and swi4 mutants, but not 

mbpl mutants, are defective in the induction of RNA gene expression in response to HU in vivo. 

Swi6 interacts with and is phosphorylated by Hrr25, a casein kinase 1 isofonn. Strauis lacking 



Hrr25 are hypersensitive to double-strand DNA breaks and are extremely slow-growing (Ho et 

al., 1997). SBF may be a downstream target of Hrr25 because overexpression of Sm4 can 

suppress both the MMS and HU sensitivity and restore induction of the RNR genes in an hw25A 

strain (Ho et al., 1997). Interestingly, the RNR genes have multiple MCB sites in their 

promoters, and the ce11 cycle-regulated Gi-induction of M I  is largely regulated by Mbpl not 

Swi4 @Kick et al., 1992; Elledge and Davis, 1990). This result suggests that, upon DNA 

damage, Hm25 may modulate the activity of SBF to regulate genes it normally does not 

transcnbe in the ce11 cycle. The mechankm of HrrZ modulation of SBF activity is not known. 

This work illustrates that SBF plays a role outside of the ce11 cycle upon DNA darnage. 

SBF activity is modulateci to repress the expression of CLNl and CLN2 genes while activating 

the expression of genes involvecl in DNA repair. The failure to induce RNR genes in rad53 

mutants suggests that Hm25 and Rad53 may function in the same pathway (Huang and Elledge, 

1997). However, a direct link between Rad53 and Hm25 h c t i o n  has not been established and it 

is not known whether Hm25 is required for repression of the CLNs during DNA damage. 

W. The PKCZ-MAP Kinase Patbway and SBF 

The PKCI-MAP kinase pathway is one of five M A P  kinase pathways in yeast (reviewed 

in Gustin et al., 1998; Heinisch et al., 1999). The PKCI-MAPK pathway mediates maintenance 

of the cytoskeleton and ce11 wall integrity in response to numerous stresses, including heat shock, 

ce11 wall challenges, changes in extemal osmolarity and mating pheromone. As outlined bnefly 

in section N B. (ii, c), the PKCJ-MAPK pathway has also been implicated in Start progression. 

Though it is thought that the PKCI-MAPK pathway mediates polarized growth through 

phosphorylation of target cytoskeletal proteins, it has recently been shown that activation of 

PKCl also alters gene expression. In this section, 1 outline in detail the P m - M A P K  pathway, 



activation of the pathway, ce11 cycle roles of the pathway and, finally, the connections between 

SBF and the PKCI-MAP kinase pathway. 

W. A P E I  in S. c e d i d e  

The PKC superfatlzily of genes plays key d e s  in many organisms in the regulation of 

diverse cellular processes, including proliferation and regulation of the cytoskeleton (reviewed in 

Keenan and Kelleher, 1998; Lineh and Fishman, 1997). In mamrnalian cells, twelve distinct 

PKC isofoms have been isolated which share both sequence and fùnctional characteristics, with 

each member activated by different stimuli (Mellor and Parker, 1998). Phosphotidylserine (PS) 

and diacylglycerol @AG) activate classical mammalian PKC family members in a ca2+' 

dependent rnanner. However, not al1 mernbers of the PKC family are regulated in this fashion. 

Other members are ca2+-insensitive, but are still activated by DAG in the presence of PS. The 

atypical mernbers, PRKl and PRK.2, do not appear to respond to ca2+, DAG or PS, but are 

activated by the small GTPase RhoA. Regulatory domains in PKC have been identified for each 

specific signal, and each family mernber has a unique combination of regulatory domains that 

dictates whether the member is responsive to certain signais (for review, see Mellor and Parker, 

1998). 

The PKCl gene encodes the only S. cerevisiae homolog of the PKC superfamily of 

genes, and Pkcl is an essential serinelthrwnine-specific protein kinase (Antonsson et al., 1994; 

Levin et al., 1990; Watanabe et al., 1994). Yeast PKCl is a unique member the PKC 

superfamily in that it contains regions homologous to al1 known regulatory domains of 

mammalian PKCs (for review, see MeUor and Parker, 1998). Although this modular structure 

suggests that PKCl may be able to respond to ail of the physiological activators of mammalian 

PKCs purified Pkcl is not activated by combinations of PS, DAG or ca2+in vitro (Antonsson et 



al., 1994). However, Pkcl is activated in response to the small GTPase Rh01 . Rh01 is an 

essential protein of the Rho subfamily of Ras-related proteins and is required for ce11 p w t h  

(reviewed in Cabib et al., 1998, and subsequent sections). The GTP-bound fonn of Rh01 can 

interact with and is neces- for activation of Pkcl (Kamada et al., 1996; Nonaka et al., 1995). 

The exact mechanism of Rh01 activation of Pkcl remains uncertain. In vitro assays using 

recombinant proteins have shown that Rho-GTP does not stimulate Pkcl kinase activity but 

allows Pkcl to be stimulated by PS (Kamada et al., 1996). These results suggest that interaction 

of Pkcl with Rho-GTP in vivo might make Pkcl responsive to activation by PS or DAG, 

traditional activators of the mammaiian PKC superfàmily of signal transducers. 

VIï. B. The PKCI-MAPK Fathway 

Pkcl regulates the mitogen-activated protein (MM) kinase cascade depicted in Figure 1- 

9. The pathway consists of: the MAP kinase kinase kinase (MEKK) Bckl (Costigan et al., 1992; 

Irie et al., 1993; Lee and Levin, 1992), the redundant MAP kinase kinases (MEKs) Mkkl and 

Mkk2 (hie et al., 1993), and the MAP kinase Slt2 (Lee et al., 1993; Torres et al., 1991). Though 

Pkcl has not been shown to interact with Bckl in vivo, epistasis experiments have placed BCKI 

directly downstrearn of PKCl (Costigan et al., 1992; hie et al., 1993; Lee and Levin, 1992), and 

Pkcl can selectively phosphorylate Bckl in vitro (Levin et al., 1994). Consistent with the 

activation of other MAP kinase cascades, activation of Bckl leads to the sequential 

phosphorylation and activation of the downstrearn components MkklMkk2 (Irie et al., 1993; 

Kamada et al., 1995). In tum, the dual-specificity MKKI and MKKt kinases are responsible for 

the phosphorylation of threonine 190 and tyrosine 192 in the activation loop of Slt2 (Lee et al., 

1993). Phosphorylation of tyrosine 192 is directly comlated with kinase activity in vzvo (Zanov 

et al., 1996). 



Figure 1-9 Schematic of the PKCZ-MAPK Pathway. 

Schematic representation of the main components of the PKCI-MAPK pathway. The 

components of the M A .  cascade are indicated in green, while the downstream targets of Slt2 

are indicated in red. Please see text for more details on the individual proteins. The upstream 

activators of Pkcl are discussed in sections IX and X and downstream targets are discussed in 

section XII. Dotted arrows represent the postulated branches of the pathway where detailed 

mechanisms of signal transmission are not fiilly known yet. 
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pkcl mutants have markedly thinner ce11 walls (Levin' et al., 1994; Roemer et al., 1994) 

than wild-type cells and are sensitive to a variety of ce11 wall stresses such as heat sàock. Ce11 

wall phenotypes of pkcl mutants cm be suppressed by inclusion of the osmotic stabilizer sorbitol 

in the growth medium (Levin and Bartlett-Heubusch, 1992; Paravicini et ai., 1992). Strains 

carrying deletions of BCKI, SLT2 or both MKKI and MKKZ are sensitive to temperature but not 

inviable like PKCl mutants (Lee and Levin, 1992). This result suggests that PKCl must have 

other d e s  besides activation of the SlQ-MAP kinase pathway. Interestingly, it has recently 

been shown that PKCl is required for both the depolarization a d  the repolarization of the actin 

cytoskeleton upon ce11 wail stress (Delley and Hall, 1999). However, components of the PKCl- 

MAPK pathway module are only required for repolarization (Delley and Hall, 1999). Consistent 

with this, both slt2 and bckl mutants exhibit phenotypes associateci with depolarization of the 

actin cytoskeleton, including delocalization of actin cortical spots, accumulation of secretory 

vesicles and defects in polarized ce11 p w t h  (Costigan et al., 1992; Delley and Hall, 1999; 

Mazzoi et al., 1993). These studies suggest that the PKCl-MAPK pathway is required for ce11 

polarization and for maintenance of ceil wall integrity while an as yet uncharactenzed PKCl- 

dependent pathway is required for âepolarization. Below, 1 outline the numerous conditions that 

activate the PKCI-MAPK pathway. 

VIII. Activation of the PKCI-MAP Kinase Patbway 

VIII. A. Heat Stress Activation 

Heat shock treatment of cells by shifhg them h m  23OC to 3g°C induces the tyrosine 

phosphorylation of Slt2 and increases its kinase activity (Kamada et al., 1995; Zanov et al., 

1996). The phosphorylation and activation of Slt2 peaks at roughly 30 minutes after heat shock 

(Kamada et al., 1995). Mutants in the PEI-MAP kinase pathway are temperature-sensitive and 



lyse due to defects in the ce11 wall, suggesting that activation of Slt2 is quired for integrity of 

the ce11 wall at higher temperatures (Kamada et al., 1995; Lee and Levin, 1992; Levin et al., 

1990). 

W. B. Ceiî Wall Stabüity Challenges 

Mutants lacking components of the PKCI-MAPK pathway are also sensitive to 

chernicals that challenge ce11 wall stability, such as SDS and calcoflour white (CFW) (Costigan 

et al., 1992; Igual et al., 1996). It is believed that these compounds have a disordering efféct on 

ceIl wall structure (Klis, 1994). PKCI-MAPK pathway mutants are also sensitive to caffeine and 

vanadate, however it is not known how these compounds effect the ce11 wall (Martin et al., 

1996). Similar to heat stress sensitivity, the addition of the osmotic stabilizer sorbitol abolishes 

sensitivity to these compounds. It has been s h o w  that Slt2 phosphorylation peaks 20 minutes 

after exposure to CFW, caf'Teine and vanadate (Ketela et al., 1999; Martin et al., 2000). The 

sirnilar timing of activation of Slt2 by heat shock and ce11 wall stress suggests a common 

mechanism for activating the PKCI-MAPK pathway. 

VUI. C. Hypotonie Stress Activation 

The PKCI-MAPK pathway is also required for growth in low-osmolarity conditions 

(Levin and Bartlett-Heubusch, 1992). Organisms with ce11 walls, like yeast and plants, maintain 

an osmotic graâient across their plasma membranes to drive uptake of water for growth 

(Blomberg and Alder, 1992). It is predicted that decreasing extemal osmolarity increases the 

osmotic gradient, creating stress on the plasma membrane and ce11 wall. Thus, decreased 

osmolarity of the growth medium results in activation of the PKCZ-MAPK pathway @avenport 

et al., 1995; Kamada et al., 1995). In contrast to both heat shock and chemical stress (see above), 

hypotonie stress induces phosphorylation of Slt2 within seconds @avenport et al., 1995). The 



speedy cesponse to osmotic shock suggests that distinct regulators may activate PKCI in 

response to osmotic stress. Altematively, activation may proceed through the sarne pathway, ie 

ce11 wall mechanosensors (see section IX); however, hypotonie stress may cause a quicker 

disorganization of the ce11 wall than other activators of the PKCI-MAPK pathway. 

Vm. D. Cell-cycle Activation 

As stated in section IV B. (ii,c), the PKCI-MAPK pathway may play an important role in 

the ce11 cycle. Mutations in the PKCI-MAPK pathway show synthetic lethality when combined 

with GI-specific cdc28 mutations (Marini et al., 1996; Mazzoni et al., 1993), and overexpression 

of SLT2 can rescue some defects of a cdc28 strain, allowing for passage through Start (Mazzoni 

et al., 1993). Tyrosine phosphorylation of Slt2 and Slt2 kinase activity are partially linked to 

Cdc28 activity (Marini et al., 1996; Zarzov et al., 1996), and Slt2 kinase activity is stimulated at 

the Gr-S boundary in parallel with bud emergnce (Zanov et al., 1996). The mechanism that 

activates the PKCI-MAPK pathway at Start is unknown. One possibility is that Cdc28- 

dependent progression through Start initiates bud development and the stress on the ce11 wall 

fkom new bud growth activates Pkcl. Cln-Cdc28 activity induces DAG production at Start 

(Marini et al., 1996). However, as discussed in section MI A, attempts to show regulation of 

Pkcl by DAG or related phorbol esters have been unsuccessfûl both in vitro and in vivo 

(Antonsson et al., 1994; Davenport et al., 1995; Watanabe et al., 1994). 

W. E. Mating Pheromone Activation 

PKCI - W K  pathway mutants are defective in pheromone-induced shmoo formation 

and lyse after prolonged exposure to pheromone (Costigan et al., 1992; Errede et al., 1995; 

Madden et al., 1997). Pheromone treàtment results in phosphorylation of Slt2 within 15 to 30 

minutes (Buehrer and Errede, 1997; Errede et al., 1995; Ketela et al., 1999; Zanov et al., 1996), 



and prolonged a-factor exposure induces the transcription of genes encoding PKCI-MAPK 

pathway components (Roberts et al., 2000). These results indicate that the PKCI-MAFK 

pathway is required for polarized growth during mating. It is presently not known how 

pheromone treatment or mating activates the PKCI-MAPK pathway; however, there may be 

multiple mechanisms. Many genes have been implicated in regulating the phosphorylation and 

activation of Slt2 during a-factor treatment, including the mechanosensor Mid2 (see section IX 

A) and the ce11 polarity genes Spa2 and Bnil (see sections X and XI). There also appears to be 

significant cross-talk between the mating factor pathway (see Figure 1-10) and the PKCI-MAPK 

pathway (Buehrer and Errede, 1997; Errede et al., 1995; Roberts et al., 2000; Zarzov et al., 

1996). However, evidence suggesting pathway cross-talk is botb conflicting and controversial 

and more work is needed to elucidate pathway interactions during a-factor response. 

IX. Molecular Mecbanbms of PKCI-MAPK Pathway Activation 

The multiple stimuli that activate the PKCI-MAPK pathway and the different rates of 

phosphorylation of Slt2 suggest that there may be multiple mechanisms for PKCl activation. 

Indeed, many genes that act upstream of PKCI have been identified. However, complete 

elucidation of these pathways remains unknown. Below 1 outline the present state of knowledge 

of the various upstream activators of the PKCI-MAPK pathway h m  ce11 wall stress sensors to 

regulation of RHOI . 

LX. A. Cell WaU Stress Sensors 

The activation events listed above al1 cause some fonn of ce11 wall or plasma membrane 

stress. The state of integrity of the ce11 wall m u t  be sensed and transduced to Pkcl and 

transduced down the MAP kinase cascade. Numemus predicted single-pass transmernbrane 

proteins with extracellular domains nch in serine and threonine have been implicated in 



activating the PKCI-MAPK cascade. These putative cell wall sensors, sometimes called 

mechanosensors, include Slgl (also described as Hcs77 or Wscl) and the related proteins Wsc2, 

Wsc3, Wsc4 (Gray et al., 1997; Jacoby et al., 1998; Vema et al., 1997) and Mid2 and the related 

protein Mt12 (Ketela et al., 1999; Rajavel et al., 1999). 

Inte~e~tingly, it appears that the putative ce11 wall sensors may have evolved to respond 

to different Pkcl activating conditions. In some strain backgrouâs, s lglA mutants have 

phenotypes similar to PKCI-pathway mutants; they have reduced growth-rates and they are 

sensitive to ce11 wall stresses including heat, SDS, CFW and cafEeine, and these ce11 wall defects 

can be suppressed by sorbitol (Delley and Hall, 1999; Gray et al., 1997; Jacoby et al., 1998; 

Vema et al., 1 997). Unlike slgl A mutants, strains deleted for wsc2, wsc3 or wsc4 do not have 

dramatic ce11 wall integrity phenotypes (Gray et al., 1997; Vema et al., 1997). However, 

deletion of three Wsc members (slgl Awsc2Awsc3A) causes a stronger ce11 integrity defect than 

the single slgl mutant, suggesting that the Wsc farnily members may be hctionally redundant 

(Verna et al., 1997). Double mutants of slgfA or slglAwsc2Awsc3A with members of the PKCI 

pathway do not show additional defects, and epistasis experiments place PKCl downstream of 

the Slg 1 farnily of proteins (Gray et al., 1997; Vema et al., 1997). Consistent with the genetics, 

heat stress-induced activation of Slt2 is greatly reduced in strains lacking the Slgl family of 

proteins (Gray et al., 1997; Jacoby et al., 1998; Vema et al., 1997). 

Overexpression of UID2 can suppress the ce11 lysis defects of a slgl mutant (Ketela et 

al., 1999; Rajavel et al., 1999). In contrast to the vegetative p w t h  defects of slgf A cells, under 

nomal p w t h  conditions mid2A cells do not have any p w t h  defects and appear to have normal 

ce11 walls (Ketela et al., 1999). Also in contrast to s l g l A  strains, mid2A cells are extremely 

sensitive to a-factor, are mildly sensitive to caffeine, are not temperature sensitive and have 



increased CFW resistance (Ketela et al., 1999; Ono et al., 1994; Rajavel et al., 1999). The 

pheromone sensitivity of a mid2 mutant can be partially suppressed by overexpression of MTLI, 

a homolog of MID1 (Ketela et al., 1999; Rajavel et al., 1999). However, unlike mid2A strains, 

mtllA strains display no obvious phenotypes but m i d 2 h t l l A  strains are temperature- and 

caffeine- sensitive; both phenotypes can be suppressed by sorbitol (Ketela et al., 1999; Rajavel et 

al., 1999). Epistasis experiments have placed Mid2 upstream of Pkcl and, upon treatment with 

a-factor, CFW, and heat shock, Mid2 hc t ion  is required for fidl induction of Slt2 tyrosine 

phosphorylation and activation (Ketela et al., 1999; Lodder et al., 1999; Martin et al., 2000; 

Rajavel et al., 1999) 

mid2AslglA double mutants are synthetic letbal in the absence of osmotic support, 

suggesting the two cell wall sensors may have overlapping roles in maintaining ce11 wall 

integrity. (Ketela et al., 1999; Rajavel et al., 1999). The mechanisms by which Slgl and Wsc 

family mernbers sense ce11 wall iategrity remain to be detemiined. n e  predicted extracellular 

domains of both Mid2 and Slgl are highly O-mannosylated (Ketela et al., 1999; Lodder et al., 

1999; Rajavel et al., I999), and gIycosylation of these proteins may promote contact with the ce11 

wall and fùnction as molecular probes to detect ce11 wall stress. Presently, only the cellular 

localization of Mid2 and SIgl have been detemiined. Slgl localizes to the plasma membrane 

specifically at sites of ce11 wall p w t h  or polarization (Delley and Hall, 1999). Midî has been 

localized to the plasma membrane, but it is not clear that Mid2 can localize to areas of polarized 

growth (Ketela et al., 1999; Rajavel et al., 1999). It is also not known how the sensors have been 

adapted to sense diffetent ceIl wall disturbances (ie mating factor vs. heat shock), nor is it known 

how the signal is conveyd to activate Pkcl in vivo. Both slgl and mid2 mutant phenotypes can 

be suppressed by overexpression of RHOI or PKCl (Gray et al., 1997; Jacoby et al., 1998; 



Ketela et al., 1999; Rajavel et al., 1999; Vema et al., 1997). This result suggests that both 

families of ce11 wall stress proteins might activate the PKCI-MAPK pathway through RHOI.  

The Rhol guanine nucleotide exchange factor Rom2 (see next section) is required for Rh01 

activation d e r  both heat shmk and SDS treatment (Bickle et ai., 1998). This result has led to 

the hypothesis that the ce11 wall mechanosensors may activate Rh01 through Rom2 (Delley and 

Hall, 1999). Remarkably, intracellular domains of the two famiIies are not similar, suggesting 

that the components linking the mechanosensors to RHOl may be different. 

M. B. RUOI-Dependent Activation of P W - M A P K  Patbway 

As previously discussed in section VI1 A, Rh01 is a small GTP-binding protein required 

for the activation of Pkcl, and many rhol mutants have impaired Slt2 phosphorylation and 

kinase activity (Kamada et al., t 996; Martin et al., 2000; Nonaka et al., 1 995). Rho 1 is localized 

to regions of active ce11 growth such as the bud tip and neck regions between mother and 

daughter cells (Yamochi et al., 1994). Although, Rh01 may fûnction to localize Pkcl to areas of 

growth, Pkcl localization studies have yet to be conducted. Rho-dependent localization of PKC 

has been demonstrated in mammalian cells (Mellor and Parker, 1998). 

RHOl is an essentiai gene and has other cellular d e s  besides activation of PKCI. Rh01 

is an essential regulatory subunit of the beta-1,3-glucan synthase (GS) (Drgonova et al., 1996; 

Qadota et al., 1 W6), an enzyme that synthesizes beta- 1,3-glucan, the major structural component 

of the yeast ce11 wall (reviewed in Srnits et al., 1999). There are two highly related glucan 

synthase proteins in S. cerevisiae, the integral membrane proteins Fksl and Fks2 (Mazur et al., 

1995). FKN is the predominantly expressed gene during optima1 growth conditions, while 

FKS2 is induced upon treatment with a-factor, CaC12 or growth on poor carbon sources (Mazur 

et al., 1995). Rh01 interacts with both Fksl and Fks2 and the GTP bound fonn of Rhol is 



required for GS activity Orgonova et al., 19%; Qadota et al., 1996). Rh01 also regulates the 

localization of Fksl, directing glucan synthesis to sites of ce11 wall growth (Delley and Hall, 

1999). Interestingly, RHOl also controls transcription of the glucan syathase genes (Igul et al., 

1996; Zhao et al., 1998). Rh01 may also control the actin cytoskeleton through interaction with 

Bnil, a formin-like protein that binds profilin (Pfyl) (Evangelista et al., 1997). Finally, Rh01 

also interacts with Bem4, a Rho-type GTPase interacting protein (Mack et ai., 1996), and Skn7, a 

two component signalhg protein (Alberts et al., 1998; and reviewed in Gustin et al., 1998), but 

the biological d e s  of these interactions rernains unknown. The multiple d e s  of Rh01 

necessitate tight regulation of Rho 1 activity. 

The activity of Rh01 is upregulated by the guanine nucleotide exchange factor (GEF) 

Rom2 (Ozaki et al., 1996) and is downreggulated by the GTPase-activating proteins (GAPs) 

Bem2 and Sac7 (Peterson et al., 1994; Schmidt et al., 1997). ROM2 was identified as a multi- 

copy suppressor of a dominant negative rhol mutant and mm2A cells have a température 

sensitive growth phenotype that can be suppressed by sorbitol or overexpression of RUOl 

(Ozaki et al., 1996). Overexpression of a highly homologous GEF, ROM, can also suppress 

rom2A strains, and romlArom2A double deletion strains are inviable (Ozaki et al., 1996). 

However, m m l A  strains do not present any cell-wall integrity defects typical of PKCI-MAPK 

pathway mutants. This result suggests that Rom2 plays a major role in Pkcl activation. The 

temperature-sensitive phenotype of rom2A mutants can also be suppressed by deletion of SAC7 

but not by deletion of BEM2 (Schmidt et al., 1997), suggesting that Sac7 is the main Rh01 GAP. 

However, both sac7A and bem2A strains have constitutiveiy active Slt2 (Martin et al., 2000). It 

is presently not known how the GAP activities are regulated or whether they are differentially 

regulated. 



Going farther upstream, Tor2 is a phosphatidylinositol kinase homologue that activates 

Rom2 (Schmidt et ai., 1997). TOR2 is an essential gene that appears to have two fûnctions in Gi. 

One is the redundant with the gene TOR1 and controls translation initiation in early Gi (for 

review, see Thomas and Hall, 1997). The other hc t ion  is unique to TOR2 and promotes the 

organization of the actin cytoskeleton (Schmidt et al., 1997). The temperature-sensitive Gt arrest 

phenotype of for2 mutants is suppressed by gtowth on sorbitol and by overexpression of ROM2 

and downstream PKCI-MAPK pathway components (Helliwell et al., 1998; Helliwell et al., 

1998; Schmidt et al., 1997). These results suggest that Tor2 is signaling through Rom2, but the 

mechanism of Rom2 activation is unknown. Rom2 cm be activated by ce11 wall stress 

independently of Tor2, suggesting that there are both Tor2-dependent and Tor2-independent 

pathways for activation of Rom2 (Bickle et al., 1998). Indeed, it appears that Slgl, the putative 

ce11 wall mechanosensor, does not require Tor2 for Rom2 activation (Delley and Hall, 1999). It 

is not clear whether al1 the Pkcl-activating ce11 wall sensoxs can activate Pkcl independently of 

Tor2. The d e  of Tor2 in Gi suggests that Tor2 may be needed for the ce11 cycle-regulated 

activation of the PKCI-MAPK pathway in late Gi . 

X Localization of the PKCZ-MGPK Patbway 

As mentioned previously, mammalian Pkc isofoms are localized to regions of polarized 

growth through interaction with Rho GTPases (Mellor and Parker, 1998). The subcellular 

localization of Pkcl in yeast has yet to be detennined, although evidence suggests that 

components of the PKCI-MAPK cascade may be localized to areas of polarized growth through 

interactions with the ce11 polarity protein Spa2. As is the case with P . - M A P K  pathway 

mutants, spa2A cells are defective in polarized morphogenesis, and Spa2 has been localized to 

actin patches at growth sites such as the incipient bud, bud tips, bud necks during cytokinesis and 



Figure 1-10 The Polarborne and Cross-TIUt Bctween the Pm-MAPK and the M a h g  

Pberomone Pathway. 

Schernatic of the proteins involved in localkation of the PKCI-MAPK pathway and "cross-talk" 

between the PKCI-MAPK Pathway and the Mating Pheromone Pathway. The components of 

the Mating Pheromone Pathway are depicted in red, the conzponents of the polarïsome are 

depicted in yellow and the components of the PKCI-MAPK pathway are depicted in green. 

Bnil interacts with both componemts of the Mating Pheromone Pathway and the P m - M A P K  

pathway, pmviding a physical S i  between the two pathways. Spa2 also interacts with 

components of both pathways. The dotted amws represent detected two-hybrid interactions of 

Spa2 with Stell, Ste7, Mkkl and Mkk2. Please see text for more details on the individual 

components. 
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the projection tip of mating cells (Gehruag and Snyder, 1990, Snyder, 1989). The lacalization of 

Spa2 to the actin patches is mediated through the actin-binâing protein Bud6 (Sheu et al., 1998). 

Biochemical experbents have detexmined that Spa2 can be found in a large protein complex that 

includes the fonnin-like protein Bni 1, Bud6 and the Spa2 homolog Pea2 (Fujiwara et al., 1998; 

Sheu et al., 1998). This complex appears transient in nature, suggesting the association of the 

proteins may be temporally regulated, perhaps during polarized growth. Al1 these proteins have 

been implicated in regulating the actin cytoskeleton, and the complex has been aptly named the 

"Polarisome" (Sheu et al., 1998). Intérestingly, Bud6 and Spa2 do not require an intact actin 

cytoskeleton for proper localizattion to g r 0 6  sites (Ayscough et al., 1997), which has led to the 

hypothesis that the '%larisome" may mark sites of and initiate polarized growth (Sheu, 1998 

and for a review see Gustin et al., 1998). Indeed, Spa2 is required for proper localization of Bnil 

which, in tum, interacts with profilin (Pwl), and profilin is required for actin polarization 

Fujiwara et al., 1998). 

Two-hybnd assays have shown that Spa2 can interact with the MEKs Mkkl and Mkk2, 

suggesting that Mkkl and Mkk2 are localized to regions of ce11 growth (Sheu et al., 1998) (see 

Figurel-10). Interestingly, Slt2 is hyperactive in spa2A strains compared to wild type cells, but 

spa2A cells have severe defects in fûrther activating Slt2 upon pheromone treatment (Buehrer 

and Errede, 1997; Sheu et al., 1998). This result suggests that Spa2 may have a role in both 

repressing and activating Slt2. Deletions of SPA2 cause synthetic lethality with both M l A  and 

sft2A, indicating that Spa2 has at least one role outside of regulating the PKCI-MAPK pathway 

(Costigan et al., 1992; Costigan et al., 1994). Limited indirect immunofluorescence localization 

studies using Ha-Slt2 have determitled that Slt2 can be localized to the ce11 wall upon heat shock 



(Kamada et al., 1995). It has not been detennined whether Slt2 localizes to areas of polarized 

growth or whether Slt2 localization requires Mkkl, Mkk2 or Spa2 

XI. 'Cross-Ta*" Between the PKCl and Mathg Pberomone MAPK Patbways 

Haploid budding yeast of opposite mating types (a or a )  can mate to form an da diploid 

cell. This mating process requires the coordination of numerous cellular events, including 

polarized growth toward mating partners, ce11 cycle arrest in Gi and increased expression of 

genes required for ce11 adhesion and ce11 fûsion. These cellular events are regulated by the 

Mating Pheromone MAPK Pathway, which consists of the PAK kinase Ste20, the MEKK Stel 1, 

the MEK Ste7 and the MAPK Fus3 (depicted in Figure 1-1 0 and reviewed in Gustin et al., 1998). 

One of the main functions of the pathway is the activation of the transcription factor Stel2, 

which is rquired for the transcriptional induction of genes needeà for mating (reviewed in 

Gustin et al., 1998). 

As discussed in section VIII E, the PKCI-MAPK pathway is also required for polarized 

growth dwing mating. How the PKCI-MAPK pathway is activated during mating is not fully 

understood. The mechanosensor Mid2 (see section IX A) is partially required for the full 

activation of Slt2 upon a-factor exposure (Ketela et al., 1999). However there may also be a 

direct physical interaction between the two MAPK pathways at the level of the "jmlarisome". 

Bnil interacts directly with the GTPase proteins Rho 1 of the PKCI-MAPK Pathway and Cdc42 

of the Mating Pheromone Pathway (Evangelista et al., 1997; and reviewed in Gustin et al., 

1998). Genetic studies indicate that Bnil and Spa2 function in the same pathway, and a bnilA 

strain requires bath BCKI and SLT2 for viability (Buehrer and Errede, 1997; Fujiwara et al., 

1998). Like spa2A strains, bniIA strains are delayed in the activation of Slt2 upon a-factor 

treatment and are also delayed in the formation of the mating projection (Buehrer and Errede, 



1997). These results suggest that Spa2 and Bni 1 may be involved in the "link" between the two 

MAPK-Pathways. interestingly, Slt2 activation appears completely blocked in steZOA strains 

(Zarzov et al., 1996) and ste4A strains (Buehrer and Errede, 1997). However, there are 

contradictory results as to whether components downstream of Ste20 are required for Slt2 

activation. One group found that s t e l l d  and stel2A strains were not compromised for Slt2 

activation (Zanov et al., 1996), while a second group reporteci that activation of Slt2 was 

compromised in a stel2A strain and that de novo protein synthesis was necessary for Slt2 

activation (Buehrer and Errede, 1997). The second group pdormed their experirnents in a 

cdc28-compromised background, which might contribute to the diffetences in results. 

Alternatively, both upstream and downstream components of the Mating Pheromone Pathway 

may be required for activation of the PKCI-MAPK pathway. The physical connections between 

the two cascades through the Spa2-Bnil multiprotein complex and the defects in spa2 and bnil 

cells in activation of Slt2 upon a-factor treatment suggest that the "polarisome" may be one 

link. Interestingly, bcklA strains can stifl partially activate Slt2 upon a-factor treatment, but 

Bckl is absolutely required for heat shock activation of Slt2 (Buehrer and Errede, 1997; Zarzov 

et al., 1996). Two-hybrid studies have also shown that Spa2 can interact with Stel 1 and Ste7, but 

it is not known whether Spa2 is requited for proper signal transduction ttirough the Mating 

Pheromone Pathway. It has been proposed that Spa2 acts as a scafTold to bring Stel 1 in close 

proximity to Mkkl or Mkk2 dwing mating, resulting in theu activation (Sheu et al., 1998). It 

will be interesting to determine the exact role of the "polarisome" in "cross-talk" between the 

two cascades. 

As mentioned above, de novo protein synthesis and the transcription factor SteI2 have 

also been implicated in activation of Slt2 (Buehrer and Errede, 1997). Recent DNA microarray 



studies have determined that the P U - M A P K  pathway is quired for the transcriptional 

induction of 90 genes after prolonged (60 to 120 minutes) exposure to pheromone (Roberts et al., 

2000). This late response is dependent on an intact Mating Pheromone Pathway and on Bnil 

(Roberts et al., 2000). Our present state of knowledge on the "cross-tak" between the pathways 

makes it difficult to assimilate the seemingly conflicting results of Stel2-independent activation 

of Slt2 and Stel2- and PKCI-dependent transcriptional response into one model. a-factor 

treatment induces the activation of Slt2 within 20 to 30 minutes (Buehrer and Errede, 1997; 

Errede et al., 1995; Ketela et al., 1999; Zarzov et al., 1996), but transcriptional activation occurs 

much later at 1 to 2 hows after a-factor treatment (Spellman et al., 1998). The differences may 

represent the involvement of the PKC1-MAPK pathway in two distinct responses, one involving 

an early d e  for Slt2 and the other a later role for SM. Future work will no doubt delineate the 

complex events of "cross-talk". 

XII. Downstream Targets of the PgCI-MAPK Pathway 

The requirernent of the PKCI-MAPK pathway in maintainhg ce11 integrity in numerous 

situations suggests that the pathway must îùnction ttiroug. many downstream targets. The 

localization of some comporients of the MAPK cascade to areas of polarized growth or the 

plasma membrane (see previous sections) suggests that components of the cytoskeleton may be 

important targets of Slt2; to date, no direct cytoskeletal targets have been identifiai. In many 

systems, the major targets of MAPK cascades are transcription factors, and activation of the 

cascade leads to altered gene expression (reviewed in Schenk and Snardagalska, 1999; 

Treisman, 1996). Indeed, recent DNA rnicroanay work showed transcriptional modulation of 90 

genes in a strain expressing an activatecl allele of PKCI (Roberts et al., 2000). One target of Slt2 

is the transcription factor Rlml. However, rlnrlA strains have only a subset of PKCI-MAPK 



pathway mutant phenotypes, so there are iikely other transcriptional targets of Slt2. In this 

section, 1 outline what is known about the kuown and putative downstream transcriptional targets 

of Slt2. 

XïI. A. The MADS Box Protein Rlml 

RLMl is a member of the MADS box family of transcription factors (Shore and 

Sharrocks, 1995). Many MADS box proteins are known targets of MAPK in mammalian cells 

(Treisman, 1996). Mutation of RLMI suppresses the lethality of a constitutively activated allele 

S386P of MKKI (Watanabe et al., 1995), and d m l A  strains are also resistant to growth inhibition 

by overexpression of an activated allele of RHOl m o u  and Treisman, 1997). These results 

suggest that Rlml acts downstream of the PKCI-MAPK pathway. hdeed, Rlml is a substrate of 

Sltî in vitTo and is phosphorylated in vivo following heat shock in a SM-dependent manner 

(Watanabe et al., 1997). Rlml can also interact with Slt2 in a two hybnd systern (Watanabe et 

al., 1995). Further, studies using a lexA-RLMI fusion protein and a reporter gene with a lexA- 

binding site showed that R h 1  transcriptional activity is dependent on Slt2 (Dodou and 

Treisman, 1997; Watanabe et al., 1995). Interestingly, RLMI mRNA levels are CO-regdated by 

RLMl and SLT2 (Dodou and Treisman, 1997). 

Recently, DNA rnicroarray analysis identified 25 genes whose expression was altered 

aAer expression of a constitutively active M K K I ~ ~ ~ ~ ~  allele for four hours (Jung and Levin, 

1 999). Twenty-four of the ~ ~ ~ ~ " * ~ ~ - i n d u c e d  genes were partial1 y dependent on RLMl. This 

pattern suggests that, after 4 hours of Slt2 activation, Rlml rnay mediate the majority of the Slt2- 

effects. However, the phenotypes of rlmlA strains are much less severe than PKCI-MAPK 

pathway mutants (Watanabe et al., 1995). Similarly, overexpression of RLMl can only suppress 

the caffeine-sensitivity but not the temperature-sensitivity of a bcklA mutant (Watanabe et al., 



1995). This work suggests that Rlml may be required for the Slt2dependent transcriptional 

response of only a subset of genes. 

XII. B. The HMG-LUce Proteins Nbp6A and Nbp6B 

Both M W 6 A  and NHPdB were isolated as hi&-copy suppressors of the lethality of a 

bck2hpaZA strain and, when overexpressed, can suppress the temperature- and caffeine- 

sensitivity of a slf2A strain (Costigan et al., 1994). Nhp6A/B are related HMG (high-mobility- 

group)-like chmmatin-associatecl proteins. Cells lacking both hWP6A and NHP6B have a 

phenotype similar to that of othcr PKCI-MAPK pathway mutants, and deletion of SLT2 in a 

nhp6Adnhp6bA strain causes no additional phenotypes, suggesting that the HMG-like proteins 

act in the same pathway as Slt2 (Costigan et al., 1994). Attempts to CO-irnmunoprecipitate Slt2 

with either Nhp6A or Nhp6B failed, and Nhp6A or Nhp6B do not appear to be phosphoproteins 

in vivo. suggesting that they are not direct targets of Slt2. Nhp6AB are non-sequence-specific 

DNA-binding proteins that are Hnplicated in the transcriptional induction of numemus genes 

both in vivo and in vitro (Paul1 et al., 1996). Overexpression of NHPoA or NHP6B also 

suppresses the transcriptional defects in strains expressing swi6-ank alleles and the caffeine- 

sensitivity of the mi6-405 mutant (Sidorova and Breeden, 1999). NHP6AB may have a specific 

role in the ce11 integrity pathway. However, the wide transcriptional induction of genes caused 

by overexpression of NHP6ALB and the Iack of specific DNA-binding by Nhp6NB suggest that 

NHP6MB may be global regulators of transcription. 

Xïï. C. SBF as a Potential Downstream Target of the PKCI-MAPK Pathway 

As discussed in section Vm D, the PKCI-MAPK pathway plays a critical role during the 

Gi/S transition. Overexpression of SLT2 can rescue cdc28 mutants, allowing for passage 

through Start. Since both Slt2 and Cdc28 are S/T kinases required for polarized gmwth, it has 



been postulated that the ability of Slt2 to suppress cdc28 mutants is through Slt2dependent 

phosphorylation of critical Cdc28 substrates regulating polarized growth. In agreement with this 

idea, overexpression of only the kinase domain of Slt2 cm suppress cdc28 alleles (Mazzoni et 

al., 1993). However, passage through Start and successful completion of the ce11 cycle requires 

de novo protein synthesis that is partially accomplished by the transcriptional burst of G1-genes 

that are regulated by the SBF and MBF. Activation of SBF, and presurnably MBF, requires 

Cln3-Cdc28 kinase activity (see section IV B). This suggests that one of the promiscuous targets 

of overexpressed Slt2 kinase in cdc28 strains rnay be SBF or proteins that activate SBF. 

SBF or SBF-activating proteins may be true substrates of Slt2. Indeed, swi4Aand 

swi6A strains share phenotypes with PKCJ-MAPK pathway mutants. Some w i # A  strains show a 

temperature-sensitive p w t h  defect that is suppressed by sorbitol (Igual et al., 1996; Madden et 

al., 1997) and both swi4A and swi6A strains are sensitive to ce11 wall stresses such as SDS and 

CFW (Igual et al., 1996). It has also been shown that some swi6A strains are also sensitive to 

caffeine (Sidorova and Breeden, 1999); swi#A sensitivity to caffeine has yet to be tested. 

Interestingly, mbplA strains do not show ce11 wall defats (Igual et al., 1996), suggesting that 

these defects are specific to SBF and do not simply reflect defects in Gi-transcription in general. 

Fwther, as is the case with PKCI-MAPK pathway mutants, swi4 mutants also exhibit polarizeà 

growth defects in both bud emergence and projection formation (Costigan et al., 1992; Costigan 

et al., 1994; Errede et al., 1995; Gray et al., 1997; Mazzoni et al., 1993; Ogas et al., 1991). 

Also, a genetic screen determineci that, like other mutants in the PKCI-MAPK pathway, a swi4- 

IO0 mutant is synthetically lethal with spa2A (Flescher et al., 1993). This evidence suggests that 

SBF and the PKCI-MAPK pathway may ftnction cooperatively to regulate polarized growth. In 



chapter II, 1 present a series of experiments that show that SBF is a direct target of Slt2, linking 

the PKCI-MAPK pathway directly with the ce11 cycle transcription factor SBF. 

m. Thais Sammary 

The goal of my thesis work was to elucidate novel mechanisms of regulating the Gi 

transcription factor SBF. Specifically, I have determined that the inhibition of Swi4 DNA- 

binding is inûinsic to the protein and that the MAPK Slt2 can modulate SBF activity. 

In chapter II, I present a series of biochemical and genetic experiments that examine the 

regdation of Swi4 DNA-binding. I determined that, in the absence of Swi6, fùll-length Swi4 is 

inhibited h m  binding DNA. This inhibition is intrinsic to Swi4 and mediated through the C- 

terminal region of Swi4. I show that the C-terminal region of Swi4 can interact in vitro with the 

N-temiinal DNA-binding domain of Swi4. My data suggest that intramolecular interactions with 

the C-terminal region of Swi4 physically prevent the DNA-binding dornain h m  binding SCBs. 

This intriasic inhibition of Swi4 DNA-binding may be an important mechanism regulating SBF 

activity, because 1 show that, in contrast to Swi6, Swi4 remains nuclear throughout the ce11 cycle. 

In chapter III, 1 present a series of experiments performed in collaboration with Kevin 

Madden which physically Iink the SBF with the P m - M A P K  pathway. We determined that 

Swi4 is directly downstrearn of Slt2 and that Slt2 physically interacts with and phosphorylates 

both Swi4 and Swi6. Further, 1 found that activation of Slt2 by heat shock leads to the 

transcriptional induction of the SBF-dependent genes PCLl and PCL2 but not C M  and CLNZ. 

In chapter IV, 1 explore the mechankm by which Slt2 modulates SBF activity. I present 

evidence that heat shock activation of Slt2 can modulate the activity of Swi4 to regulate the 

transcription of non-ce11 cycle-regulated genes. Significantly, this work confïms that Swi4 has 

important roles outside of the ce11 cycle in maintaining the integrity of the yeast cell. 



CHAPTER II 

Regulation of Ce11 Cycle Transcription Factor Swi4 through 

Auto-Inhibition of DNA-Binding 

Chapter 2 is a modified version of a published paper: 

K. Baetz and B. Andrews, Regulation of Ce11 Cycle Transcription Factor Swi4 through Auto- 

Inhibition of DNA-Binding, Molecular and Cellular Biology f 9,6729 - 6741 (1999). 

Permission to reproduce this paper has been granted by the American Society for Microbiology 

Journals Department, Aug. OS, 2000. 

I perforrned al1 the experiments describeci in this Chapter. 



In Sacchuromyces cereviisiae, two transcription factors, SBF (SCB binding factor) and 

MBF (MCB binding factor), promote induction of gene expression at the Gl/S phase transition of 

the rnitotic ce11 cycle. Swi4 and M'pl  are the DNA-binding cornponents of SBF and MBF, 

respectively. The Swi6 protein is a comrnon subunit of both transcription factors and is 

presumed to play a regdatory role. SBF-biading to its target sequence, the SCBs, is a highly 

regulated event and requins the association of Swi4 with Sm6 through their C-tenninal 

domains. Swi4 binding to SCBs is restricted to late M and Gi phases when Swi6 is localized to 

the nucleus. 1 show that, in contrast to Swi6, Sm4 remains nuclear throughout the ce11 cycle. 

This result suggests that the DNA-binding domain of Swi4 is inaccessible in the full-length 

protein when not complexed with Swi6. To explore this hypothesis, 1 expressed Swi4 and Swi6 

in insect cells using the baculovirus system. I detennined that partially pwified Swi4 cannot 

bind SCBs in the absence of Swi6. However, Swi4 derivatives, canying point mutations or 

alterations in the extreme C-terminus, were able to bind DNA in the absence of Swi6, and the C- 

terminus of Swi4 inhibited Swi4 derivatives h m  binding DNA in tram. Full-length Swi4 was 

detennined to be monomeric in solution, suggesting an intramolecular mechanism for auto- 

inhibition of binding to DNA by Swi4. 1 detected a direct in viîro interaction between a C- 

tenninal fiagrnent (CTR) of Swi4 and the N-temiinal 197 amino acids of Swi4, which contain 

the DNA-binding domain. Together, my data suggest that intramolecular interactions involving 

the C-terminal region of Swi4 physically prevent the DNA-binding domain h m  binding SCBs. 

The interaction of the CTR of Sm4 with Swi6 alleviates tbis inhibition, allowing Swi4 to bind 

DNA. 



The timing of SBF-mediated gene expression is tightly controlled and requires multiple 

levels of regulation of SBF activity: the binding of SBF to SCBs in early Gl, the activation of 

SBF at Start, and the dissociation of SBF h m  SCBs after S phase. In vivo fwtprinting studies 

with both an SCB reporter plasmid and the CLAU promoter, as well as chromatin 

imrnunoprecipitation experiments, show that SBF is bond to SCBs in late M and Gi phases 

(Cosma et al., 1999; Harrington and Andrews, 1996; Koch et al., 1996). Interestingly, the 

binding of SCBs by SBF is not coincident with SBF-mediated transcription; a secondary event 

must occur in order to activate SBFdependent transcription. Activation of SBF is dependent on 

the activity of ClnYCdc28 kinase at Start (Duick et al., 1995; Stuart and Wittenberg, 1995). 

However, the mechanism of Cin3dependent activation of SBF remains a mystery, and direct 

interaction of Ch3 with SBF has not been reported. In Gz phase, the Clbl-4lCdc28 kinases 

become active and are required for repression of SBFdependent transcription (Amon et al., 

1993; Koch et al., 1996). Repression of SBF by Clb kinases may involve the interaction of Clb2 

with Swi4 andor the phosphorylation of Swi4 (Amon et al., 1993). Clb2 interacts with the 

central ankyrin domain of Swi4 in vitro (Siegmund and Nasmyth, 1996). It has been postulated 

that, upon exit h m  mitosis, the rapid proteolysis of the B-type cyclins allows SBF to once again 

bind SCBs (Koch et al., 1996). 

SBF activity is also regulated by changes in the subcellular localization of Swi6. Swi6 is 

largely cytoplasmic during S, G2 and early M-phases, and is predomùiantly nuclear during late M 

and Gl phases (Sidorova et al., 1995). Localization of Swi6 is dependent on the 

phosphorylation of serine-160, which is located next to a nuclear localization signal (NLS). 

Serine460 is phosphorylated during late Gl, S and M phases and may "hide" the NLS, 



preventing nuclear localization of Swi6. The relocalization of Swi6 to the nucleus is coincident 

with the in vivo fmtprinting of SCBs in late M phase (Harrington and Andrews, 1996; Koch et 

al., 1996). 

Aîthough, until this study, the subcellular localization of Swi4 was unknown, several 

lines of evidence suggested that an additional control over SBF activity occurred thmugh 

regulation of DNA-binding by Swi4. There is no evidence that fiill-length Swi4 can bind SCBs 

independently of Swi6. In swi6A strains, SCB-driven expression of C H  and C M  is severely 

reduced and expression of HO is eliminated despite the fact that Swi4 protein is present and 

stable in a w i 6 A  mutant (Aadrews and Herskowitz, 1989; Breeden and Nasmyth, 1987; 

Nasmyth and Dirick, 1991; Ogas et al., 1991). Further, in vivo footprinting studies have shown 

that protection of SCBs cannot be detected in the absence of Swi6 (Harrington and Andrews, 

1996; Koch et al., 1996). While endogenous levels of Swi4 in the absence of Swi6 cannot 

activate SCB reporter genes, overexpression of C-terminal truncations of Swi4 in vivo can 

promote Swi6-independent transcription h m  SCB elements (Andrews and Moore, 1992; 

Sidorova and Breeden, 1993). Ectopic expression of wild type Swi4 also allows some activation 

of SBF-dependent gene expression but this has been attributed to C-terminal degradation of Swi4 

due to overexpression (Sidorova and Breeden, 1993). Together, these observations suggest a 

model in which the DNA-binding domain of Swi4 is inaccessible in the fûll-length protein when 

not complexed with Swi6. In this chapter 1 explore this model through a series of in vivo and in 

vitro experiments. 



MATERIALS AND METHODS 

Strains and plismids. Standard methods for yeast culture and transfomation were followed 

(Guthrie and Fink, 1991). Standarâ rich medium (YPD) and supplemented minimal medium 

(SD) were used (Kaiser et ai., 1994). Yeast strains are shown in Table 2.1. 

To construct a fùll-length clone of Swi6 with convenient restriction enzyme sites at the 

S'end, an NcoI site was introàuced at the ATG of the Sm6 open reading frame by PCR 

amplification h m  a S m 6  template using the following primers: 

S'CCGGCCATGGCGTTGGAAGAAGTGG-3' and S'CCGTCTCATTGTCATCAGTGCC-3'. 

The 630bp PCR product was digested with NcoI and ApaI and cloned into NcoI-ApaI-digesteci 

pSLl180 (Pharmacia) to create plasmid BA786. An ApaI-BglIl hgment carrying the rernainder 

of the S m 6  gene was then cloned into ApaI-Bgm-digested pBA786 to reconstitute the entire 

gene @BA788). The Bgm-SUA genomic bgment containing SWTa was cloned into the 

BamHI/Saf l site of a modified pUC18 in which the Bgm polylinker was incorporated at the 

EcoRl/Hindm site. The vector expressing a hision of glutathione S-transferase (GST) to the C- 

temiinal 144 amino acids of Swi4 was generated using PCR to amplia the 3'end of Swi4. The 

primers used were S'EcoRISwi4 (S'GTGCAGATCTTCGATATCAGAT'3) and 3'EndSwi4 

(S'GACTGTCGACCATGGTTATGCGTTTGCCCTC'3). The PCR product was digested with 

EcoRI and SUA and cloned into the EcoWSali sites of vector pGEX-4T-2 (Phannacia) to create 

pBA1248. The integrity of al1 PCR products was confimecl by sequence analysis. To conshuct 

a vector for expression of Swi4 h m  the constitutive GPD pmmoter, a BgIII-San fiagrnent 

containing the S m 4  gene was cloned h m  vector pBA476 into the BamHI/SalI sites of vector 

p424 GPD (ATCC 11 87357) to cmte  pBA1262. Plasmids used for in vitro 

transcription/translation of Swi4 and Swi6 have been previously describeâ (pBA462 for hl1 



Table 2-1. Yeast stnhs nsed in Cbrpter II 

Strain G-'tYPe Source or Refmce 
BY263 M T a  rrplA63 GAL2+ ura3-52 &sZ-801 ade2-107 0M-y et al., 1994) 

his3A200 l d - l  
BY 107' MATa swi6MS3 (Ogas et al., 1991) 
BY108 MATa swi4WS3 (Ogas et al., 1991) 
BY184 UATa swi4LVIIS3 SCBlacZ J. Ogas 
BY 185 MTa swi6MIS3 SCBlacZ J .  Ogas 
BY289 MTaïRP+ this sîudy 
* This strain and al1 following strains are isogeneic to BY263 with the exceptions notad. 



length Swi4, pBA513 for Swi6, and pBA586, a derivative of Swi4 which has an intemal 

deletion of amho acids 198-745) (Andrews and Moore, 1992). 

~mmunofluorescence. For indirect immunofluorescence with Swi4 antisenim, a polyclonal 

Swi4 antibody was afnnity-purified and preabsorbed to a 1:l mixture of Çsed yeast cells and 

spheroplasts of the yeast strain BY184 essentiaily as described (YGAC website 

http://ycmi.med. yale.eduBlGAC/antibodycleup. hW,  Gehnuig and Snyder, 1 990; Ogas et al., 

1991 ; Pringle et al., 1991). 200 mL of strain BY 184 were p w n  to log phase in YPD at 30°C, 

harvested and fixed by the addition of fonnaldehyde to 3.7% for 1 hour at 30°C with shaking. 

The fixeci cells were washed twice with 1.2 M sorbitol, 50 mM KH2P04 pH 7.5 and resuspended 

in 4 mL of 1.2 M sorbitol, 50 m M  -PO4 pH 7.5. Spheroplasts were made fiom 2 mL of fixed 

cells by the addition of P-rnercaptoethanol to 0.1% and zymolyase (20000T) to 0.25 mg/mL, 

followeâ by incubation for 1 hour at 30°C. The spheroplasts were washed twice with 1.2 M 

sorbitol, 50 m M  K m O 4  pH 7.5 and added to the remaining 2 mL of whole fixed yeast cells. 

The ce11 mixture was washed and resuspended in 4 mL of phosphate-buffered saline (PBS). 200 

pL of the ce11 mixture was incubated with 200 pL of afhity-purified Swi4 antibodies at 4°C for 

1 hour with shaking. Cells were pelleted, and the antibody supernatant was transfmed to 

another tube containing 200 pi, of fresh ce11 mixture. Antibody-ce11 incubation was repeated 7 

times, including an ovemight incubation, resulting in a 5-fold dilution of the pretreated afnnity- 

purified Swi4 antibodies. 

Wild type cells (BY263) and swi4Acells (BY184) were grown to eariy log phase and 

fixed in 3.6% formaldehyde at 30°C for 2 hours. Cells were washed twice with 100 rnM 

K&P04 pH 7.4, resuspended in 100 m M  =PO4 pH 7.4,O. 1 % P-mercaptoethanol, 0.25mg/rnL 

ymolyase (20 000T) and incubated at 30°C for 30 minutes to digest the ce11 wall. The cells 



were then washed twice in PBS containing 1.2 M sorbitol. Cells were incubated with PBS plus 

2% Bovine Senun Albumin (BSA, Sigma) for 30 minutes at m m  temperature. The cells were 

then pelleta washed once in PBS/0.2%BSA and incubated for 2 days at 4OC in a 1/20 dilution 

of &ty-purified and preabsorbed anti-Swi4 antibody in PBS/0.2%BSA. The cells were then 

washeâ three times, for 10 minutes each, with PBS/0.2% BSA. A 1:20 dilution of preabsorbed 

sheep anti-rabbit CY3conjugated secondary antibody (a gift b m  M. Snyder) in PBS/0.2%BSA 

was added and incubated for two hours at room temperature. The cells were then washed again 

as outlined above, followed by a final wash with PBS containing 0.05 &nL 4',6-diamidino-2- 

phenylindole (DAPI). One drop of the cell suspension was deposited on a polylysine-coated 

slide (Flow Labs). Once the cells had settled, the adhered cells were rinsed with PBS/O. l%BSA 

and rnounted in 90% glycerol in PBS containing 0.1% p-phenylamine diamine. Cells were 

observed at 630X magnification using a Leica DM-LB microscope using Nomarski optics and a 

Princeton CCD camera. Swi4 staining was visualized with rhodamine fluorescence optics. 800 

wild type cells were scored for nuclear staining and position in the ce11 cycle as judged by bud 

size. 

Construction of baculoviral vectors. We used the Bac-N-Blue Baculovirus system to express 

both Swi6 and Swi4 derivatives in insect cells (Invitrogen). To constnict a baculovirus 

expressing Swi6, the NcoI-HindIII fhgment h m  pBA788 containing fiill-length Sm6 was 

cloned into the NcoVHindII sites of the baculovirus transfer vector pBlueBacIII (Invitmgen). 

To constmct a Swi4 expression vector, a &$II fiagrnent h m  pBA476 containing full-length 

Sm4 was cloned into the BamHI site of pB1ueBacm (Invitmgen). The SWI4AAdy-h motif 

(Swi4AAA) transfer vector was constructed by digestion of pBA476 with NsiI followed by 

religation to create a Swi4 derivative with a 1047bp intemai deletion. The deleted S m 4  



hgment was then cloned into the BamHI site of the baculovinis transfer vector pBACHISA 

(Invitrogen). The Swi4A144 transfer vector was constructeci by clonhg the BglIYEcoRI 

h p e n t  fiom BA476 into the BamHVEcoRI site of baculovirus trausfer vector pBlueBac4.5. 

The transfer vectors were CO-transfected with baculovinis genomic DNA into S B  insect cells and 

recombinant baculovinises were isolateà and plaque purified as outlined in the Invitmgen Bac- 

N-Blue Transfection Kit Manual. 

Expression and purification of Swi6 from insect cells. Monolayers of High Five ceUs 

(Invitrogen) (1 x 1 O' cells in 150 cm2 flask) were infecteci at a multiplicity of infection (M.O.I.) of 

five plaque-fonning units @.Eu) per cell. 45 hours d e r  infection, the cells were harvested by 

centrifigation at lûûû rpm for 5 minutes, washed with cold water and resuspended in 1 mLIflask 

of cold lysis buffer (50 m M  Tris-HCllpH 7-41, 0.5 m M  EDTA, 50 mM NaC1, 1 mM 

phenylmethyl-sulfonyl fluoride PMSF], 1 pg/mL leupeptin, 1 pglmL pepstatin). Cells were 

lysed by drawing the resuspended cells eight times through a 27.5 gauge needle, and the lysate 

was clarified by centrifigation at 13 000 x g for 20 minutes. Lysates typically contained 10 mg 

total protein/mL. Swi6 was purified from the insect lysates as described for Swi6 express& in 

bactena (Sidorova and Breeâen, 1993). Proteins were precipitated with 20.35% ammonium 

sulfate and the precipitate was resuspended and dialyzed overnight into lysis buffer, and fûrther 

purified over a 1 mL DEAE sepharose column (Phamacia) and eluted by a salt gradient. Peak 

fiactions were dialyzed overnight into lysis buffer with the addition of 20% glycerol and stored 

at -80°C. Swi6 protein was estimated to be at least 80% pure as judged by Coomassie blue 

staining of fiactions resolved by SDS-PAGE. 

Expression and partial putiflcation of SBF and SwiQ derivatives from insect cells. For the 

production of SBF (Swi6 and Swi4) in insect cells, monolayers of High Five cells (five 150cm2 



flasks of 1x10' ceils each) were infecteci with both full-lmgth Swi4- and Swi6-containing 

baculovirus at an M.O.I. of five p.£u. pet ce11 of each virus. 45 hours d e r  infection the cells 

wen hanested and lysed as outlined above for Swi6 infected cells. SBF lysates typically 

contained 10 mg/mL total protein. The lysate was loaded on a 5 ml HiTrap Heparin Column 

(Pharmacia) pre-equilibrated with Buffer A (50 m M  Tris-HCl CpH 7-41 0.5 mM EDTA, 100 m M  

NaCl). The column was washed with 15 mL of B a e r  A and the bound proteins were eluted 

with a 40 mL linear salt gradient (0.1 - 1.0 M NaCl) and collected in 2 mL kt ions .  SBF peak 

elution was in hctions 12 and 13, which contained 450 mM-550 m M  salt as determineci by 

conductivity. The peak fractions were pooled, glycerol was added to 20% and stored at -80°C. 

Peak hctions typically contained 0.5 mg/mL protein. 

For the production of fûll-length Swi4, Swi4A144 or Swi4AAA in insect cells, 

monolayers of High Five cells (five 150 cm2 flasks of lx 107 cells each) were infecteci by the 

baculovirus at a M.O.1 of five p.Eu. per cell. The purification procedure for the Swi4, Swi4AAA 

or Swi4A144 was identical to that described above for SBF, with peak elution in fkaction 12. 

However, the peak for S w i 4 M  was broder. The production of Swi4 and the Swi4 derivatives 

in insect cells was significantly reduced in the absence of co-expression with Swi6. Using 

western blot and gel shift assays, 1 estimate that this procedure caused an 8-fold enrichment of 

Swi4 and significantly decreased insect ce11 proteins that bound non-specifically to SCB- 

containing probes (see Results). 

Gel retardation rssay. Yeast extracts were prepared and gel &.if€ assays were pedormed using 

an SCB-containhg probe as previously described (Andrews and Herskowitz, 1989). Binding 

reactions were performed in 20 pL of assay buffer (25 mM Tns-HCl [pH 7.41, 10% glycerol, 3 

m M  MgC12, 0.2 m M  EDTA). Poly(dI.dC>poly(dI.dC) (Pharxnacia) was added at 5 pglreaction 



mixture for crude yeast and crude insect ce11 extracts and at 1 pglreaction mixture for partially 

purified protein samples. Unlabeled wild type and mutant SCB competitor were prepared h m  

amealed oligonucleotides as described previously and added to the binding reaction as indicated 

(Andrews and Moore, 1992). For cornpetition experiments with the Swi4 C-terminus, a 

recombinant protein composeci of the last 144 amino acids of Swi4 fùsed to GST (GST-4CTR) 

was purified fiom E.coli harboring the appropriate expression plasrnid as previously described 

(Measday et al., 1997). The GST4CTR protein was incubated with thrombin while still bound 

to Glutathione-S-Sepharose beads (Pharmacia). The C-terminal ftagment of Swi4 was eluted 

fiom the bound GST and dialyzed into Buffer A. The final concentration of the C-tenninal 

hgment of Swi4 (CTR) was 0.2pglpl. Gel retardation assays using the CTR hgment were 

perfonned as descnbed above, except the reactiom were incubated at 4°C for 20 minutes prior to 

the addition of the probe, and for 10 minutes at room temperature after the addition of the probe. 

Screen for Swi4 CTR mutants. To generate random mutations in the Sm4 C-terminal region 

the last 432 nucleotides of Swi4 were amplified by PCR using Taq DNA polymerase, the 

pnmers 5'EcoR.I (S'GTûCAGATCTTCGATATCAGAT3') and 3'MutSalI 

(S'CCTAGACTTCAGGTTGTCTT3') and the S m 4  gene as a template. The PCR product was 

digested with EcoRI and S d  and cloned into vector pBA1262 that had been digested with 

EcoRI and Saii. The resulting pool of mutagenized Sm4 plasmids was used to transfom BY 185 

(swi6A SCB::lacZ) (Gietz et al., 1992). The colonies were transferred to nitrocellulose filters and 

assayed for f3-galactosidase activity as described (Breeden and Nasmyth, 1985). Transforrnants 

that turned blue before the BY 185 transformant containhg vector alone were selected. Mutant 

plasrnids were then isolated h m  the yeast strains, passaged through E. coli and used to 

retransform BY185 to confirm that the increase in 0-galactosidase activity was due to the 



plasmid-borne Sm4 gene (Rose and Botstein, 1983). Once increased P-galactosidase activity 

was confïnned, the mutated Sm4 genes were sequenced. To detennine whether the Swi4 

proteins encoded by the mutated Sm4 genes could still interact with Swi6 in vivo, the mutant 

SW14 genes were used to transfomi BY 184 (swi4A SCB::lacZ), yeast extracts were prepared and 

gel shift assays were performed using an SCB-containing probe as described h v e .  

Glycerol gradients. Seùimentation in glycerol gradients was performed essentially as described 

(Davey and Funnell, 1994). Glycerol gradients (4 mL of 4O-lO% v/v glycerol in Buffer A) were 

poured in seven steps of 500 pL+ and allowed to equilibrate for 1 hour at room temperature 

followed by 1 hour at 4OC. 50 pg of partially purified Swi4 Swi4A144 or SBF preps were 

layered on top of the gradient along with 100 pg of an intemal control protein (catalase, h m  the 

Phannacia Gel Filtration High Molecular Weight Calibration Kit). A control gradient with 100 

pl of protein markers containing 100 pg each of catalase, aldolase and albumin (Pharmacia) was 

run in parallel. The gradients were centrifugeci in a Sw60.1 rotor at 55K for 13 hours. Two- 

drop &actions (90-100 pl) were collected h m  the bottom of the tube using a syringe needle. 

Bradford assay was used to detect molecular weight standards and the intemal control protein 

catalase. To assay fiactions containing Swi4 or Swi4 derivatives, 50 pl of each fraction were 

analyzed by immunoblotting using anti-Swi4 antibodies and visualized by chemilwninescence. 

In Vitro Transcription and Translation of S M  and Swi6. To produce full length Swi4, fûll- 

length Swi6 and an interna1 deletion of Swi4 the plasmid templates pBA462, pBA513 and 

pBA586 were used, respectively, as recornmended in the T7 "TnT" Coupled Reticulocyte Lysate 

System (Promega). To produce Swi4A421 and Swi4A896, pBA462 was linearized with either 

ma1 or Nszl and used as a template in the TnT System. 



Batch lmnity chromitogrriphy. GST and GST fiised to the 1s t  144 amino acids of Swi4 

(GST-4CTR) were purified fiom E. col1 harborring the appropriate expression plasmid as 

previously Oescribed (Measday et al., 1997). For attinity chromatography utilizing insect ce11 

derived Swi4 and Swi6, GST and GST-4CTR were bound to Glutathione S-Sepharose 4B 

(Phmacia) at a concentration of 1 pg/@ beads. 10 pL, of either GST or GST-4CTR beads 

were incubated with 10 pg of partially purified Swi4, Swi4A144 or Swi6 for 45 minutes at 4OC. 

The beads were harvested and the unbound supernatant was colkcted. The beads were washed 4 

times in 1 mL of lysis b a e r  (50 mM Tris-HCl pH 7.4, 0.5 mM EDTA, 50 m M  NaCl) for 5 

minutes each followed by 4 washes for 5 minutes each in RIPA-500 buffer (50 m M  Tns-HCl pH 

7.5, 0.1% SDS, 0.5% deoxycholate, 500 m M  NaCl, 1% Triton X-100). After the final wash, the 

beads were resuspended in 25 pi, of 1 X SDS-polyacrylamide gel loading dye and boiled. The 

bound and one half of the *und supernatant fktions were separated on a 6% SDS PAGE. 

The proteins were transferred to n i ~ e l l u l o s e  and the Swi4 derivatives were detected by 

Western blotting as outlined above. For e t y  chromatography utilizing in vitro translated and 

transcribed Swi4 and Swi6, 15 pl of either GST or GST-4CTR beads were incubated with 30 pL 

PBS and 7pL+ of either in vitro translated S d ,  Swi6, Swi4A421, Swi4AAnks or Swi4A896 for 2 

hours at 4OC. The beads were harvestd and the unbound supernatant was collected. The beads 

incubated with Swi4, Swi6, Swi4A421 and Swi4Anks were washed 3 times for 2 minutes each 

in 100pL RIPA-500 buffer followed by a wash in PBS buffer. The beads incubated with 

Swi4A896 were washed 3 times for 2 minutes each in lOOpL Buffer A followed by a wash in 

PBS buffer. AAer the final wash, the beads were resuspended in 30p1 of a 1X SDS- 

polyacrylarnide gel loading dye and boiled. The bound and one half of the unbound supernatant 



fiactions were separated on a 1û% SDS-PAGE gel. The gels were fixed, treated with Ampli@ 

(Amersham), dried, and exposed to X-ray fiim. 



RESULTS 

Nuclerr locahtion of Swi4 throughout the ceU cycle* In vivo fmtprinting analysis showed 

that SCBs are protected by SBF throughout Gl phase, indicating that Swi4 and Swi6 must be 

nuclear at least in Gi (Harrington and Andrews, 1996; Koch et al., 1996). Indeed, Swi6 

localization studies have confhned thzit the majority of Swi6 is nuclear throughout late M and 

G1 phases but is largely cytoplasmic during the rest of the ce11 cycle (Sidomva et al., 1995). The 

nuclear localization of Swi6 is coincident with binding of SBF to SCBs, implying that Swi4 must 

be present in the nucleus at the tirne of Swi6 localization. To investigate the subcellular 

localization of Swi4 throughout the ce11 cycle, 1 developed an indirect immunofluorescence assay 

using my Swi4 antibodies on wild type (wt) and w i 4 A  log phase cells. No distinct staining was 

seen when sM4d cells were stained with Swi4 antiserum (Figure 2-1, w i 4 A  panels). To assay 

cells for Swi4 staining, 800 wild type cells were scored for nuciear staining (using DAPI) and 

position in the ce11 cycle by assessing bud morphology. 1 found that 60% of al1 cells scored had 

a distinct Swi4 staining signal, suggesting that my protocol or antibodies were not optimized to 

achieve 100% staining. However, of the 60% of cells that were stained, nuclear staining was 

seen in cells at al1 stages of the ce11 cycle, both in unbudded and budded cells, 1 conclude that, 

unlike Swi6 whose localization changes during the ce11 cycle, Swi4 remains nuclear throughout 

the ce11 cycle. 

Tbe Swi4Swi6 compler from iasect cells can bind SCBs in vitro* Since Swi4 is nuclear in S, 

G2 and M phases but fails to bind SCBs, 1 next sought to investigate the mechanism regulating 

Swi4 binding to DNA. To generate reagents useful for my studies, 1 constnicted vectors for 

expressing Swi4 and Swi6 in insect cells. While Swi6 c m  be purified fiom E. coli, attempts at 



Figure 2-1 SubceUular Locrlizritioa of Swi4. 

Swi4 localization was assayed using indirect immunofluorescence with Swi4 antisenim and a 

fluorescein isothiocyanate (ETC)-conjugated secwdary antibody. Wild type (Wt) and swi4A 

cells were photographed at 630X magnification using an imaging system (see Materials and 

Methods). Photographs of the same fields of cells vie- with Nomarski optics (panels labeled 

'Nomarski') and stained with DAPI (4',6-diamidino-2-phenylindole) to visualize ce11 nuclei are 

shown. 





Figare 2-2 Reconstitution of SBF in Inscct Ceüs. 

A gel retardation assay using an SCB-containhg probe and either crude yeast or insect 

ce11 lysates is shown m e  labeled probe contains 3 SCB quences h m  the upstream region of 

the HO gene (see Andrews and Herskowitz, 1989). The following extracts were used in the 

binding assays: Lane 1, probe alone; lanes 2-4, 10 pg of cmde yeast extract tiom SWZ~A, swi6A 

or wild type strains as indicated at the top; lane 5, 10 pg of crude ce11 lysate fiom uninfected 

insect cells; lane 6, 10 pg of cmde ce11 lysate h m  insect cells coinfected with Swi4 and Swi6- 

expressing baculoviral vectors. The positions of migration of the SBF complex and the unbound 

probe are indicated to the right. 
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expressing Swi4 in bacteria have met with lunited success (Sidorova and Bteeden, 1993; Taba et 

al., 1991). To determine whether Swi4 and Swi6 produced in insect cells formed a functional 

SBF complex, 1 perfoxmed gel retardation analysis using an SCB-containhg probe. Incubation 

of the probe with cmde yeast extracts h m  wild type, swi4A and swi6A cells showed the 

formation of SBF in the wild type extracts (Figure 2-2, l a .  2 and 4) as previously described 

(Andrews and Herskowitz, 1989; Andrews and Moore, 1992; Nasmyth and Dirick, 199 1 ; Ogas et 

al., 1991; Sidorova and Breeden, 1993; Taba et ai., 1991). Incubation of the probe with cmde 

insect ce11 lysates fiom cells CO-infected with baculoviral vectors expressing Swi4 and Swi6 led 

to formation of a major complex that CO-migrateci with SBF h m  yeast extracts (Figure 2-2, lane 

6). This complex was not seen when extracts h m  uninfected insect cells were used in the assay 

(Figure 2-2, lane 5). Since the SBF complex formed h m  insect cells and yeast extracts 

migrated at the same position, SBF is likely composed of only Swi4 and Swi6 proteins. 

Although 1 cannot exclude the possibility that other proteins are in this complex, any additional 

protein would need to be present in both yeast and insect cells. 1 conclude that SBF can be 

functionafly reconstituted by expression of Swi4 and Swi6 in insect cells. 

Inhibition of Swi4 binding to DNA in the absence of Swi6. Although it is clear that Swi4 

binds DNA in the context of SBF, there is no evidence that Swi4 can bind DNA on its own. Two 

observations led me to hypothesize that the DNA-binding domain of Swi4 is inaccessible in the 

full-length protein when not complexed with Swi6. First, SCB-driven gene expression is 

reduced or eliminated in a swi6A strain even though Swi4 is present and nuclear through the ce11 

cycle (this paper, Andrews and Herskowitz, 1989; Breeden and Nasmyth, 1987; Nasmyth and 

Dinck, 1991; Ogas et al., 1991). Second, in vivo footprinting studies have shown that binding of 

Swi4 to SCB sequences cannot be detected in the absence of Swi6 (Hanington and Andrews, 



1996; Koch et al., 1996). In order to rigorously test the hypothesis that the DM-binding domain 

of Swi4 is inaccessible in the fiill-length protein, I partially purified both Swi4 and Swi6 h m  

insect cells. 1 adapted previously established procedures to puri@ Swi6 produced in insect cells 

(Figure 2-3A, lane 3, Sidorova and Bceeden, 1993; Taba et al., 1991). 1 used a heparin colurnn to 

greatly enrich both Swi4 and SBF expressed in insect cells (Figure 2-3B & C). Co-expression of 

Swi4- with Swi6-containing baculoviruses significantly increased the production of Swi4, 

suggesting that the SwiCSwi6 interaction may stabilize Swi4 in insect cells. By contrast, Swi4 

was poorly proâuced when expressed in the absence of Swi6 in insect cells. However, by using 

heparin-agarose chromatography, 1 was able to obtain an û-fold purification of Swi4 as assessed 

by densitometry of Swi4 Western blots and by measuring the specific activity of the Swi4 

proteins in a gel shift assay (Figure 2-3C and data not show). Further, the purification 

procedure reduced non-specific DNA-binding proteins in the insect ce11 extracts. Problems with 

insolubility were encountered when the Swi4 heparh hctions were subjected to additional 

purification steps. 

1 used my purified Swi6 and Swi4 preparations in gel retardation assays to assess binding 

of full-length Swi4 to SCBs in the absence of Swi6. First, 1 confirmed that my partially purified 

SBF fractions supported SBF-complex formation in vitro (Figure 2-3D, lane 2). Binding was 

specific for SCB DNA since the SBFcomplex was competed with wild type SCB 

oligonucleotide competitor and not mutant SCB oligonucleotide competitor, contlrming that the 

purification procedure did not alter the SCB binding ability of SBF produced in insect cells 

(Figure 2-3D, lanes 3 - 4). Incubation of partially purified Swi4 with purified Swi6 allowed for 

efficient reconstitution of the SBF complex in vitro (Figure 2-3D, lane 7). Incubation of the C- 

terminal half of Swi6 fiised to GST with partially purified Swi4 a l s ~  produced an SBF complex 



Figure 2-3. SCB-Biading Activity of Partirlly Pariiied S m ,  Swi6 and SBF. 

(A) Purification of Swi6 protein expressed in insect cells. Swi6-containing fiactions obtained 

during purification were analyzed by 6% SDS-PAGE followed by Coomassie Blue staining. 

Lanel, crude lysate fiom insect cells expressing Swi6 protein; lane 2,20-35% ammonium sulfate 

precipitation; lane 3, DEAE-Sepharose diaction. A 10 & aliquot of each fraction was loaded per 

lane. (B) Purification of SBF expressed in insect cells. SBF-containing bctions obtained 

during purification were analyzed as described in A) for Swi6. Lane 1, crude lysate h m  insect 

cells infecteci with both SW4 and SW6-expressing baculoviruses; lane 2, heparin agarose 

fiaction. A 10 pi, aliquot of the crude and partially pwified fiaction was loaded. (C) 

Enrichment of Swi4 expressed in insect cells. Swi4-containing fiactions obtained during 

purification were separateci by 6% SDS-PAGE and analyzed by Western blotting with afbity- 

purified Swi4 antisenim. Lane 1, cade lysate h m  insect cells infécted with a S m 4  baculoviral 

vector (10 pg); lane 2, heparin agarose fktion (10pg). For Panels A) through C), the positions 

of migration of molecular weight markers are indicated to the lefi. @) Gel retardation assay 

with partially purified SBF, Swi4 and Swid. A labeled SCB-containing probe (see legend to 

Figure 2-2) was incubated with the following protein preparations as indicated above the lanes: 

lane 1, no extract; lanes 2-4, SBF heparin agarose fiaction (1 pg); lane 5, Swi6 DEAE Sepharose 

fiaction (3 pg); lane 6, Swi4 heparin agarose Eraction (5 pg) ; lane 7-9, both the partially purified 

Swi4 and Swi6-containing fractions. Where indicated above the lanes, a 100-fold molar excess 

of either wild type SCB competitor DNA (Wt) or mutated SCB competitor DNA (Mut) was 

added. The position of migration of SBF is shown to the right. The bar to the right of the figure 

marks the position of migration of complexes composed of the SCB probe and C-terminally- 

degraded Swi4 in the preparation. The asterisk (*) in lane 6 marks the position of migration of a 



complex composed of the SCB probe and either full-length Swi4 protein or a srnall C-terminal 

tmcation of Swi4. 





(data not shown). The reconstituted SBF complex was competed by wild type SCB-containing 

DNA and not by a mutated cornpetitor (Figure 2-3D, lanes 8 - 9). By contrast, incubation of full- 

length Swi4 with the SCB probe led to formation of a series of faster migrating complexes 

(indicated by a bar in Figure 2-3D). These complexes likely represent SCB-binding by C- 

teminal hwications of Swi4 since they wert competed by wild type SCB-containhg DNA and 

were unaffected by the addition of Swi6. One rninor complex, indicated by an asterisk (*) on 

Figure 2-3D, may reflect binding of the SCB probe by full-length Swi4 protein. 1 used 

phosphorimager analysis to compare the amount of the (*) complex to the amount of SBF- 

complex fomed upon addition of excess Swi6. My analysis suggested that less than 5% of the 

Swi4 protein in the assay was participating in the (*) complex (data not shown). Tberefore, if 

the (*) product indeed contains fiill-length Swi4, the ability of intact Swi4 to bind SCBs in the 

absence of Swi6 must be severely compromised. Since 1 am using paitially purified components, 

derived h m  a heterologous system, my results suggest that fùll-length Swi4 cannot bind DNA 

efficiently in the absence of Swi6. No experiments with recombinant full-length Swi4 have been 

previously reporteci. The mechanism of inhibition appears intrinsic to Swi4 and is alleviated 

upon the interaction of Swi6 with Swi4 through the CTR of Swi4. 

Domains required for roto-inhibition of Swi4 binding to DNA. As outlined earlier, several 

lines of evidence suggested that the C-terminus of Swi4 is necessary for the regulation of Swi4 

binding to DNA. To conf~rm this hypothesis, 1 expressed a truncated version of Swi4, Swi4A144, 

lacking the C-terminal 144 amino acids, in insect cells. Previously, our lab used gel retardaiion 

assays to show that Swi4A144 in crude yeast extracts formed a Swi6-independent complex with 

SCB-containing DNA (Andrews and Moore, 1992). A similar result was obtaHied using an in 

vitro-translated tmcation of Swi4 (Primig et al., 1992). 1 used Swi4A144 that had been 



Figure 24 -  Anrilysîs of SC&Bhding by Deletion Derivatives of Swi4. 

(A) Schematic of the Swi4 derivatives expressed in insect cells. The relative positions of the N- 

temiinal DNA-binding domain, the multiple aukyrin tepeats and the C-terminal Swi6-interaction 

domain an indicated. 'His' indicates the presence of a N-teminal poly-histidine tag. (B) Gel 

retardation assay with partidly purified SBF or C-tenninally-tnmcated Swi4 (Swi4A144). A 

labeled SCB-containing probe (see legend to Fi- 2-2) was incubated with the following 

protein preparations as indicated above the lanes: lane 1, no extract; lane 2. SBF heparin agarose 

h t i o n  (1 pg); lane 3.3 pg of purified Swi6; lanes 4-7, 5 pg partially-purified Swi4A144. Laue 

5 also contains 3 pg of a Swi6 DEAE-Sepharose fiaction. In lanes 6 and 7, a 100-fold molar 

excess of either wild type SCB competitor DNA (Wt) or mutated SCB competitor DNA (Mut) 

was added as indicated above the lanes. (C) Gel retardation assay with partially purified SBF or 

an internally-deleted Swi4 derivative (Swi4AAA). The labeled SCB probe was incubated with 

the following protein preparations as s h o w  above the lanes: lane 1, no extract; ; lane 2, SBF 

heparin agarose fiaction (1 pg); lane 3, 3 pg of purified Swi6; lams 4, 5 pg partially purified 

Swi4AAA; lanes 5-7, 5 pg partially purified Swi4hAA and 3 pg purified Swi6. In lanes 6 and 

7, a 100-fold molar excess of either wild type SCB competitor DNA (Wt) or mutated SCB 

competitor DNA (Mut) was added as indicated above the lanes. 





partially purifieci h m  insect cells in a gel shiA assay with an SCB-containing probe. Swi4A144 

formed a specific complex with DNA that was efficiently competed by wild type but not by 

mutated SCB-containhg DNA (Figure 2-4B lanes 4, 6 - 7). Since Swi6 interacts with Swi4 

through the last 78 amino acids of Swi4, the addition of Swi6 did not affect Swi4A144 DNA- 

binding (Figure 24B, lane 5; Siegmund and Nasmyth, 1996). A larger Swi4 truncation, 

Swi4A421, behaved in a similar manner (data not shown). My results c o h m  the hypothesis 

that the C-terminal 144 arnino acids of Swi4 are involved in the inhibition of Sm4 binding to 

DNA. 

Ankyrin motifs have been implicated in the auto-inhibition of numemus transcription 

factors, including NF-kB (reviewed in Ghosh et al., 1998). 1 next used convenient restriction 

sites in the Swi4 gene to constmct a baculoviral Swi4 derivative, Swi4AAA, with an intemal 

deletion of 349 amino acids. This deletion dismpts the first ankyrin domain of Swi4 along with a 

significant region between the DNA-binding domain and the ankynn domain. The first and 

fourth anlayin domains of Swi4 were first identified due to their similarity to other adgain 

domains. Upon closer inspection, it becarne apparent that Sm4 has three other degenerate 

ankyrin repeats (Bork, 1993). Single amino acid changes in the ankyrin repeats of both Swi6 and 

Swi4 result in proteins that are temperature-sensitive for function (M. Donoviel personal 

communication, Ewaskow et al., 1998; Sidorova and Breeden, 1993). This result suggests that 

deletion of the f k t  ankynn repeat in Swi4AAA should greatly d u c e ,  if not abolish, the h c t i o n  

of the ankynn domains. Unlike Swi4A144, Swi4AAA had only limited ability to bind DNA in 

the absence of Swi6 (Figure 24C, lane 4). Fut1 binding was restored upon the addition of Swi6 

(Figwe 24C, lanes 5 - 7). 1 conclude that the inhibition of Swi4 binding to DNA does not 

involve amino acids 199-547 of Swi4. 



Point mutants in the S M  C ï R  eau rUcvirte SwM DNA-bindlng auto-inhibition. My in 

vitro experimnts showed that the inhibition of Swi4 binding to DNA was relieved by deletion of 

the C-terminal 144 amino acids of Swi4. The C-terminal78 amino acids of Swi4 are required 

for interaction with Swi6 (Siegmund and Nasmyth, 1996). This region of Swi4 is conserved in 

other members of the Swi4 family of transcription factors and is predicted to be highly a-helical 

in structure (Figure 2-SA). To ask whether the region of the Swi4 C-terminus involved in 

inhibition of Swi4 DNA-binding was separable b m  the Swi6-interaction domain, 1 undertwk a 

screen for point mutations in the CTR-encoding region of S m 4  that alleviate the DNA-binding 

inhibition of Swi4. 1 used PCR-mediateci mutagenesis to introduce random mutations into the 

region encoding the C-terminal 144 arnino acids of Swi4. The mutagenized S m 4  CTR 

fragments were cloned into a Sm4 gene on a 2p plasmid to allow expression h m  the 

constitutive GPD promoter. 1 transformed the pool of CTR mutants into a mi64 strain carrying 

an integrated SCB::lacZ reporter gene. Using a P-galactosidase filter test, 1 identified Swi4 

mutants which, in the absence of Swi6, allowed a higher level of SCB::lacZ expression than the 

wild type SM4 gene expressed h m  the same vector. 

Using this screen, 1 identified four new S m 4  mutants (Table 2-2). Two mutants, Swi4- 

9.1 and Swi4-9.2, were the result of irnpmper ligation of the PCR product into the SFW4- 

containing vector. Mutant Swi4-9.1 had an addition of 12 amino acids ont0 the C-terminus of 

Swi4 (A-N-F-N-K-1-L-T-L-T-1-S). This addition resulted in a 4-fold increase of SCB-dependent 

expression in the absence of Swi6. Mutant Swi4-9.2 was a large C-tennuial tmcation at amino 

acid 803 that allowed for a 3-fold activation of SCB::lacZ expression in the absence of Swi6. 

These results support our in vitro data demonstrating that the C-terminus of Swi4 inhibits Swi4 

DNA-binding. 1 also identified a smaller C-teRninal truncation in ouf scteen. in Swi4-3.3, a lbp 



Table 2-2. P-gilactosidase activity of Swi4 motrab 

B-galactosidase activity 
Plasmids (Millers uni&)' Description 

swi6A 
p424 GPD O. 1 vector control 
p424 GPD-Swi4 11.4 wild type Swi4 
p424 GPD-Swi4-9.1 41.3 addition of 12 amino acids to the 

C-termini of Swi4 
p424 GPD-Swi4-9.2 33.8 C-terminal truncation at amino acid 803 
p424 GPD-Swi4-3.3 15.6 1 bp deletion at amino acid 1 OS 1 : 12 

amho acid truncation 
+ 3 new amino acids 

p424 GPD-Swi4-GY 22.4 E1076G, N1 092Y 
Sec Materials and Mcthods (Rose and Botstein, 1983); average of thrte independent transformants. 



deletion in the codon for LI085 results in the tnincation of 12 amino acids h m  the C-terminus 

of Swi4, and the addition of 4 amino acids (N-W-T-1). This smaller alteration results in a modest 

but reproducible induction of SCB::lacZ expression (Table 2-2). Finally, a fourth mutant was 

isolated, Swi4C26, which had three point mutations: N995H, E1076G and N1092Y. By 

separating the N995H mutation h m  the E1076G and N1092Y mutations, 1 was able to 

determine that the 2-fold induction in SCB::lacZ activity was due to the two most C-temiinal 

mutations. The mutant carrying these two mutations was narned Swi4-GY. 

Since the C-tennina1 region of Swi4 is also required for interaction with Swi6, 1 next 

asked if our new Swi4 mutants could still interact with Swi6. To answer this question, 1 

perfonned DNA-binding assays using an SCB-containhg probe and crude yeast extracts h m  a 

swi4A strain transfonned with plasmids encoding the Sm4 mutants. Western blot analysis using 

Swi4 antibody showed that al1 the Swi4 mutant proteins were expressed (Figure 2-SC). Cnide 

lysates b m  cells expressing mutant Swi4-9.2, which lacks the Swi64nteraction domain, did not 

support an SBF-complex; however, a distinct faster migrating species was formed (Figure 2-5B 

Iane 5). In contrast, cmde lysates h m  cells expressing either wild type Swi4 or the Swi4 

mutants, Swi4-9.1, Swi4-3.3 and Swi4-GY, supported SBF-complex formation (Figure 2-SB, 

lanes 4, 6 - 7). The mutants Swi4-3.3 and Swi4-GY appeared to form the SBF-DNA complex 

less efficiently, which correlated with decreased expression levels as determineci by Western blot 

(Figure 2-SC, lanes 5 and 6). Although 1 saw SBF complex formation by the Swi4 CTR mutants 

in the presence of Swi6, I did not see a lower molecular weight complex that might correspond to 

binding of the Swi4 CTR mutant proteins to SCBs in the absence of Swi6 (data not shown). 1 

presume that the increased ability of the Swi4 CTR mutants to bind SCBs in the absence of Swi6 

is sufficient to yield i n c d  SCBdependent transcription but may be undetectable using my 



Figure 2-5. Gel Retarddon Anrlysis of Wüd Type SM4 and Mutant swi4 Alleles Using 

Yeast Ccll Extncb. 

(A) Alignmmt of the extreme C-terminal regions of Swi4 family members. Residues identical to 

Swi4, or a conservative substitution are boxed. Putative a-helices are indicated by the anows as 

predicted by the PHD protein structure algorithm. The filled-in box shows the amino acids that 

were deleted in Swi4-3.3. The asterisks (*) indicate the positions of the point mutations in Swi4- 

GY: E1076G, N1092Y. (B) A labeled SCB probe was incubated with 10 pg of crude extract 

from a swi4A yeast strain @Y 184) transfonned with the followuig plasmids: lane 1, no extract; 

lane 2, empty vector, p424GPD; lane 3, pGPD-Sm4 (wild type S m ;  lane 4, pGPD-SW4-9.1; 

lane 5, pGPD- SW14-9.2, lane 6, pGPD-SW4-3.3 and lane 7, pGPD-SWI4-GY as indicated. The 

SW4 mutations in the various plasmids are described in Table 2 and in the text. The positions of 

migration of SBF and a complex of Swi4-9.2 and the SCB probe are indicated to the right. (C) 

Western blot anaiysis of extracts used in binding assay shown in B). 50 pg of the crude yeast 

lysates used in the gel retardation analysis were separateci on a 6% SDS-PAGE and the Swi4 

protein in the extracts was visualized with Swi4 antiserum. The Swi4 protein present in each 

extract is indicated above the lanes (see Panel B above). 



biochernical assay. 1 conclude that mal1 alterations in the extreme C-terminus of Swi4 can 

alleviate DNA-binding inhibition but do not affect interaction with Swi6. 

A C-terminal fragment of Swï4 can inhibit Swi4 DNA-biading in tmns. 1 determined that 

both truncations and point mutations in the C-terminus of Swi4 appear to alleviate the inhibition 

of Swi4 DNA-binding. My results suggest that the C-terminus of Swi4 may inhibit DNA- 

binding of a C-terminal tnmcation of Swi4. To test this mode1 I perfonned gel retardation assays 

using an SCB-containing probe, partially purified Swi4A 144 and the C-terminal 144 amino acids 

of Swi4 (CTR, Figure 2-6). Incubation of Swi4A144 with increasing amounts of the CTR, prior 

to the addition of the SCB probe, resulted in an inhibition of Swi4A144 binding to the SCB probe 

(Figure 2-6, lane 7). At low concentrations of CTR, the amount of Swi4A144-SCB complex 

increases. This increase may be due to the small amounts of GST which were present in the 

CTR prep; 1 found that addition of GST alone also increased the amount of Swi4A144-SCB 

complex (Figure 2-6, lane 4). My gel shifi assay shows that the CTR of Swi4 can fiuictionally 

interact with an N-terminal region of Swi4 to inhibit Swi4 binding to DNA. 

Analysis of Swi4 complexes on glycerol gradients. Since my in vitro studies were performed 

with partially purified reagents expressed in insect cells, it is unlikely that Swi4 auto-inhibition 

depends on another protein binding the CTR of Swi4. Rather, my results suggest that the CTR 

of Swi4 may be involved in either an inter- or intramolecular interaction with anotber region or 

molecule of Swi4 to inhibit DNA-binding. To determine whether Swi4 foms dimers or 

multimers in solution, 1 analyzed protein size by glycerol gradient sedimentation. Swi4 ran at 

approximately 67 kDa, a mass which is drastically smaller than its predicted mass of 123 kDa 

(Figure 2-7). This suggests that, in solution, Swi4 must be highly asymmetric in shape and 

monomeric in nature. Truncating the C-terminal 144 amino acids of Swi4 did not significantly 



Figure 2 4 .  Inhibition of SwWA144 4 C B  Complex Formation by the CTR of Swi4. 

A gel ~etardation assay with an SCB-containing pmbe is shown (see legend to Figure 2-2). The 

probe was incubated with the following protein preparations as indicated above the lanes: lane 1, 

no extract; lane 2, SBF, heparin agarose &action (1 pg); lanes 3-7, 2 pg of partially-purified 

Swi4A144. The binding reaction s h o w  in lane 4 also contained 1 pg of GST, and the reactions 

shown in lanes 5-7, contained increasing arnounts of purified Swi4 CTR (C-terminal 144 amino 

acids of Swi4) as indicated above the lanes (in pgs). 





Figure 2-7. Glycerol Gradient Sedimentrtion of Swi4, Swi4A144 and SBF. 

50 pg of partially purified SwiQ, Swi4A144 and SBF were analyzed by glycerol gradient 

sedimeentation. Glycerol gradients (4 mL of 10-40% (v/v) glycerol) were centrifbged for 13 

hours at 55 000 rpm. Fractions from the gradients were analyzed on Westem blots using anti- 

Swi4 antibody. The peak thutions of size standards 0, nui in parallel gradients, are 

indicated by C (catalase, 232kDa), A (aldolase, 158kDa) and B (bovine albumin, 67kDa). 

Fraction numbers are shown at the top of the figure with the bottom of the gradients on the left. 





change the sedimentation of Swi4. By contrast, the addition of Swi6 to Swi4 greatly increased 

the sedimcentation of Swi4 (Figure 2-7, top panel). SBF ran at 180 kDa which is close to the 

predicted size of a heterodimer of Swi4 (123 kDa) and Swi6 (91 kDa). 

Interaction of the CTR of Swi4 with N-terminal domains. My glycerol gradient assays 

revealed that Swi4 was monomeric in solution, suggesting that the inhibition of Swi4 binding to 

DNA involves an intramolecular interaction. In order to determine whether the C-terminal 144 

amino acids of Swi4 were capable of fonning protein-protein interactions within Swi4,I fiised 

the C-terminal 144 amino acids of Swi4 to GST (GST-4CTR; Figure 2-8A) and performed batch 

afEnity chromatography assays with either insect cell-produced Swi4 derivatives or in vitro 

translated Swi4 derivatives. GST or GST-4CTR was hcubated with fûll-length Swi4, Swi4A144 

or Swi6 produced h m  insect cells (Figure 2-8B). The GST-4CTR fusion bound Swi6 (Figure 

2-8B, lane 12) as previously demonstrated (Sidorova and Breeden, 1993). The GST-4CTR 

fision also bound fÙ11-length Swi4 and Swi4A144 (Figure 2-8B, lanes 4 and 8), showing that the 

C-terminal 144 amino acids of Swi4 can interact in vitro with the first 949 amino acids of Swi4. 

This result is consistent with my gel shift analysis showing a iùnctional inhibition of Swi4A144 

binding to SCBs by the CTR. To fiuther dehe  the N-terminal interaction domain of Swi4, 

a f i t y  chmmatography experiments were conducted with a senes of in viîro transcnbed and 

translated Swi4 derivatives (Swi4, Swi4A421, Swi4AANKs and Swi4A896, Figure 2-8A). Like 

the insect cell-produced proteins, the C-terminal 144 amino acids of Swi4 interacted with in vitro 

translated full-length Swi4 protein (Figure 2-8C, lane 4). The GST-4CTR fusion also bound 

both Swi4A421 and Swi4LIAnks proteins, indicating that the interaction does not require the 

Ankyrin motifs or the C-terminus of Swi4 (Figure 2-SC, lanes 12 and 16). Further, the GST- 

4CTR fiision interacted directly with the N-terminal197 amino acids 



Figure 2-8. Binding of the Clterminai 144 Amino Acids of SwM to Swi6 and N-terminal 

Regions of SwM in vitro. 

(A) Schematic of the Swi4 proteins useâ in the assay. The relative positions of the DNA-binding 

domain, ankyrin motifs and C-terminaal domain (Swi6-interaction domain) are depicteci. (B) 10 

pg of partiaily purified Swi4, Sm4A144 or Swi6, derived h m  insect ce11 extracts (see Figure 2), 

were incubated with either GST or GST fiised to the C-terminal t 44 amino acids of Swi4 (GST- 

4CTR) immobilized on glutathione beads. The unbound 0 and bound (B) fractions were 

separated on a 6% SDS-PAGE. The gels were then blotted and incubated with Swi4 antisenini 

(lanes 1-8) or Swio antisenun (lanes 9-12) to identi@ the Swi4 or Swi6 proteins. The positions 

of migration of molecular weight markers are indicated to the left. (C) 7pL of in vitro translateci 

Swi4, Swi6, Swi4A421, Swi4AAnks and Swi4A896 were incubated with either GST or GST- 

4CTR immobilized on glutathione beads. The unbound (U) and bound (B) fiactions were 

separated on a 10% SDS-PAGE. The positions of migration of molecular weight markers are 

indicated to the left. 
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of Swi4, which contains the DNA-binding domain of Swi4 (Figure 2-8C, lane 20). This 

interaction appeared weaker than interactions between the 4CTR and larger N-terminal 

fragments of Swi4, suggesting that there may be other parts of Swi4 which provide structurai 

support for this interaction. Together with my evidence that Swi4 is monomeric in solution, my 

data suggest that the C-terminus of Swi4 is involveci in an intramolecular interaction with an N- 

terminal DNA-binding region of Swi4 and that this interaction causes inhibition of Swi4 DNA- 

binding in the absence of Swi6. 



I found that Sm4 is nuclear throughout the ce11 cycle and yet is incapable of promoting 

transcription in the absence of Swi6. 1 reconstituted active SBF in vitro h m  Swi4 and Swi6 

expressed using the baculoviral system in insect cells. Partially purified fiitl-length Swi4 could 

not binà SCBs in the absence of Swi6; however, Swi4 derivatives truncated at the C-terminus or 

carrying point mutations in the extreme C-terminus of Swi4 were able to bind DNA in the 

absence of Swi6. Further, the binding of a C-terminally truncated Swi4 protein to SCBs was 

inhibited by addition of a C-terminal fiagment of Swi4 in trans. Full-length Swi4 was 

monomeric in solution, suggesting an intramolecular mechanism for auto-inhibition of binding to 

DNA by Swi4. 1 detected a direct interaction between a C-terminal fiagment of Swi4 and the N- 

terminal 197 amino acids of Swi4, which contain the DNA-binding domain of Swi4. My data 

suggest that the interaction of the CTR of Swi4 with the N-tenninal DNA-binding domain of 

Swi4 physically inhibits the DNA-binding domain fiom binding SCBs. Interaction of the CTR 

of Swi4 with Swi6 alleviates this inhibition, allowing Swi4 to bind DNA. 

The C-terminus of Swi4 inhibits the binding of Swi4 to SCBs. My experiments implicate the 

extreme C-terminus of Swi4 in the auto-inhibition of Swi4 binding to DNA. The C-terminus of 

Swi4 also contains the Swi6 interaction domain, wbich has been localized to the 1st  78 amino 

acids of Swi4 (Siegmund and Nasmyth, 1996). As depicted in Figure 2-5 A, this region of Swi4 

is very similar to the comparable region in other members of the Swi4 family, and it has been 

predicted to contain alpha helices with amphipathic character (Breeden, 1996; Sidorova and 

Breeden, 1993; Siegmund and Nasmyth, 1996). While my screen for mutations in the CTR of 

Swi4 was not saturating, 1 isolated a large truncation of Swi4, as well as thtee isolates with 

different mutations that affect the extreme C-terminus of Swi4. One mutant, Swi4-GY, carrieci 



Figure 2-9. Mode1 of the Auto-imbibition of S W  Binding to DNA. 

An intramolecular interaction involving the extreme C-terminus of Swi4 (CTR, small shaded 

lobe) and a more N-tenninal region of the protein is depicted. My data suggest that when Swi4 

is not bound to Swi6 (as shown on the left), the CTR of Swi4 is fke to fonn an intramolecular 

interaction with the DNA-binding domain of Swi4, which prevents Swi4 h m  binding to SCBs 

(CACGAAA). Binding of Swi6 to the CTR of Swi4 disrupts the intramolecular interaction of 

Swi4, allowing Swi4 to bind SCBs (as diagrarnmed on the nght). 
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two mutations in the extreme C-terminus of Swi4, E1076G and N1092Y. While 1 have yet to 

separate the mutations, it is interesting to note that both map to conserved residues (Figure 2- 

SA). In another mutant, Swi4-3.3, a predicted a-helix is deleted h m  the Swi4 C-terminus. 

Notably, both of these latter mutants could still bind Swi6 to fonn SBF in vitro. This result 

suggests that the domains or residues responsible for the Swi4-Swi6 interaction may be distinct 

h m  those necessary for Swi4 auto-inhibition. Altematively, the domains or residues required 

for the Swi4 auto-inhibitory fûnction and the Swi4-Swi6 interaction fimction may be shared and 

my SBF assay was not sufnciently sensitive to detect a decrease in the SwiCSwi6 interaction. It 

will be interesting to detexmine whether the SwiQ-Swi6 and Swi4-Swi4 interaction domains are 

fiilly separable. 1 suspect that the Swi6 interaction domain may localize to the conserved 

residues or putative a-helices N-terminal to the more C-tenninal region that my data implicate in 

Swi4 auto-inhibition. 

Mode1 for Swi4 DNA-binding inhibition. 1 found that Swi4 was largely monomeric in 

solution and that the CTR of Swi4 could interact with the N-terminal 197 amino acids containing 

the DNA-binding domain of Swi4 in vitro. Further, the addition of the CTR of Swi4 to a binding 

reaction containing a C-terminally truncated Swi4 protein (Swi4A144) inhibited DNA-binding 

by Swi4A144. Together, my data suggest an intramolecular mode1 for inhibition of Swi4 binding 

to DNA. Interestingly, intramolecular interactions within the Swi6 protein have recently been 

reported (Sedgwick et al., 1998). The intemal ankyrin domains of Swi6 form a stabilized central 

structure with which djacent transcriptional activation domains interact. 1 propose that the 

intramolecular interaction of the CTR of Swi4 with the N-terminal region of Swi4 results in the 

DNA-binding domain of Swi4 becoming inaccessible or incapable of binding DNA in the 

absence of Swi6 (Figure 2-9). Upon addition of Swi6, the Swi4-Swi4 interaction is disrupted, 



alleviating the inhibition. To test this model, it will be important to detemine whether the 

interaction of the Swi4-CTR with the Swi4 N-terminal region is dismpted upon the addition of 

Swi6. Presently we do not know the relative-binding aflbities of SwiCSwi4 and Swi4-Swi6 

interactions, however the model predicts that the relative-binding afnnity of Swi4-Swi6 will be 

greater then the relative-binding aflinity between SwiCSwi4. 

My batch chmatography showed that the CTR can interact directly with the N- 

terminal 197 amino acids of Swi4. This result suggests that the inhibition of Swi4 DNA-binding 

by the CTR may be due to a direct masking of the DNA-binding domain. Altematively, the CTR 

of Sm4 may intetact with amino acids outside of the core DNA-binding domain causing a 

conformational change in the DNA-binding domain. Swi4 proteins containhg a fusion of the 

minimal DNA-binding domain (amino acids 36-170) to the C-temiinal65 or 146 amho acids of 

Swi4 were reporteci to form a complex with DNA in the absence of Swi6 (Primig et al., 1992). If 

an intramolecular interaction is the mechanism for Swi4 auto-inhibition, then the CTR of Swi4 

may be interacting either with the k t  36 amino acids of Swi4, which are N-terminal to the 

DNA-binding domain, or with amino acids 170-197 that lie C-terminal to the DNA-binding 

domain. Alternatively, direct fiision of the CTR with the DNA-binding domain rnay cause a 

conformational rigidity that prevents the intramolecular interaction. Indeed, it has been 

suggested that both Swi4 and Swi6 have inherent modularity and flexibility that are crucial for 

their in vivo fùnction (Sedgwick et al., 1998). Hydrodynamic analysis and proteolytic cleavage 

studies of Swi6 have detemined that the N-terminal 15 kDa domain of Swi6 is connected to the 

central ankyrin region of Swi6 by a long, extended and potentially flexible linker region. This 15 

kDa domain appears to have no hc t ion  and it is thought to represent a non-fbnctional remnant 

of a DNA-binding domain h m  a common ancestor which has remained active in some family 



members (reviewed in Breeden, 19%). Mernbers of the Swi4lSwi6 family of transcription 

factors share a similar domain structure, and the flexible am adjoining the N-terminal domain of 

Swi6 with the central core ankyrin domain may be a cotlsecved feature of the entire family. This 

domain may provide the fiexibility needed for the N-terminal DNA-binding domain of Swi4 to 

interact with the C-terminal domain. 

Intramolecular interactions have been implicated in the regulation of DNA-binding for 

many ttanscription factors, including numerous Ets family members, such as Ets-1 and 

GABPa (reviewed in Bassuk, 1997). The ability of Ets-1 to bind DNA is negatively regulated by 

at least two domains: a N-teminal region and a C-terminal region (Hagman and Grosschedl, 

1992; Lim et al., 1992). Recent studies revealed that a direct interaction between the N-terminal 

Ets-1 inhibitory sequence and both the Ets domain and the C-teminal inhibitory sequences are 

responsible for the intramolecular inhibition of Ets-1 DNA-binding activity (Jonsen et al., 1996; 

Petersen et al., 1995; Skalicky et al., 1996). In the full-lengh protein, the two inhibitory 

domains interact allosterically, stressing the Ets domain and destabilizing DNA contacts. Loss 

of coupling between the two domains leads to an altered conformation in the N-teminal 

inhibitory region, allowing the Ets domain to make stable contacts with the DNA. However, this 

relaxed conformation is transient and reestablishment of the interaction between inhibitory 

regions causes repression of DNA-binding. Stable DNA-Ets-1 interactions are established 

through several mechanisms which disrupt the Ets-1 intramolecular interaction, including 

phosphorylation of the N-terminal Uihibitory region and direct protein-protein interaction with 

the N-terminal inhibitory region (Giese et al., 1995; Rabault and Ghysdael, 1994). A sirnilar 

method of DNA-binding inhibition has also been established for GABPa, whose interaction with 

the ankyrh containhg protein GABPP allows GABPa to bind DNA (Brown and McKnight, 



1992; delaBrousse et al., 1994; Thompson et al., 1991). Though there is little sequence 

homology between Swi4 and the Ets family of protek, the recent crystal structure of the DNA- 

binding domain of the Swi4 family member Mbpl revealed that they do share a common fold in 

their core DNA-binding domains. The core consists of a short strand N-terminal to the HTH and 

a B-hairpin C-terminal to the HTH (Taylor et al., 1997; Xu et al., 1997). Although the structure 

of Mbpl outside the core divergeci h m  that of the Ets proteins, similar allosteric forces may 

contribute to the DNA-binding inhibition of the Swi4 family of transcription factors. 

Role of Swi4 DNA-binding Inhibition in Regdation of SBF. ClbKdc28 activity is necessary 

for dissociation of SBF Erom the CLN2 promoter in G2 phase and mitosis (Harrington and 

Andrews, 1996; Koch et al., 19%). Clb2 immunoprecipitation experiments have shown that 

Swi4 can interact with Clb2 during M phase and that Swi4 is phosphorylated in vivo (Amon et 

al., 1993; Siegmund and Nasmyth, 1996). Interestingly, the interaction of Clb2 with Swi4 

appears independent of Swi6. These observations have led to the suggestion that Clb interaction 

with Swi4 is necessary for preventing Swi4 h m  binding DNA. My data suggest that the 

inhibition of Swi4 DNA-binding is intrinsic to Swi4 and does not require any other proteins. 

The role of Clbs may not be to inhibit Swi4 DNA-binding but rather to promote dissociation of 

SBF fiom SCBs. Clbdependent regulation of SBF may occur through dismption of the Swi4- 

Swi6 interaction. Once Swi4 and Swi6 are dissociated fiom each other, Swi6 is transported out 

of the nucleus, allowing the CTR of Swi4 to fom an intramo1ecular interaction with the DNA- 

binding domain of Swi4, which inhibits Swi4 DNA-binding. Interestingly, gel retardation assays 

with whole ce11 extracts of synchronized cells arrested at different stages of the ce11 cycle show 

that the SBF complex can fom at al1 stages of the ce11 cycle (Taba et al., 1991). This result 

suggests that the inhibition of Swi4 DNA-binding is immediately relieved upon the addition of 



Swi6. To test this model, it wiU be important to determine the relative afhities of Swi4-Swi4 

and Swi4-Swi6 interactions. 

It is unlikely that Swi6 is fiilly excluded h m  the nucleus throughout M and G2 phases, 

although SBF footp~ting is not detected. Possibly, the formation of an SBF-DNA complex is 

undetectable in M and G2 phases because Clb-Cdc28 is continually disrupting the SBF complex 

and Swi6 is actively transporteci out of the nucleus. Alteniatively, in addition to the auto- 

inhibition of Swi4 DNA-binding, there may be another mechanism regulating SBF-DNA 

complex formation during G2 and M phases. Both the role and sites of Swi4 phosphorylation by 

Clb2-Cdc28 have yet to be established. One possibility is that phosphorylation of Swi4 may 

alter the afnnity of the Swi4-Swi6 interaction or the stability of the Swi4 auto-inhibition. There 

is one consensus Cdc28 phosphorylation site in the CTR of Swi4 (S1007) and numerous other 

potential sites in the CTR and the N-terminal DNA-binding domain. It will be interesting to 

determine whether ClbKdc28 phosphorylates these sites, and whether phosphorylation 

contributes to the regulation of Swi4 DNA-binding. 



SBF CeU Cycle Regulator as a Target of the Yeast PgCI-MAP 

Kinase Pathway 

Chapter 3 is a modified version of a published paper. Figures 3-1,3-3 and 3-4 are reprinted with 

permission h m  Science 275 (1997), K. Madden, Y. Sheu, K. Baetz, B. Andrews, and M. 

Snyder, SBF Cell Cycle Regulator as a Target of the Yeast PKC-MAP Kinase Pathway. 

Copyright 1997 American Association of the Advancement of Science. 

In this collaborative effort, Kevin Madden performed the epistasis experiments depicted in 

Figure 3-1 and analysis of in vivo Swi6 phosphoforms depicted in Figure 3-3. The in vitro 

kinase assay depicted in Figure 3-4 was performed using pwified SBF that 1 provided. 1 

performed the Northem analysis depicted in Figure 3-2. 



ABSTRACT 

Protein kinase C signaling is highiy conserveci among eukaryotes and has been implicated 

in the regulation of cellular processes such as ce11 proliferation and growth. In the budding yeast, 

PKCl fünctions to activate the SLT2 (MPKI) mitogen-activated protein kinase cascade, which is 

required for the maintenance of ce11 integrity during periods of polarized growth. Genetic studies 

and analysis of protein phosphorylation in vivo and in vitro indicated that the SBF transcription 

factor, an important regulator of gene expression at the Gr to S phase ce11 cycle transition, is a 

target of the Slt2 MAP kinase. 1 found that Slt2 was required for the transcriptional induction of 

the SBF target genes PCLl and PCL2, but not C '  and C m ,  in response to heat shock. 

These studies provide evidence for a direct rote of the PKCl pathway in the regulation of the 

yeast ce11 cycle and ce11 growth and indicate that conserveci signaling pathways can act to control 

key regdators of ce11 division. 



INTRODUCTION 

The coordination of polarized growth and ce11 proliferation is a critical process in many 

ce11 types. In yeast, the PKCI-MAPK pathway fûnctions to maintain the integtity of the 

cytoskeleton and ce11 wall and is a candidate regulatory system for coupling ce11 growth and 

proliferation (teviewed in Chapter 1, sections VII to XII, and Heinisch et al., 1999). The PKCI- 

MAPK pathway contains Pkcl, which activates a MAP kinase cascade that consists of 

sequentially activated protein kinases: Bckl, a MEiKK, the redundant Mkkl and Mkk2 ME&, 

and Slt2, a MAP kinase (Costigan et al., 1992; hie et al., 1993; Lee and Levin, 1992; Lee et al., 

1993; Torres et ai., 1991). Genetic evidence has implicated this pathway in the tegulation of ce11 

cycle progression (see chapter 1 sections IV B and Vm D, and DiComo et al., 1995; Marini et 

al., 1996; Mazzoni et al., 1993; Morgan et al., 1995). In addition, the Slt2 MAP kinase is 

specifically activated during bud emergence and mating projection formation, periods of the ce11 

cycle during which ce11 growth is highly polarized (Errede et al., 1995; Zarzov et ai., 1996). 

The SBF transcription factor also regulates both the yeast ce11 cycle and polarized growth 

(reviewed in Chapter 1, and Breeden, 1996). SBF regulates the transition h m  Gi into S phase 

by activating the expression of the Gi cyclins CLNI, CLN2, PCLl and PCL2 (Espinoza et al., 

1994; Measday et al., 1994; Nasmyth and Dirick, 1991; Ogas et al., 1991). Ch and Pcl 

association with the Cdc28 (Richardson et al., 1989) and Ph085 Cdks (Espinoza et al., 1994; 

Measday et al., 1994), respectively, promotes entry into S phase and also promotes polarized 

growth (Lee et al., 1998; Lew and Reed, 1993). Thus, both the transcription factor SBF and the 

PKCI-pathway function to mediate ce11 cycle progression and polarized growth. 

Intriguingly, swi4 and swi6 mutant strains share similar phenotypes with PKCI-MAPK 

pathway mutants; these phenotypes include temperature-sensitive growth defects that are 



suppressed by sorbitol (Igual et al., 1996; Madden et al., 1997), and sensitivity to ce11 wall 

stresses such as SDS, CFW and caffeine (Iguai et al., 1996; Sidorova and Breeden, 1999). Also, 

swi4A mutants exhibit a defect in projection formation upon exposure to mating pheromone, as 

do PKC1-MAPK pathway mutants (Costigan et al., 1992; Costigan et ai., 1994; Errede et al., 

1995; Mazzoni et al., 1993). Finally, a swi4-100 mutant strain requires the PKCI-pathway 

scaffold protein SPA2 for viability (Flescher et al., 1993). Together, this evidence suggests that 

SBF and the PKC1-MAPK pathway may function cooperatively in regulating polarïzed growth. 

In this chapter, 1 present experiments conducted in collaboration with Kevin Madden h m  Mike 

Snyder's laboratory at Yale University, in which we show that SBF is a direct target of Slt2, 

linking the P U - c e i l  wall htegrity pathway directly with ce11 cycle transcription factor SBF. 



MATERIALS AM> METHODS 

Strains and plasmids. Standard methods for yeôpt culture and transformation were followed 

(Guthrie and Fink, 1991). Standard rich medium (YPD) and supplemented miniaial medium 

(SD) were used (Kaiser et al., 1994). Strains used in this chapter al1 are congenic to wild-type 

S288C background (Y792) and have been previously described: bck1A::Wl (Y782)(Costigan 

et al., 1994), sIt2A::LEU2 (Y783)(Costigan et al., 1994), and swi4d::NIS3 (YK74)(Ogas et al., 

1991). 

High copy plasmids containing the yeast 2p ongin of replication and SLT2 (Costigan et 

al., 1994) or PCL I (Ogas et al., 1991) have betn previously described. To construct a high copy 

plasmid expressing PCL2, a Hindm - Sall hgment h m  a genomic libraty containhg the full- 

length PCL2 gene was subcloned into pRS426 to create pBA623. A clone containing Ml-length 

PH08S was isolated h m  a pYEp24 genomic library and narned pBKSS. To constnict a high 

copy plasmid expressing SM4, an 8-kb SphI genornic fkagment containing fiill-length SM4 was 

subcloned into pYEp352 to create pBK327. To construct a high copy plasmid expressing MBPI, 

PCR was utilized to ampli@ M23PI and flanking sequences. The PCR product was sequenced to 

checked for fidelity and subcloned into pYEp24 to create pBK72. The high copy vector 

expressing a hemagglutinin (HA) epitope tagged SI12 (pBA1019) and the inactive kinase allele, 

sIttK54R have been previously described (Zarzov et al., 1996). 

Growtb Assays. To check for ce11 wall temperature-sensitivity defects, strains were streaked out 

ont0 either nch YPD plates or rich YPD plates containing 1M sorbitol and were incubated for 

three days at 37%. To check for suppression of temperature-sensitive lytic phmotypes, slt2A 

(Y783) and bck2A 01782) strains were transformed with high copy plasmids containing SLT2, 



PCLI, PCL2, PH085, Sm4 and MBPI as described above. Transformants were streaked on 

plates containing synthetic media l a c h g  uracil and incubated for three days at 37°C. 

Northern blot rnaiysis. To examine PCLI, PCU, CLNI and CLNÎ gene expression in 

response to heat shock, wild type (Y792) and sft2A (Y783) strains were grown at 30°C in YPD 

medium to an optical density at 60ûun of 0.4. Half the sample was shified to 39OC for 3 hours to 

elicit a heaî shock response. Immediately der heat shock, both the heat shockeâ cells and 

control cells cultured at 30°C were pelleted at 3000g in a 4°C centrifige for 3 minutes. The 

supernatant was poured off and the cells were quickly fiozen in liquid nitrogen. RNA was 

isolated and Northern blotting was done as described previously (Measday et al., 1997). 

The probes used for the Northeni blot analysis were a 600-bp EcoRI-Hinm fiagment of 

the ACT1 gene (Measday et al., 1994); a 864-bp PCR product containing the PCLI coding 

sequence (Measday et al., 1997); a 1.3 kb PCR product containing the PCL2 gene (Measday et 

al., 1997); a 1.3kb XhoI-NcoI fiagment of CLN2 (Hamhgton and Andrews, 1996); and a 2.5kb 

EcoRl fhgment of C M  (Hadwiger et al., 1989). Probes were labeled using random-primed 

synthesis with Klenow DNA polymemse in the presence of a - 3 2 ~ - d A ~ ~ .  For RNA quantitation, 

Northem blots were exposed on a Molecular Dynamics screen and scanned with a Molecular 

Dynamics PhosphorIrnager and analyzed with IMAGEQUANT software (version 3.3). 

Immunoblot analysis of Swi6. Extract preparation was performed essentially as previously 

described (Kamada et al., 1995). Cells were grown to rnid log phase in YPD media at 30°C or 

shifted to 3g°C for 1 hour before preparation of extracts. Pheromone-treated cells were grown to 

rnid-log phase in YPD media and treated with S p M  a-factor (Sigma) for either 1 hr or 2hrs before 

extract preparation. Pheromone block and release cells were grown to mid-log phase in YPD 

media, treated with 5 p M  a factor (Sigma) for 2hrs before being cenûifbged, washed with YPD 



and rekased into fksh YPD for 15 minutes before extract preparation. The ce11 tespouse was 

terminated by M e r  diluting the culture (1:l) with ice-cold stop mix (0.9% NaCl, 1mM NaN3, 

1ûmM EDTA and 5 0 W  NaF). Cells were harvested by centrifugation at 3000g for S m i n  and 

washed once with cold stop mix. The cet1 pellet was suspended in 0.4 mL of ice-cold lysis 

buffer [50mM Tris-HC1 (pH 7.9, 15ûm.M NaCl, 5mM EDTA, 5rnM EGTA, 0.2mM Na3V04, 

50mM KF, 30m.M sodium pyrophosphate, 15mM pnitrophenylphosphate, 20pglmL leupeptin, 

20 pghL of benzamidine, 10 p@mL of pepstatin A, 40 pg/mL of aprotinin, and 1mM PMSF]. 

An equal volume of glass beads was added to this suspension and cells were broken by vortexing 

6X 1 minutes with t minute incubations on ice between each burst. The beads and cellular 

debris were removed by centrifugation at 13,ûûûg at 4OC, and the supernatant was finthet 

clarifiecl by one additional 10 minute centrifugation. Glycerol was added to the lysate to a final 

concentration of 30%. Protein concentration of ce11 extracts was measured by Bio-Rad protein 

assay. 5pg of total yeast protein h m  each sample were separated on a 10% SDS-PAGE, blotted 

ont0 Immobilon-P (Millipore), and probed with affinity-purified anti-Swi6 antibodies as 

previously described (Ho et al., 1997). 

For calf intestinal alkaline phosphatase (CIP) treatment experiments, affinity-purifid 

anti-Swid antibodies were used to immunoprecipitate Swi6 fiom lmg of total protein isolated 

h m  cells that had been incubated at 3g°C for lhr. Irnmunoprecipitates were resuspended in 

45pL of NEB (New England Biolabs) Buffer 3 with 1% SDS. M e r  5 minutes of incubation at 

3 TC, the supernatant was removed and diluted to O. 1 % SDS in NEB BufXer 3 with either 30U of 

CIP (NEB) or 30U of CIP together with 4mM sodium molybdate (CIP + inhib). Phosphatase 

reactions were incubated for 30 minutes at 37OC. and then Swi6 was re-immunoprecipitated h m  

the phosphatase reactions. Each sample was then separated on a 10Y0 SDS-PAGE, blotted ont0 



Unmobilon-P (Millipore), and pmbed with e ty -pur i f i ed  anti-Swi6 anhibodies as previously 

described (Ho et al., 1997). 

In v b  Kinase Assays. Kinase assays were perfomied essentiaUy as previously described 

(Tyers et al., 1992) except for the following modifications. Lysates were made h m  wild-type 

cells transformed with pBA1019. For each kinase reaction 500 pg of total yeast protein was 

used for the Slt2-Ha W. 2.5 pg of purified SBF was used per kinase reaction (Baetz and 

Andrews, 1999). Half of each reaction was separated on a 100/o SDS-PAGE gel, dried and used 

for autoradiography. 



RESULTS 

Suppression of SN2 ceU wrU defccts by overexpression of SM4, PCLl and PCL2. The 

phenotypic similatities between sIf2A and swi4A mutants indicated that SLT2 and SBF may 

fiuiction in the same pathway. Because Swi4 and Swi6 are phosphopmteins (Amon et al., 1993; 

Sidorova et al., 1995) and the regdation of transcription factors through MAP kinase signaling 

has been shown in other systems (Su and Karin, 1996; Thomson et al., 1999; Treisrnan, 1996), 

my collaborator, Kevin Madden, decided to investigate whether SBF might be activated by Slt2. 

Plasmids containing either SW4, SW6, MBPI, PH085 or Gi cyclin genes were transfonned into 

both slf2A and bckiA sixains, and transfomants were assayed for suppression of the 37°C 

temperature-sensitive growth defect (Figure 3-1). Overexpression of SW14, PCLl or PCL2 

suppressed the 37°C growth defect (Figure 3-1). Overexpression of M W ,  PHOû.5 (Figure 3-1). 

CLNI, CLN2, C M 3  or Sm6 (data not shown) failed to rescue the growth defects of bcklA or 

slt2A mutants at 37OC. High-copy SLT2 plasmids were a h  transformeci into swi4A mutants; 

these plasmids did not suppress the temperature-sensitive growth of swi4A strains at 37"C. 

Taken together, these observations support the hypothesis that SBF fhctions downstream of 

SLT2. We next determineci that overexpression of SWIQ and the Gi PCL cyclins could also 

suppress the lysis or projection formation defects of sIf2A mutants exposed to mating pheromone 

(Madden et al., 1997). In summary, we found that overexpression of SW14, PCLl or PCL2 

genes can suppress multiple phenotypes of SLT2 MAP kinase pathway mutants, but 

overexpression of SLT2 cannot rescue swi4A defects, suggesting that SW4 acts downstream of 

SLT2. 

SIt2 activity is necesrary for the heat shock induction of PCLl and PCL2. One of the many 

ways MAPK kinase pathways r n d @  cellular events is through regulating transcriptional events 



Figure 3-1 Growtb phenotypes of PKCZ-MAP prthway rad w i 4 A  mutants and suppression 

of the slrtd and M A  mutants by ceU cycle rtgulrtory components. 

A) Gmwth of WT, bcklA, sIt2A, and swi4A strains at 37°C on either rich YPD plates (left) or 

YPD plates containing 1 M sorbitol (right). B) Assay for the suppression of slt2A (lefi) and 

bcklA (right) strain growth defects at 37°C by either YEp24 vector alone or high-copy number 

plasrnids containing either SLT2, SW4, PCL I, PCL2, P m  or MBPl. 





Figure 3-2 Slt24ependent induction of PCLl and PCL2 in response to heat shock 

A) Northem blot analysis. mRNA was isolat4 h m  log phase cultures of wild type (Wt) and 

slt2A (sit2A) strains after growth at 30°C or after wwth at 39OC for 3 hours. The expression 

levels of PCLI, PCL2, CLNI, CLN2 and ACT1 were determined by Northem blot analysis. 

B) The Northem blot shown in (A) was quantitated using a Phosphorimager as described in 

Materials and Methods. Levels of PCLI, PCL2, CLNl or CLN2 transcripts normalized to ACT1 

traoscnpt levels are graphed. Results shown are representative of three independent 

experiments. 





(reviewed in Schenk and Snarr-Jagalska, 1999; Treisman, 1996). Since we showed that 

overexpression of SW4, and two SBF-dependent genes, PCLl or PCL2, could suppress the lysis 

defects of PKCI-MAPK pathway mutants, 1 next asked whether Slt2 might fiuiction as an 

activator of SBFdependent gene expression. To investigate the nile of Slt2 in SBF-dependent 

gene expression, 1 performed Northem blot analysis to examine expression of four SBF- 

dependent genes, CLNI, CLAi2, PCLl and PCL2, in wild-type and slt2A strains. No differences 

in expression levels were detected for any of the genes in strains grown at either 2S°C or 30°C. 

However, when strains were incubated for 3 hours at 3g°C, the steady state levels of PCLI and 

PCL2 mRNA were induced 2-3 fold (Figure 3-2). The induction of PCLI and PCL2 gene 

expression in response to heat shock was reduced by 50 - 75% in a slt2A strain. This level of 

Slt2 dependence is similar to that seen for several SBF-regulated genes involved in ce11 wall 

biosynthesis in response to heat shock (Igual et al., 1997). No difference was detected in the 

induction of the CLNI or CLN2 mRNA in a slt2A strain. This result is consistent with the result 

that overexpression of CLNI or CLN2 cannot suppress the ce11 wall lysis defects of PKCI-MAP 

Kinase pathway mutants, while overexpression of PCLI and PCL2 can suppress the ce11 wall 

lysis phenotypes. Thus, SLT2 is required for the heat shockdeependent induction of a subset of 

SBF-dependent genes. 

SltZ-âepeadent pbospboryIation of S M 6  in vivo. Our genetic experiments and gene expression 

analysis suggested that SBF acted downstream of Slt2 and that Slt2 modulated the expression of 

SBF-dependent genes. Given these results, we next asked whether SBF is a target of the PKCI- 

MAPK Slt2. Since Swi6 has been implicated in modulating, both positively and negatively, the 

expression of SBF target genes (Breeden, 1996; Dirick et al., 1992; Lowndes et al., 1992) and 

Swi6 has been detennined to be a phosphoprotein in MYO (Sidorova et al., 1995), we asked 



Figure 3-3 In vivo eviâence for Slt24ependent phosphorylatbn of Swi6. 

Immunoblot analysis of Swi6 was performed on 5ug of total yeast protein extracts prepared h m  

the following strains: lanes 1, 3, and 7-12, wild type strain Y792 (SLT2); lane2, swi6A strain 

YK175 (swi6A); lane 4, wild type strain that overexpresses SLT2 Y792 + 2p SLT2 (2p SLT2); 

lane 5, slt2A strain Y783 (slt2A); and lane 6, a sît2A strain that overexpresses a kinase-inactive 

allele of SLT2, Y783 + 2u slt2k54R (slt2kS4R). Strains were either p w n  at 30°C (Ianes 1 and 

9), shiW to 39°C for 1 hour (lanes 2-8) or treated with a-factor for the indicated times (lanes 10 

- 12) before preparation of the extracts. To c o d m  that the slower migrating fom of Swi6 was 

due to phosphorylation, extracts were treated with CIP (lane 7) or CIP plus phosphatase inhibitor 

(lane 8). 





whether the PKCI- MAP kinase pathway influenced the phosphorylation state of Swi6. To 

address this, immunoblot analysis with &ty-purified mtibodies to Swi6 was perfomied using 

whole ce11 extracts fiom various strains. The analysis revealed two major isoforms of Swi6 in 

the lysates h m  log phase cells (Figure 3-3 lane 1). Phosphatase treatment of Swi6 

immunoprecipitates resulted in loss of the slowly migrating species and an increase in the faster 

migrating isofonn @igue 3-3, lane 7); the presence of the phosphatase inhibitor sodium 

molybate prevented this converson (Figure 3-3, lane 8). Thus, the slowly migrating species is a 

phosphorylated fom of Swi6. A strain overexpressing SLT2 accumulated the slow ly migrating 

phosphorylated Swi6 isofonn (Figure 3-3, lanes 4 and 5). However, expression of a stable but 

inactive kinase allele, slt2K.54R (Zarzov et al., 1996), in a slt2A strain did not increase 

accumulation of the slowly rnigrating isoform. This indicates that the presence of 

phosphorylated Swi6 requires the kinase activity of Slt2. 

SIt2 activity is stimulateci by heat shock or by treatment of cells with mating phemmone 

(Errede et al., 1995; Kamada et ai., 1995; Zarzov et al., 1996). In cells grown at 30°C, the faster 

migrating form was the major Swi6 isoform detected (Figure 3-3, lane 1 and 9), whereas 

incubation of cells at 3g°C for one hour (lane 3) or exposure to a-factor (lanes 10 and 11) 

resulted in the increase of the phosphorylated slower migrating form of Swi6. The presence of 

intermediate species of Swi6 may indicate that several residues on Swi6 are phosphorylated by 

Slt2 or that other kinases also phosphorylate Swi6. Thus, for each of these different growth 

conditions, phosphorylation of Swi6 correlates with the level of Slt2 activity. 

Direct phospborylation of Swi4 and Swi6 by Slt2 in virro. Co-immunoprecipitation assays 

detennined that Slt2 could be found in a complex with both Swi4 and Swi6 (Madden et al., 

1997), suggesting that SBF might be a direct target of Slt2 in vivo. To detennine whether SBF 



Figure 3-4 I n  v h  phosphorylatiom of Swi4 by Slt2. 

Kinase reactions were done without immune complexes (lane l), with h u n e  complexes 

isolated h m  yeast extracts containing Slt2-HA (lanes 3, 5 and 7), or with immune complexes 

isolated h m  yeast extracts containing untagged Slt2 (lanes 2 ,4  and 6). Either partially purified 

SBF fiom insect ce11 extracts (lanes 4 and 5) or a preparation in which Swi4 was 

immunodepeleted h m  the însect ce11 extracts (lanes 6 and 7) was added to the reactions. The 

identities of the phosphopmteins are indicated to the right of the kinase assay. 





was a direct target of Slt2, we performed in vitro kinase assays with SM-Ha (Zarzov et al., 

1996) immunoprecipitated h m  yeast extractS. Slt2-Ha immunoprecipitated h m  yeast extracts 

exhibited phosphorylation of the immunogiobulin heavy chain, Slt2-Ha itself, and a third 

phosphoprotein of l 0 a  (Figure 3-4, lane 3). Next, my partially purified SBF derived h m  

insect cells (see Chapter II and Baetz and Andtews, 1999) was added to the kinase reaction 

resulting in the phosphorylation of a protein that migrated at the expected position of Swi4 

(Figure 3-4 lane 5). Immunodepletion of Swi4 h m  the kinase reaction, using Swi4-antibodies, 

confirmed that the slow migrating phosphoprotein was Swi4 (Figure 3-4 lane 7). 

Phosphorylation of Swi6 in this reaction was obscureci by the lOOkDa phosphoprotein. 

However, phosphorylation of Swi6 by Slt2 was confinned by 2-D gel analysis (data not shown; 

Madden et al., 1997). We conclude that both Swi6 and Swi4 are substrates of SM-HA in vitro. 



One of the many ways MAP kinase signahg pathways modi@ cellular events is thfough 

regulating transcriptional events. For example, ment DNA microarray analysis detennined that 

the expression of roughly 90 genes can be modulated by an activated allele of PKCI in budding 

yeast (Roberts et al., 2000). This resuit suggests that transcription factors may be the major 

targets of the PKCl pathway. In a collaboration with Kevin Madden and Mike Snyder fiom Yale 

University, we show through genetic shidies, immunoblot assays and kinase assays that SBF is a 

target of the MAP kinase Slt2. Ftuther, 1 deterrnined that Slt2 activity is required for the full heat 

shock induction of a subset of SBF-dependent genes. 

Sit24ependent induction of a subset of SBF-dependent genes. Our discovery that 

overexpression of Sm4 and the Swi4-regulated genes PCLl and PCL2 suppressed the lysis 

defects of P m - M A P K  pathway mutants (Figure 3-1) and that SBF is an substrate of Slt2 

(Figures 3-3 and 3-4), suggests that SBF may be an important target of Slt2 in vivo. 1 used 

Northern blot analysis to show that Slt2 is required for the fiil1 heat shock induction of the Gr 

cyclins PCU and PCL2 (Figure 3-2). Interestingly, Slt2 activity does not affect the expression 

levels of the Gi cyclins CLNl and CLN2 (Figure 3-2 and Gray et al., 1997). This result suggests 

that PCLl and PCL2 rnay have an important role in maintainhg ce11 wall integrity that is not 

shared with the CLNs. In agreement with this, C. Igual et ai., identified a goup of ce11 wall 

biosynthetic genes that are transcriptionally regulated by both Slt2 and SBF (Igual et al., 1996). 

The ce11 wall biosynthetic genes identified, Fml, MNNI ,  CSDL, KREa and GASl, al1 have 

important fhctions in maintainhg ce11 wall integrity (reviewed in Klis, 1994). Further, 

overexpression of PKCl has no effect on expression of a HO::lacZ reporter gene (Gray et al., 

1997) and DNA micmarray analysis using an activated allele of PKCl did not result in the 



tmwxiptional induction of al1 Gi genes (Roberts et al., 2000). These results suggest that Slt2 

may act to modulate SBF to induce transcnption of only a subset of SBF-dependent genes whose 

fùnctions are necessary for maintenance of ce11 wall integrity. 

Role of PKCI-MAPK prthwry rt Siart. Previous work has implicated the PKCl pathway in 

ce11 cycle progression and polarized growth at Start (see Chapter 1 sections IV B and Vm D). 

Indeed, there is evidence that PKCl may have a role specifically at Start. Slt2 kinase activity is 

stimulated at the Gr-S boundary in parallel with bud emergence (Zaniov et al., 1996), and the 

activation of Pkcl appears to be paitiaily dependent on Cdc28 activity (Marini et al., 1996; 

Zanov et al., 1996). Further, overexpression of SLT2 can rescue some defects of a cdc28 mutant 

strain, including defects in the activation of SBF-dependent transcription at Start (Manoni et al., 

1993). However, though our data indicates that Slt2 activates SBF, the observation that swi4 

and pkcl mutants, as well as mi4 and slt2 mutants, are colethal (Gray et al., 1997; Igwù et al., 

1996; Madden et al., 1997) predicts that SBF and Slt2 have some independent fhctions. 

Consistent with this interpretation, strains lacking SBF activity arrest predominantly in 

Gi (Nasmyth and DMck, 1991; Ogas et al., 1991), whereas slt2A strains grown at 2S°C, 30°C, or 

shifted to 37OC did not reveal an increase in the proportion of Gi cells (data not shown). This 

suggests that Slt2 activation of SBF may not play a significant role at Start. Indeed, Pkcl is aot 

required for the ce11 cycle-regulated transcription cf M N N I ,  FKSl or GASI, ce11 wall 

biosynthetic genes whose heat shock induction is dependent on SIC2 (Igual et al., 1996). 

Activation of SBF-dependent transcription at Start is dependent on the activity of ClnYCdc28 

kinase (Dirick et ai., 1995; Stuart and Wittenberg, 1995). Comprehensive DNA microanay 

hybridization experiments have detennind that nearly al1 the genes whose ce11 cycle expression 

peaks in late Gi can be induced by overexpression of CLN3 (Spellman et al., 1998). This result 



suggests that, though Slt2 is essential in the absence of Cdc28 activity at Start, Slt2-activation of 

SBF at Start may not be required for SBF-dependent ce11 cycle transcription. Rather, Slt2 may 

be required for regdation of other biological targets necessary for ce11 cycle progression. 

Alternatively, Slt2 may be required in coordination with Ch3 to activate SBFdependent 

transcription during a normal ce11 cycle. It will be interesthg to determine whether 

overexpression of CM3 in a dt2A strain allows for the induction of al1 Gi genes. 

New roîea for SBF outside the ce11 cycle. Since strains lacking SBF arrest in Gi (Ogas et al., 

1991) and many Gl genes have at least one copy of the SCB element in their promoters 

(Spelhan et al., 1998), it appears likely that the main role of SBF is in late Gi. However, there 

are fewer than 300 genes whose transcription peaks at Start, but more than 1155 genes whose 

promoters contain matches to the SCB consensus elements (SCPD, 2000). A cornparison of the 

number of SCB sites upstream of Gi genes with the frequency of SCB sites upstream of a control 

group of non-ce11 cycle-regulated genes reveals that SCBs are fond more fkquenty upstream of 

non-ce11 cycle-regulated genes than MCB or MCM/SFF sites (Speliman et al., 1998). This 

analysis suggests that SCB elements and SBF may regulate the transcription of many genes other 

than those induced at Start. Our work suggests that one pathway that may regulate SBF outside 

of Start is the PKCI-MAPK pathway. In Chapter IV, 1 investigate the role of SBF and the 

PKCI-MAPK pathway outside of Gi phase. 



CHAPTER IV 

Regulation of ceU cycle transcription factor SBF by the ce11 integrity 
MAP kinase SM2 

1 perfomed al1 of  the experiments described in this Chapter with the following exceptions: 

The PCLl and PCL2 reporter gene assays shown in Figures 4-1 and 4-3 were performed by 

Michael Chang, a fourth year undergraduate student whom 1 CO-superviseci. The DNA 

microarray expenments (Figure 4-6 and Table 4-2) were performed in collaboration with Jason 

Mo ffat . 



ABSTRACT 
In Saccharomyces cetevisiae, the heterodimeric transcription factor SBF (SCB binding 

factor) promotes induction of gene expression at the GlIS-phase transition of the mitotic ce11 

cycle. Mitotic cornmitment is associated not only with major alterations in gene expression but 

dso with highly polarized ce11 growth. The MAP kinase Slt2 is required to maintain cell wall 

integrity during periods of polarized growth and ce11 wall stress. Previous work linked the ce11 

wall integrity MAPK pathway with the ce11 cycle and established SBF as a downstream target 

of Slt2 (Chapter III). 1 describe a series of experiments aimed at dehing the regdatory 

pathway involving the ce11 cycle transcription factor SBF and the SlQ-MAP kinase. Under 

conditions in which the Slt2-MAPK pathway is activated, expression of two Gf cyclin genes, 

PCLl and PCL2, was dependent on Swi4, the DNA-binding subunit of SBF, and on SM. 

Moreover, chromatin immunoprecipitation experiments using Swi4 and Swi6 antibodies 

showed Sltî-dependent recruitment of SBF to the promoters of PCLl and PCL2 under 

conditions where the Slt2-MAPK pathway is activated. DNA microarray analysis was 

perfonned and a subset of 28 genes was identified that required both SLT2 and SIKT4 for 

expression during heat stress. Some of the SwWSlt2-dependent genes are not ce11 cycle- 

regulated nor do their promoters contain consensus SCB elements. Nonetheless, SBF was 

localized to the promoters of these genes. This study suggests that activation of Slt2 may 

regulate SBF to allow SBF hct ion independent of its established role in ce11 cycle 

transcription. 



In many systems, the major targets of MAP kinase cascades are transcription factors; 

indeed, activated alleles of PKCl lead to the transcriptional modulation of 90 genes, presumably 

through activation of the downstream SIt2 MAP kinase (Roberts et al., 2000). However, only 

two transcription factors have been identified as targets of Slt2, the MADS-box transcription 

factor Rlm 1 (Watanabe et al., 1997; Dodou et al., 1997) and SBF (Chapter III; Madden et al., 

1997). DNA microarray analyses show that Rlml is only required for regdating 25 of the 

PKCi-dependent genes (Jung and Levin, 1999). Also, RLMl mutants do not exhibit any of the 

phenotypes of PKCI pathway mutants (Watanabe et al., 1995), suggesting that Rlml is not the 

only important transcriptional target of Slt2. By contrast, swi4 and swi6 mutant strains share 

similar phenotypes to strains mutated for PKCl pathway genes. swi4A strains show a 

temperature-sensitive growth defect that is suppressed by sorbitol (Igual et al., 1996; Madden et 

al., 1997) and both swi4 and swi6 mutant strains are sensitive to ce11 wall stressors such as SDS, 

CFW (Igual et al., 1996) and cafTeine (Sidorova and Breeden, 1999). swi4 mutants also exhibit 

defects in projection formation upon exposure to mating pheromone, as do PKCl pathway 

mutants (Madden et al., 1997). These phenotypic sirniladies suggested that SBF may be a major 

transcriptional target of SIt2. Jndeed, genetic studies, coimmunoprecipitation experirnents and 

kinase assays have established SBF as a target of Slt2 kinase (Chapter III and Madden et al., 

1997). 

Interestingly, it appears that Slt2 may be able to modulate the activity of SBF. Slt2 

activity is required for the maximum heat shock induction of only a subset of SBF-dependent Gi 

genes, including PCLI and PCL2 (Chapter III and Madden et al., 1997), and numerous ce11 wall 

biosynthetic genes (Igual et al., 19%). Consistent with this, overexpression of the Gi cyclins 



PCLl and PCL2 but not CLNl or CLN2 suppresses the ce11 lysis defects of a sit2A strain (see 

Chapter III and Madden et al., 1997). Though there is evidence that the PKCI-MAPK pathway 

has a specific role at Start (see Chapter 1, sections IV B and Vm D), Slt2 activation of SBF may 

not play a significant role at Start (see Chapter m). Mead, activation of the PKCI-MAPK 

pathway may modulate SBF to regulate the transcription of a subset of genes required outside of 

Gi phase for maintenance of ce11 integrity. 

in this chapter, 1 set out to test the hypothesis that Slt2 may act to modulate SBF to 

induce transcription of onIy a subset of SBF-dependent genes. 1 began by exploring the 

regdation of the SBF- and Slt2-dependent PCLI and PCL2 genes. 1 used chromatin 

imrnunoprecipitation assays (ChIPs) to show that, upon activation of the PKCI-MAPK pathway 

by either heat shock or a-factor treatment, SBF specifically localized to the promoters of PCLi 

and PCL2 and that this localization was dependent on Slt2. In collaboration with Jason Moffat, 1 

performed a series of DNA microarray experiments, which suggest that Slt2-dependent alteration 

of SBF facilitates the utilkation of SBF in a non-ce11 cycle capacity to regulate the transcription 

of 28 genes. These experirnents establish a new role for SBF outside of the ce11 cycle. 



Plrsmid constracb. The plasmids Wt-Swi6 and SA4-Swi6 are 2pbased plasmids previously 

-desdbed as plasmids pBd176 and pBd1756 respectively (Sidorova et al., 1995). The PCLI 

promoter-lac2 reporter construct, prPCLI-711 -,fi @BA537), was previously described as pASS- 

HCS26 (Ogas et ai., 1991). To construct the reporter plasmid ~rPC.Ll-36~ -146 (pBA548), a 21 7 

bp SspI - StuI hgment containhg the SCBs of the PCLl promoter was excised fiom plasmid 

pBA532 (Ogas et al., 1991) and cloned into Bgm-XnoI-digested pASSBgIII (Andrews and 

Moore, 1992). To construct reporter plasmid prPCLI,nl -363 (pBA569a), a 388bp EcoRV - SbpI 

fiagrnent of the PCLl upstream sequences was cloned into the blunted XiroI-digested pASSBgm. 

To construct a PCL2 promoter-lad reporter constnict, the PCL2 promoter h m  -982 to -82 bp 

h m  the start site was amplified using the following primers: 5'- 

AACGCGTCGACCGTAATTCTATCGATGGACC-3' and 5'- 

AACGCGTCGACGGAGAATTATAAAGTG-3'. The PCR product was digested with SaIi and 

cloned into SaII-digested pbSSBgm to create plasmid prPCL2-982-82 (pBA1306). prPCL2-982-82 

was sequenced to assure fidelity of the sequence d e r  PCR amplification. 

Strains and meüium. Yeast strains used in this study are listed in Table 2-1. Standard methods 

for yeast growth and transformation were followed (Guthrie and Fink, 1991). Synthetic minimal 

medium (SD) and rich medium (YPD) were used (Kaiser et al., 1994). Most of the yeast strains 

used in this sîudy are isogenic derivatives of BY263 (an S288C derivative; Measday et al., 

1997). Disniption and epitope tagging of SLT2 was achieved by homologous recombination at its 

chmmosomal locus using a PCR-based method (Longthe et al., 1998). The slt2A strain was 

verified by PCR and phenotypic assays. 



Table 4-1. Yeast s t n i a s  oseâ in Cbrpter IV* 

Strain Genotype Source or Reference 
BY263 M T a  lrpZA63 ura3-52 lysZ-801 ade2-207 hLs3â200 leu24 (Measday et al., 1994) 
BY 107 MATa s w i b M S 3  (Ogas et al., 1991) 
BY 108 MATa swi4MIS3 (Ogas et al., 1991) 
BY 132 1 M T a  swi4AHIS3 this study 
BY 1342 M A  Ta slt2L\RanUXo this study 
BY551 MATa mbplATRPI (Ho et al., 1997) 
BY332 U l T a  stellALEU2 his4 leu2 trpl ura3 canl 1. Sadowski 
* Al1 strains listed are isogenic to the parent strain BY263 with the exception of BY332. 



I n  vivo wsays for Swid phosphorylation. To assess the ability of Wt-Sm6 and SA4-Swi6 to 

suppress the ce11 wall sensitivity of a swi6A strain, plasmids expressing the two Sm6 alleles 

(pBd 176 and pBd1756) and a plasmid control (pBA70) were transformed into strain BY 107. To 

analyze Swi6 phosphoisofomis in vivo, the transformants were grown in YPD medium at 30°C 

or p w n  at 30°C followed by heat shock at 39°C for 1 hour. Yeast extracts were prepared and 

Western blot analysis was performed as previously descxibed (Chapter ïII and Madden et al., 

1997). The transformants BY107 + pBA70, BA107 + pBd176 and BA107 + pBd1756, dong 

with control strains BY263 and BY1342, were grown in YPD medium ovemight at 30°C. Cell 

density in the cultures was determined and serial dilutions were perfonned to allow spotting of 

1000, 100, 10 and 1 cells ont0 either YPD plates or YPD plates containing 0.03% SDS. The 

plates were incubated at 30°C for 3 days. 

P-galactosidase assays. To assay activity of CYC::lacZ reporter genes in log phase cultures, 

yeast transfomants were p w n  in 5 mL of SD-URA medium to an ODm of 0.6 at 30°C. For 

heat shock experiments, cultures were grown to an ODm of 0.6 at 30°C, then transferred to test 

tubes that had k e n  preincubated at 39OC and cultures were incubated at 39°C for 3ûmin. To 

arrest cells with a-factor, cells were grown in minimal medium supplemented with 1M sorbitol. 

Once the cultures reached an ODm of 0.3, a-factor (Procyon Biopharma) was added to the 

cultures to a final concentration of 5 pM for 2 hours before harvesting. The cells were harvested 

by centrifhgation at 3,000 x g for 5 minutes, the ce11 pellets were quickly h z e n  in liquid 

nitmgen and the pellets were stored at -80°C. Liquid j3-galactosidase assays were peifomed on 

the fiozen pellets as previously described (Rose and Botstein, 1983). Data are presented as the 

mean values fiom triplicate experiments. 



CeU cycle synchronizrition, heat shock and chromatia immunoprecipitation. To examine 

Swi4ISwi6 localization to promoters in vivo upon heat shock or pheromone treatment, chromatin 

immunoprecipitation experiments were perforaneci. For heat shock experiments, 50 mL cultures 

of cells were grown to an of 0.6. ûne culture was held at 30°C while two 0 t h  cultures 

were shifted to 3g°C for either 30 or 60 minutes. Samples of cells were cross-linked with 1% 

forrnaldehyde for 15 minutes with shaking at either 30°C or 39OC. For ce11 cycle or a-factor 

treatment experiments, 500 mL cultures were grown at 30°C to an of 0.3 and a-factor 

(Procyon BioPharma) was added directly to the medium to a h a 1  concentration of 5 pM. 

Cultures were incubated with a-factor for 2 hours until at least 95% of the cells were arrested in 

Gi phase as detennined by microscopy. Cells were pelleted, then resuspended in fiesh YPD 

medium. Fifty mL sampies were taken before the arrest, before the release and every 10 minutes 

after release and cross-linked with 1% formaldehyde for 15 minutes at 30°C. In both cases, 

cross-linking was quenched by the addition of glycine to 125 mM. Cells were pelleted at 3,000 x 

g for 5 minutes, washed twice with ice cold TBS (1 50 m M  NaCl, 20 mM Tris-HC1, pH 7.6) and 

whole ce11 extracts were prepared for use in ChIPs basically as previously described (Strahl- 

Bolsinger et al., 1997). Ce11 lysis was performed in 400 pi, lysis buffer (50 m M  Hepes-KOH pH 

7.5, 140 mM NaCl, 1% Triton X-100, 0.1% Na-deoxycholate plus one EDTA-Free Protease 

pellet for every 50 mL [Boehringer Manneheia) and 400 pL glass beads. The suspension was 

sonicated four times for 10 sec each (resulting in an average hgment size of 0.5 kb) and 

clarified by centrifbgation for 15 minutes at 14,000 g. Protein concentration for each sample was 

determined by Bradford Assay (Biorad). Immunoprecipitations were perfonned with 1 mg of 

extract at 4OC overnight with rotation on a nutator and either 15 pL of protein A sephamse @A) 

alone or 15 pL of pA plus IO pL of mty-purified Swi4 poiyclonal antiboây or 15 pL of pA 



plus 5 pL of mty-purified Swi6 polyclond antibody. Precipitates were washed twïce for 10 

minutes each in 1 mL lysis buffer, and twice for 10 minutes each in 1 mL TBS. Finally, the 

samples were processecl for DNA purification as previously described (Strahi-Bolsinger et al., 

1 997). 

PCR analysis of immunoprecipitated DNA. PCR reactions were canied out in 25 pL 

volumes. Serial dilutions of the Unmunoprecipitated material and the input material for the 

whole ce11 extracts (WCE) were performed to assure the PCR reactions were performed in the 

linear range. Typically PCR reactions were performed with l/2Oûû of the immunoprecipitated 

material, and 1120000 of the input material for whole ce11 extracts (WCE). PCR was perforrned 

using Platinum Taq polymerase (GibcoBRL) with 25 picornoles of each primer and 0.5 pCi of 

p3*-a-dA'I'~. For multiplex PCR with the PCU, PCLI, PHOS and C ' .  promoter primer pairs, 

2.0 mM MgCl2 was used; for PCR with only one primer pair, 1.5 m M  MgCl2 was used. The 

promoters were amplified ushg a cycling program of an initial 2 minutes denaturation at 95°C 

followed by 25 cycles with 30 seconds at 9S°C, 30 seconds at 53°C and 60 seconds at 70°C, and 

a final extension step of 5 minutes at 70°C. n i e  gene-specific primers were designed as  20mers 

with roughly 50% GC content. The PCR primer sequences used for the amplification of 

promoter regions in PH05, PCLI, PCL2, C M ,  RLMI, IZRllOc, WL300w, HHFI, OMI,  

SBPI and SRLIIYOR248c are available upon request. The PCR products were separated on a 5% 

polyacrylamide gel, âried and exposed to Kodak BIOMAX-MR film. 

Microarray hybridization and analysis. Micmarrays containing al1 yeast ORFs or predicted 

ORFs were purchased h m  the MicroArray Centre at the Ontario Cancer Institute. Detailed 

protocols for the construction of the microarrays, labeling, hybridization, and scanning c m  be 

obtained h m  http:l/www.oci.utoronto.calseTYices/micmarray. Image acquisition was with a 



GSI Lumonics ScanArrayB 4000 and ScanArray@ software v1.2. Image anaiysis, including 

detection of more than 12000 spots pet array, was with QuantAmy@ software vp. Data 

exported fiom QuantArraytB was renned to adjust for differences in scanning intensities between 

Cy3 and Cy5 and reproducibility between duplicate spots. Differences in scanning intensities 

between Cy3 and Cy5 signais was corrected for by normalization of the Cy3 or CyS signai 

intensity of each spot to the Cy3 or Cy5 average signal intensity for the entire array (eg Spot X 

Cy3 Normalization = Spot X Cy3 signal/Average Cy3 signal for the array). Uneven spot 

hybridization within a sub-region was tracked manually by visual inspection of the arrays and 

noted prior to normalization. In cases where uneven hybndiation occmed the spot signais were 

normaiized against the average intensity of its subarray, not average of the fiil1 array. In general, 

we have found that normalization of the data globally (fùll-array) or by sub-array does not 

significantly alter the results on high quality chips. However, uneven hybridization on a single 

chip is better corrected for by nonnakation of the data by sub-array. Because sub-array median 

normalization precludes us k m  seeing large changes in gene expression patterns, we have tried 

to Iimit ow use of sub-array normalization and derive correction factors h m  entire data sets. In 

cases where hybridization to one of the duplicate spots was uneven (spots not within 2-fold of 

each other), the gene was rejected h m  fÙrther analysis. Duplicate spots increase the level of 

confidence in a given intensity value and are a good indication of hybridization fluctuations for a 

given gene. Any partially overlapping spots were also excluded fiom the data set. Intensity 

ratios (Cy3Ky5) were derived h m  normalized Cy3 and Cy5 intensity values. 



Heat shock induction of PCLl reporter gent expression is depeadeat on Slt2 and Swi4 bat 

independe~t of Swi6. Upon heat shock Slt2 is required for the 2-3 fold transcriptional induction 

of numerous ce11 cycle-regulateâ genes, including the Gi cyclins PCLl and PCL2 (Igual et al., 

1996; Madden et al., 1997). To charactde the molecular mechanism of the Slt2dependent 

transcrriptional respou, 1 turned to an in vivo assay to analyze the mles of Swi6 and Swi4 in the 

Slt2-dependent transcription of PCLI. To facilitate this analysis, a series of PCLl reporter genes 

was created. Sequences 5' to the PCLl translationai start site, spanning h m  -751 to -146 

relative to the PCLl ATG, were placed upstrearn of a CYCI::lacZ reporter gene on a yeast 

vector to create the reporter plasmid prPCLl-751-l,6 (Ogas et al., 199 1) (Figure 4- 1 A). This 

region of the PCLl promoter contains four consensus SCB elements beginning at -327, -303, - 
294 and -265 and one consensus MCB site at -313. To assay the contribution of SBF and Slt2 

to the UAS activity of the ~ ~ l - ~ ~ ~ - ~ ~ ~  reporter, we transfonned wild type, swi4, swid, mbpl 

and slr2 mutant strains with the prPCLI-7sl -146 plasrnid and the control plasmid CYC1::lacZ. 

None of the strains containing the control reporter gene produced (3-galactosidase activity (data 

not shown). A wild-type strain containing the prPCL 13sl,1,6 reporter gene had signi ficant P- 

galactosidase activity at 30'; upon heat shock the P-galactosidase activity was induced 2 fold 

(Figure 4-1B). Thus, the behavior of the PCLl reporter gene in response to heat shock mirrors 

that of the endogenous PCLI gene (Chapter iII, Madden et al., 1997). As previously shown, the 

P-galactosidase activity fiom the prPCLl-751-1,a reporter gene was completely dependent on 

Swi4 (Figure 4-1B) (Ogas et al., 1991). Swprisingly, we discovered that the UAS activity h m  

the promoter of prPCLl-nI-14~ was independent of Swi6 (Figure 44B); this is unique behavior 



Figure 4-1 SIWSwi4-dependent and Snidindependent activation of ACLI-IacZ reporter 

genes. 

(Panel A) Schematic diagram of the PCLl upstream regdatory regions used to create CYC::JacZ 

reporter constructs. Location of consensus SCB and MCB motifs is indicated. The indicated 

strains were transformeci with either prPCLI-7~/-1,6 reporter plasrnid (Panel B), the prP CLI-363-146 

reporter construct (Panel C) or the prPCfl-751-363 reporter construct (Panel D). Transformants 

were grown at 30°C to log phase (open bars) or p w n  at 30°C to log phase and then heat 

shocked for 30 minutes at 39OC (filled bars). Cell lysates were made and the P-galactosidase 

activity (Miller units) was determhed. Activity depicted was the mean of three expeziments. 





for a SwiWependent gene. Even though there is one consensus MCB element in the PCLI 

promoter, deletion of W B 1  did not affect prPCLl,~sr-r4~ reporter activity (Figure 4-1B). The 

heat shock-dependent induction of the PCLl reporter gene was completely eliminated in the 

sit2A strain (Figure 4-1B). Thus, the reporter gene analysis suggests that the expression of 

PCLl is dependent on h t h  Slt2 and Swi4 but independent of Swi6. To confum the PCLI 

reporter gene analysis, Northem blot analysis was performed to determine the expression of 

PCLl in wild type, WZVA, swi6A and sff2A strains. The Northem blots confïxmed that the 

expression of PCLl is dependent on both Slt2 and Swi4, but independent of Swi6 (data not 

show). 

To identifL the region of the PCLl promoter required for the Swi4Mt2- dependent, 

Swi6-independent heat shock induction, two additional reporter genes were created. The 

prPCLL363 -146 gene contains a segment of the PCLI promoter that lies immediately upstream of 

the translation start site and contains the four SCB elements. The prPCLl-75i -363 construct 

contains only the 5' region of the promoter fiagrnent used in our first PCLl reporter construct 

(Figure U A ) .  Neither half of the PCLI upstream region showed UAS activity comparable to 

the intact PC'1,  nor was the heat shock induction of either haif of the PCLl upstream region as 

stmng as the intact PCLI promoter. This implies that both the 5' and 3' regions of the promoter 

are necessary for proper transcriptional regulation. Unlike the prPCLI-75 1 - 1  46 UAS activity, the 

activhy of the 3' PCLl promoter constnict prPCLI-363-146 activity was dependent on both Swiq 

and Swi6 (Figure 4-1 C). By contrast, regulation of the 5' PCLl promoter constnict (prPCLI-7s 1 -  

363) mimicked that of the full-length reporter gene; both the 5' PCLl reporter gene and the fbll 

length PCLI reporter gene were dependent on Slt2 and Swi4 and independent of Swi6 (Figure 4- 

ID). Remarkably, the 5' region of the PCLI promoter does not contain any consensus SCB 



elements. However, mobility shifi assays using the -751 to -363 region of the PCLI promoter 

as a probe with purified SBF (Baetz and Andrews, 1999) showed that SBF can form a complex 

on this region of the promoter (data not shown). These results suggest that Swi4 may recognize 

a motif in the 5' region of the PCLl promoter whose consensus is different h m  the standard 

SCB element. In surnmary, the reporter gene analysis shows that the region h m  -751 to -363 

bp upstream of the PCLI start site, which contains no consensus SCBq is required for maximum 

reporter gene activity and mediates Swi4- and Slt2-dependence of PCLl expression. 

Phosphorylation of 51116 by Mt2 is not required to maintah ceIl wall integrity. Activation 

of the PKCI-pathway by heat shock or treatment with a-factor (Figure 3-3, and Maddem et al., 

1997), SDS or CFW (data not shown), results in Sld-dependent phosphorylation of Swi6. These 

results have led to the suggestion that Slt2 may regulate gene expression through 

phosphorylation of SBF (Chapta III, and Madden et al., 1997). However, our promoter analysis 

of PCLI suggested that Swi6 may not be required for the SltZdependent heat shock response. 

To determine whether Slt2dependent phosphorylation of Swi6 is required to maintain ce11 wall 

integrity, 1 used a swi6 phosphorylation site mutant. Slt2 is a serinefthreonine-specific kinase 

(Hunter and Plowman, 1997). Al1 of the serine and threonine residues on Sm6 that are 

phosphorylated in vivo have been identifid and mutatd to alanine to create the Swi6 mutant 

narned SA4-Swi6 (Figure 4-2A) (Sidorova et al., 1995). 1 fkst wanted to determine if the SA4- 

Swi6 mutant abolishes Slt2dependent phosphorylation of Swi6. Slt2-dependent phosphorylation 

of Swi6 can be detected by electmphoretic mobiiity shift on SDS-PAGE gels (Figure 3-3, and 

Madden et al., 1997). I assayed Swi6 phosphoisoforms in yeast extracts h m  strains expressing 

the wild type SM6 or the mutant SA4-Sm6 either grown at 30°C or grown at 30°C then heat 



Figare 4-2. Slt2 phosphorylation of Swi6 is not reqaired for d l  wall integrity. 

(A)Schematic diagram of the serine and threonine sites of Swi6 that are phosphorylated in vivo 

and which are mutated to alanine in the mutant SA4-Sm6. (B) The phosphorylation site mutant 

SA4-Swi6 is not phosphorylated in vivo. Western blot analysis using afnnity-purified anti-Swi6 

antibodies was used to detect Swi6 phosphoisoforms in yeast extracts h m  a wi6A strain 

transformed with a 2p plasmid containhg eitber wild type Sm6 (Wt) or the Swi6 

phosphorylation site mutant SA4-Sm6 (SA4). (C) Phosphorylation site mutant SA4-SM6 can 

suppress SDS sensitivity of a w i 6 A  strain. Serial dilutions of the strains indicated were spotted 

on YPD and YPD plus 0.03% SDS and photographd &et three days at 30°C. 





shocked at 39OC for one hour. Upon heat shock, I saw an increase in the phosphorylated fonn of 

Wt Swi6 as previously describeci (Chapter Hi and Madden et al., 1997). However, no detectable 

phosphorylation of Swi6 occurred in the heat shocked cells expressing the SA4 -Sm6 mutant 

gene (Figure 4-2B). I conclude that SA4-Swi6 mutant cannot be phosphorylated by the Slt2 

kinase in vivo. 

1 next asked whether the SA4-Swi6 mutant was able to complement the ce11 wall defects 

of a swi6A strain. Though swi6A strains are not temperature sensitive, swi6A strains are sensitive 

to SDS, CFW and caffeine (Igual et al., 1996; Sidorova and Breeden, 1999). 1 plated wild type 

cells, slttd, swi64 swi6A + Wt-Swi6 and swi6A + SA4-Swi6 on YPD medium and on YPD 

medium containing 0.03% SDS. As previously shown, both the sft2A and w i 6 A  strain failed to 

fonn colonies on the SDS-containhg medium (Igual et al., 1996)(Figure 4-2C). The SDS 

sensitivity of the swi6A strain was suppressed by expression of either wild-type Swi6 or SA4- 

Swi6. Expression of SA4-Swi6 also complemented the CFW sensitivity of the swi6A strain (data 

not shown). My assays suggest that although Swi6 is clearly phosphorylated in a Slt2-dependent 

manner in vivo, phosphorylation of Swi6 by SU2 is not essential for maintenance of ceil wall 

integrity . 
a-factor induction of PCL2 i s  partially dependent on SM2 and SBE Previous studies have 

shown that, as is seen with PCLI, overexpression of PCL2 c m  rescue the temperature-sensitive 

phenotype of slt2A strains (Madden et al., 1997). To begin to ask if PCL2 was regulated in a 

manner similar to PCLI ,  a PCL2 reporter gene was consbucted in which sequences 5' to the 

PCLZ transcriptional start, spanning h m  -982 to -82, were placed upstream of the CYC::lacZ 

reporter gene ( prPCL2.982-82, Figure 4-3A). This region of the PCL2 promoter contains two 

SCB elernents at -370 and -393, three MCB elements at -378, -394 and -577 and one 



Figure 4-3. Pbtromont induction of PCtt expression is prrtidiy dependent on Sit2 and 

SBF. 

(A) Schematic diagram of the PCL2 promoter region used to create the PCL2-lac2 reporter 

constnict P ~ P C L ~ + ~ ~ .  The locations of the consensus SCB, MCB and PRE elements are 

indicated. (B) Alpha-factor induced expression of f3-galactosidase h m  the prPCL2t9899e2 

reporter plasmid. The indicated strains were transformeci with prPCL2-9~9~. The transfonnants 

were grown to mid log phase (open bars) or grown to mid log phase and treated with a-factor for 

2 hours (filled bars). Ce11 lysates were made and the P-galactosidase activity (Miller units) of 

each strain was determined. Activity depicted was the mean of three experhents. 





pheromone response element (PRE) at -520. The PRE is bound by the Stel2 transcription factor 

which is activated by the phemmone response pathway (reviewed in Madhani and Fink, 1998). 

In wild type cells, the prPCL2-9sz-sz reporter failed to reiterate the heat shock induction of 

P U 2  that was previously seen (Chapter III and Madden et al., 1997). However, like the 

endogenous PCL2 gene, the reporter gene was responsive to the pheromone a-factor, which 

arrests sensitive cells in Gi phase in preparation for mating. PCL2 is the only member of the 

PHOBS cyclin family whose transcnpt is immediately induced in response to a-factor treatment 

and by STEI2 overexpression (Measday et al., 1994; Measday et al., 1997; Roberts et al., 2000). 

Since overexpression of P C L I  or PCLZ can suppress the pheromone sensitivity phenotype 

(mating projection defects and ce11 lysis) of a slt2A strain (Chapter III and Madden et al., 1997), 

we used our PCLZ reporter gene to ask whether induction of PCL2 in response to a-fxtor 

induction was dependent on Slt2. Since PKC1-MAPK pathway mutants lyse f i e r  prolonged 

exposwe to a-factor (Costigan et al., 1992; Errede et al., 1995; Madden et al., 1997), we 

performed our experiments in the presence of sorbitol to circumvent the lysis phenotype. The 

construct was used to transfomi wild type, swi4A, sft2A and stel2A strains. The 

PCL2 promoter activity was significaatly increased one hour after a-factor treatment, indicating 

that the addition of sorbitol did not significantly alter the ability of the cells to respond to 

pheromone (Figure 4-3B). The a-factor-dependent induction of the PCL2 reporter gene was 

fiilly dependent on the PRE-binding transcription factor Stel2 (Figure 4-3B). Recent DNA 

microarray analysis suggests that the PKCI-MAPK pathway is required for the pheromone- 

induced Stel2-independent expression of genes f i er  extended pheromone treatment (60 to 120 

minutes) (Roberts et al., 2 0 ) .  Since a-factor induction of PCL2 gene expression was Stel2- 

dependent, we were surprised to find that a-factor induction of the PCL2 promoter reporter was 



also partially dependent on Slt2 (Figure 4-38). Though roles for the Slt2 pathway during 

phemmone response have been described (Buehrer and E d e ,  1997; Roberts et al., 2000; Sheu 

et al., 1998; Zanov et al., 19%), this is the W t  example of the PKCl pathway king required 

for hl1 transcriptional activation of a StelZdependent gene. Surprisingly, we also found that a- 

factor induction of the PCL2 reporter was partially dependent on Swi4 and fiilly dependent on 

Swi6. In summary, we have shown that Slt2 and Swi4 are both required for heat shock 

induction of PCLl expression and a-factor induction of PCL2 expression. 

Iacreased localizaüon of Swi4 and Swi6 to the promoten of PCLl and PCL2 upon beat- 

sbock and a-factor trcatment PCLl gene expression peaks in late Gl (Aerne et al., 1998; 

Measday et al., 1997; Spellman et al., 1998) and the promoter of PCLl contains multiple SCB 

elements (Ogas et al., 1991). Therefore, 1 was surprised to find that the UAS activity of the 

PCLl upstream region was independent of Swi6 (see above). Al1 studies to date indicate that 

both Swi4 and Swi6 are required for SCB-driven gene expression (Andrews and Herskowitz, 

1989; Breeden and Nasmyth, 1987; Nasmyth and Dinck, 1991); in the absence of Swi6, Swi4 is 

unable to bind SCBs both in vitro (Chapter II and Baetz and Andrews, 1999) and in vivo (Cosma 

et al., 1999; Harrington and Andrews, 1996; Koch et ai., 1996). 

To directly examine the association of Swi4 and Swi6 with the PCLl and PCL2 

promoters, 1 perforxned chromatin irnmunoprecipitation (ChIP) assays using afinity-purified 

Swi4 and Swi6 polyclonal antibodies. Cells were synchnized in early GI with a-factor, and 

then released into fiesh media to allow the cells to pmgress through a synchronous ce11 cycle. 

Samples were taken at 10 minute intervals following release h m  a-factor and were analyzed for 

position in the ce11 cycle by propidiwn iodide staining and FACS. Cells begin to traverse the 

GiIS boundary 20 minutes after release (data not shown). For each time point the cells were 



fUred with formaîdehyde and chmatin was isolateci using either the Swi4 or Swi6 antibodies. 1 

then measufed the abundance of specific DNA sequences within the immunoprecipitates using 

the polymerase chah reaction (PCR) and appropriate primer pairs. Each reaction contaiaed four 

sets of primers, which enabled me to simultaneously measwe the relative abundance of Swi4 and 

Swi6 at the promoters of PCLI, PCL2, CLNZ and PH05. For PCLI, PCL2 and CLN2 the primer 

pairs were designeci to straddle any recognizable SCB or MCB elements. PH05 was chosen as a 

negative control since there are no detectable SCB or MCB elements in its promoter (SCPD, 

2000), its transcription is not ce11 cycle-regulated (Spellman et al., 1998) and there have been no 

reports of Swi4- or Swi6- dependent transcription of PHOJ. In agreement with this, ChTP using 

either aninity purified Swi4- or Swi6-antibodies did not enrich for PHOS promoter DNA above 

that of the ChIP negative controls of protein A-sepharose alone (no antiboây) or ChlP using non- 

crosseci linked lysates (NX). Further, ChiP using swi4A or swi6A strains and afanity purified 

Swi4- or Swid-antibodies respectively, did not enrich for PCLI, PCL2 or CLNI promoter DNA 

(data not shown). This suggests that my ChIPs are specifically enriching for DNA that Swi4 and 

Swi6 are localizing to in vivo. 

The localization of Swi4 and Swi6 to the CLNI promoter peaked in late Gl, which is the 

time at which SBF-dependent ce11 cycle-regulated transcription is known to occur (Figure 44A, 

20 minute tirne point). SBF also interacted with the promoter of CLN2 at the same tirne (data 

not shown). Thus, my ChIP assays, using either Swi4 or Swi6 antibodies, provide a 

represenative snapshot of what is occurring in vivo. The ce11 cycle expression of PCLI is 

similar to that of C .  and CLN2 (Aerne et al., 1998; Measday et al., 1997; Spellman et al., 

1998), and 1 found that peak localization of Swi4 and Swi6 to the PCLJ promoter aiso occurred 

at 20 minutes. Expression of PCL2 peaks earlier than that of PCLi and CLNJ and is partially 



Figure 44. Swi4 and Swi6 Iocdhtion to the promoters of PCLl u d  PCLI doring heat 

shock and a-factor treatment. 

(A) Ce11 cycle Chromatin Immunoprecipitation (IP) using affinity-purined Swi4 antibodies (left 

panel) and Swi6 antibodies (right panel). A wild type strain (BY 263) was grown to mid log 

phase, then blocked in G1 with a-factor and released into fksh medium and samples were taken 

every ten minutes. FACS analysis determined that cells were progressing through the Gi-S 

boundary at the 20 minute tirnepoint (not shoum). Samples taken of the unsynchronized Iog 

phase culture (log), the Gi m t e d  cells (a-factor) and at 10 minute tirne-points after release 

were cross-linked with formaldehyde. Whole ce11 extracts (WCE) were made and ChIP was 

done using protein A-sepharose alone @A), or with afnnity-purified Swi4 or Swi6 antibodies as 

ùidicated. In the top panels multiplex PCR was perfomed to ampli@ the pmmoter regions of 

PCL2, PCLI. PH05 and CLNl in each of the ChIP samples, in an immunoprecipitation using 

extract which was not cross-linked 0, and in whole ce11 extracts (WCE). The graphs depict 

the results of phosphorimager analysis of each PCR product. The results are expressed as a 

percentage of the product in WCE. (B) Heat shock Chromatin Immunoprecipitation. Cultures of 

a wild type strah (BY263) that was either grown at 30°C (white bars) or grown at 30°C and heat 

shocked at 39OC for 30 minutes (gray bars) or 60 minutes (black bars) were cross-linked with 

formaldehyde. Lysates were made and ChIP was perfomed using using protein A-sephamse 

alone @A), or with affinity-purified Swi4 antibodies (a-Swi4) or af;EUiity-purified Swi6 

antibodies (a-Swid). PCR was performed to ampli@ the promoters of PCLI, PCL2 and PUOS 

on the ChIP samples and in WCE. The bar graphs depict the results of phosphorimager analysis 

of each PCR product. The results are expressed as a percentage of the product in WCE. 
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dependent on Swi5 (Aerne et al., 1998; Measday et al., 1997). M y  ChIP experiments did not 

detect a strong Swi4 or Swi6 association with the PCL2 promoter during the ce11 cycle. This 

result suggests that either our tirne points did not catch the peak binding of SBF to the PCL2 

promoter or that SBF binding to the PCL2 promoter is not required for ce11 cycle regulation of 

PCL2. 

Upon a-factor treatment the expression of CLAU, CLN2 and PCLl genes is repressed 

(Measday et al., 1997; Tyers et al., 1992). As mentioned above, PCLZ is the only G1 cyclin 

whose expression is induced by a-factor treatment (Measday et al., 1994) and hi11 a-factor 

induction of PCL2 is SBF dependent (Figure 4-3). Upon a-factor treatment Swi4 and Swi6 

localization to either the CLNl promoter (Figure U A )  or the CLN2 promoter (data not shown) 

remaineci low, while Swi4 and Swi6 localization to PCL2 promoter dramatically increased 

(Figure 4-4A). Remarkably, even though the PCLl gene is not expressed during a-factor 

treatment, Swi4 and Swi6 localization to the PCLl promoter also dramatically increased upon a- 

factor treatment. 1 conclude that the increased association of SBF to the PCLI pmmoter during 

a-factor treatment is not sufficient for PCLl expression. My results suggest that there must be 

an activation event specific to the SBF on the promoter of PCL2 during the pheromone response 

that does not activate SBF on the promoter of PCLI. 

1 next asked whether heat shock affecteci the localization of SBF to the promoters of 

PCLI and PCLZ. 1 p d o d  ChIP experiments on cross-linked cells that were grown at 30°C 

or cells that were grown at 30°C and heat shocked at 3g°C for either 30 or 60 minutes. I used 

phosphorimager analysis to compare the PCR product of the ChIP to that of the whole ce11 

extract (WCE). Heat shock increased the localization of both Swi4 and Swi6 to the promoters of 

PCLl and PCL2 (Figure 4-4B) but not the promoter of CLNl (data not shown). In 



Figure 4-5. Mt2 activity is prrtidly requireà for SBF l o c ~ t i o n  to the promoten of PCL2 

and PCtT. 

(A) PCR amplification of ChlP h m  wild type and sk2A strains. Wild type (BY263) and slt2A 

(BY1342) cultures grown at 30°C (log), heat shocked for 1 hour at 39OC (HS) or treated with a- 

factor for 2hrs (a) were cross-linked with fonnaldehyde. Lysates were made and ChIP was 

performed using protein A-sepharose alone @A), Swi4 antibodies (Swi4-Ip) or Swi6 antibodies 

(Swi6-Ip). Multiplex PCR was perfonned to amplifj. the promoter regions of PCL2, PCLi, 

PH05 and CLNI h m  each of the immunoprecipitated chmatin and the whole ce11 extract 

(WCE). (B) Phosphorimager analysis of each PCR product was perfomed and the Iocalization 

of Swi4 and Swi6 to the promoters of PCLI, PCL2, PHOS and CLNl are depicted as % of the 

WCE immunoprecipitated. Wildtype ChIPs are depicted in the light blue bars, sk2A ChIPs are 

depicted in the dark blue bars. This is a representative of two separate experiments. 





summary, under two conditions which activate the MAP kinase SM, heat shock and a-factor 

treatment, SBF localization to the promoters of PCLl and PCLZ increases. 

Localization of SBF to the promoten of PCLI and PCLZ upon heat shock and pberomoae 

treatment 4s partiai@ depeadcnt on Sm. Since 1 saw increased binding of SBF to the 

promoters of PCLl and PCL2 under two conditions which activate SIt2 (Kamada et al., 1995; 

Zanov et al., 1996), I next tested the localization of SBF to PCL promoters in a slt2A strain. 1 

used Swi4 and Swi6 polyclonal antibodies to immunoprecipitate chmatin fiom fomaldehyde 

cross-linked wild type and sIf2A celb that were either in log phase, heat shocked at 3g°C for 60 

minutes or treated with a-factor for 2 hours. Since both heat shock and a-factor treatment 

cause ce11 lysis in slr2 mutant cells, both the wild type and SU cells were grown in media 

containhg sorbitol. Addition of sorbitol did not affect a-factor induction of PCL2 promoter 

activity (above) or heat shock induction of PCLl promoter activity (data not shown). In cells 

grown at 30°C, Swi4 and Swi6 associateci with the PCLl and PCL2 promoters at similar levels in 

both wild type and slt2A ceils (Figure 4-5). In wild type cells upon heat shock, the localization 

of Swi4 and Swi6 to both the PCLl and PCL2 promoters increased. However, in cells the 

localization of Swi4 and Swi6 to the promoters of PCLI and PCL2 was reproducibly reduced. 

a-factor treatment of wild type cells also results in increased localization of Swi4 and Swi6 to 

the PCLI and PCL2 promoters, but the localization of SBF to the PCLl and PCL2 promoters is 

reproducibly reduced in slt2A cells. Notably, deletion of SLT2 does not fùlly eliminate the 

induction of SBF localization to the PCLl and PCL2 promoters. This indicates that Slt2 activity 

is only partially required for the increased localization of SBF to the promoters of PCLl and 

PCL2 upon heat shock or a-factor treatment. 



Figore 4-6 DNA mlcrormy rnrlysis of slttd and swi4A s t n i n s  following hert shock. (A) 

Signature plot for a wild-type strain (BY263) with reciprocally labelled (Cy3 and Cy5) cDNAs. 

Fluorescently labeled cDNAs derived h m  wt cells following a 45 minute temperature shift to 

39°C were hybndized to two DNA microarrays, each carrying al1 of the predicted open reading 

hunes of yeast in duplicate. Data h m  one such microarray is displayed as the Cy5/Cy3 ratio 

[l~g~dexpression ratio)] versus the average intensity [logio(intensity)] for each probe. Al1 dots 

are coloured blue and lie within a two-fold expression ratio cutoff as expected. (B) Correlation 

plot of a swi4A strain versus a wild-type strain following mild-heat shock. Fluorescently labelled 

cDNAs derived h m  swi4A and wild-type cultures treated by mild heat shock were analyzed on 

two micmarrays. This process was repeated a second tirne. The four microarrays were analyzed 

in parallel and one representative dataset is displayed in correlation with a wild-type dataset. 

Grey dots indicate genes whose expression levels lie within the 2-fold cutoff ratio. Red dots 

indicate genes whose expression is induced more than 2-fold in a swi4A strain. Green dots 

indicate genes whose expression is reduceâ more than 2-fold in a swi4A strain. Orange, yellow, 

blue and light grey spots indicate genes that lie outside the 2-fold cutoff ratio in a reciprocally 

labelled wild-type strain. (C) Correlation plot of a SU strain versus a wild-type strain 

following mild-heat shock. Fluorescently labelled cDNAs derived h m  d t 2 A  and wild-type 

cultures treated by mild heat shock were analyzed on two microanays. This process was 

repeated a second tirne. The four microarrays were analyzed in paralle1 and one representative 

dataset is displayed in correlation with a wild-type dataset. The colour scheme of the dots is the 

same as in (B). @) Correlation plot of a slt2A strain versus a swi4A strain. Representative slt2A 

and swi4A datasets were plotted against each other. Light green spots represent genes whose 

expression is reduced more than 2-fold in both swi4A and sftA strains. Orange spots represent 



g e n s  whose expression is induced more than 2-fold in both swi4A and sk24 strains. Yellow and 

blue spots represent genes whose expression is either reduceâ or increased more than 2-fold in a 

swi4A strain, respectivety. Darlc green and red spots represent genes whose expression is either 

reduced or increased more thau Zfold in a slt2A strain, respectively. The figure was made by 

Jason Moffat. 
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DNA m i c m m y  rindysis of global gene expression in swi4A u d  slt2A mutants. SLT2 is 

required for the heat shock induction of the SBF-dependent gmes PCLI, PCL2 and various ce11 

wail biosynthetic gens (Chapter III, and Madden et al, 1997; Igual et al., 19%). The PCLl 

reporter gene assays present above (Figure 4-1) have detenniaed that the heat shock induction of 

PCLI is dependent on Swi4 but might not be mediateci through tradittional SCB elements. 

Further, chmatin immunoprecipitation experiments presented above suggest that Slt2 activity 

may regdate the locaîization of SBF on the promoters of Slt2-responsive genes. These results 

suggest that there may be unique elements in the promoters of PCLI and PCL2 that may specify 

SLT2-dependent localization of SBF. In view of this, Jason Moifat and 1 perfonned DNA 

microarray analysis to identiw new genes that requin? both SLT2 and S m 4  for their heat shock 

induction. To characterize the genome-wide changes in transcription that accompany heat shock, 

DNA micmarrays of the known and predicted genes of Sacchatomycces cerevisiae were probed 

with diffefentially labeled (Cy3, Cy5) cDNA pools derived h m  cultures heat shocked for 45 

minutes at 3g°C. 

Transcriptional profiles for swi4A and slt2A strains were compared with those of a wild- 

type strain treated identically. For our experiments, we defïned genes as dependent on Sm4 

and/or SLT2 if expression levels consistently changed more than 2-fold in the mutant strains 

relative to wild-type in four independent experiments (see Materials and Methods). SKI4 was 

required for the minimum Zfold change of more than 300 genes (Figure 4-6B) while SLT2 was 

required for the minimum 2-fold change of more than 150 genes (Figure 46C). Cornparison of 

the swi4A versus d t2A profile showed that the expression of 28 genes was dependent on both 

S m 4  and SLT2 following heat shock (Figure 46D and Table 1). 1 believe the DNA microarray 

analysis is representative of in vivo expression profiles for three reasom. First, as predicted, 



Table 4-2 S~mmrry of Slt2lSwiedepeadent genes 

namc ORF ecll-cyck SCB MCB Putative SCB sites 
expression (CNCCAAA) (WCwGw) 

Cell wail or putative ceil wrll proteins 
MîVlVI YEROOlw Gl 

YOR383c NCR 

SCW4 YGR279c M 
PSA l YDLO55c Gl 

YNL300w G, 

AQYI YPRl92w NCR 
YLRllOc NCR 

SUN4 YNL066w NCR 
PMAI YGLîWûc M 
FKSI YFL342w Gl 
DNA interacting genu 
ARG80 YMR042w NCR 
HHFI YBR009c S 
Hm2 YBLOO2w S 
TUPI YCRO84c NCR 
YOXl YMLO27w Gi 
RNA remodeliag gcnes 

YNROSIc NCR 
DBP2 W L l l 2 w  NCR 
SBPl YHL034c NCR 
Mitochondrial and mctaboiic gcnes 
O U I  YER154w NCR 
GDSI YPR355w GI 
TKLI YPRO74c NCR 
Unkaowa function 

YCR029c NCR 
PRY2 YKROI3w Gi 

SCS2 YERI2ûw NCR 
YDRI33c NCR 

SRLI* YOR247w GI 
YOR248c GI 

Cyclins 
PCL2 YDL127w Gi 
PCLI m ~ 2 8 h v  G, ** 

ACGACAAA (-366~) 
GCGCGAAG (-720~) 
CTAGCGAAA (-522) 

ACGCCAAA A(-54 1) 
ACGCCAAAA (-467) 
ACGCCAAA (-264~) 

ACGCGCAA (-558) 

ATGCGAAAA (-770) 
ATGCGAAAA (-375) 

ACAAGAAA (-58~) 

ACMGAAA (- 1  SC) 

CTGCGAAT (-383) 
ATGCGAAT (-484) 
AGCGGAAA (-2 1 9) 

Cell Cycle Expression is detcrmined fiom (Cho et al., 1998; S p e b  et al., 1W8); NCR = Not CelECycle 
Regula tcd 

Note YOR247w and YOR248c share the same promotcr 
** PCLI was not identifid in the DNA microarray analysis 



CLNI and C m 2  expression was d e c t e d  by heat shock in either a wi4A or slt2A strain 

(Chapter IïI and Madden et al., 1997). Second, expression of the Slt2dependent gene RLMI 

was reduced in a slt2A strain F o u  and Treisman, 1997; Roberts et al., 2000) but was 

unaffecteci by deietion of Sm#. Finally, expression levels of PCL2, MhUI, and F a ,  three 

genes whose expression was known to be dependent on both Slt2 and Swi4 (Igual et al., 1996; 

Madden et al., 1997), were reduced more than 2-fold in expression in both the swi4A and slt2A 

strains. Though PCLI expression was consistently reduced in both swi4A and slt2A strains, it 

was not identified in the microarray experiments because PCLI expression was reduced by less 

than the cut-off of 2-fold. This result suggests that there may be other genes CO-regulated by 

SM4 and S U 2  that our screen has missed. Nonetheles, the microarray experiments identiQ a 

group of 28 genes that appear to be coordinately regdateci by Slt2 and Swi4 (Table 4-2). 

SwM and Swi6 locaüze to the promoters of some newly identüied SltL/SwWdependent 

genes. Several of the SltZ/SwiCregulated genes that Jason MoHat and 1 identified in our DNA 

microarray experiments contain either consensus SCB elements or consensus MCB elements in 

their promoters (Table 4-2). However, 7 of the 28 genes that were dependent on both Slt2 and 

Swi4 contained neither consensus SCB nor MCB elements within 1000 base pairs upstream of 

the presumptive open reading m e  (Table 4-2). To test whether some of the new genes that we 

identified in our microarray experiments were direct targets of SBF, 1 used my chromatin 

immunoprecipitation assay to ask whether SBF localized to the promoters of some of the gens. 

1 designed primers to specifically ampli@ the promoter regions of some the SwWSlt2-dependent 

genes identified in our mimarray experhent. 1 used these primers on the DNA isolated for the 

ChlP assay shown in Figure 4-5. As expected, neither Swi4 nor Swi6 immunoprecipitated the 

negative control promoter of PHOS or the pnimoter of RLMl (Figure 4-7) whose expression is 



Figure 47. SwM and Swi6 locrlhe to the promoters of Sltt/Swiedependent gencs. 

Wild type (BY263) cultures grown at 30°C (log) or grown at 30°C and heat shocked for 1 hour at 

39OC (HS) were cross-linked with formaldehyde. Whole ce11 extracts (WCE) were made and 

ChIP was perfoxmed ushg protein A-sephamse alone @A), Swi4 antibodies or Swi6 antibodies. 

As indicated PCR was performed on the ChIP samples and on a WCE to ampl@ the promoter 

regions of the genes listed to the right of the panel. 
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dependent on the activation of the PKCI-pathway and independent of Swi4 @NA mimamiy 

data above and Dodou and Treisman, 1997; Roberts et al., 2000). Likewise, 1 did not detect 

localïzation of SBF to the promoters of OX41 or SBPI (data not shown). However, 1 did detect 

SBF localkation to the promoters of IZAllOc, lWZ300w, HHFl and the shared promoter of 

SRLI and YOR248c. Interestingly, as indicated in Table 1, ER1 I O c  is not classified as a ce11 

cycle-regulated gene by DNA microarray analysis (Cho et al., 1998; Spellman et al., 1998) and 

the promoter of HHFl does not contain consensus SCB elements. My ChIP experiments suggest 

that regdation of SBF by Slt2 may allow SBF to regulate non-ce11 cycle genes. Since 1 did not 

detect SBF on al1 the promoters, 1 concluded that the role of Slt2 and Swi4 in regulating some of 

the genes may be indirect. 



DISCUSSION 

1 have used genetic and biochemical appmaches dong with DNA microarray analysis to 

describe a p u p  of genes whose expression is dependent on both the ce11 cycle transcription 

factor Sm4 and the PKCI-activated MAP kinase Slt2. The analysis shows that genes that are 

sensitive to both Slt2 and Swi4 are uniquely regulated, which may refîect the ability of Slt2 to 

modulate the activity of Swi4. This modulation may ailow Swi4-dependent transcription in the 

absence of Swi6. 1 propose that Sltîdependent regulation of the G1 transcription factor Swi4 

facilitates the utilizaîion of Swi4 in the non-ce11 cycle role of regdahg expression of a group of 

genes requved for ce11 wall integrity. 

Swi6 phosphory1afion iiid the Pm-pathway. 

My studies show that although Sm6 phosphorylation is dramatically increased upon Slt2 

activation (Chapter III and Madden et al., 1997), a Swi6 mutant that is not phosphorylated in 

vivo is capable of suppressing the ce11 wall integrity defects of a swi6A strain (Figure 4-2C). 

These results suggest that although Swi6 is necessary for proper ce11 wall maintenance (Igual et 

al., 1996; Sidorova and Breeden, 1999), phosphorylation of Swi6 by Slt2 may be coincident with 

SM-activation but not necessary for maintenance of ce11 wall integrity. Similarly, Swi6 

phosphorylation upon Rad53 activation is coincident with repression of Swi6-dependent 

transcription; however it is not known whether the repression is dependent on Swi6 

phosphorylation (Sidorova and Breeden, 1997). One possibility is that Swi4 is the relevant 

biological target of Slt2, and Swi6 becomes phosphorylated due to the proximity of Swi6 to Sm4 

(see below for fùrther discussion). Due to the role of Swi6 in regulating the peaks and troughs of 

ce11 cycle transcription, most studies to date have focused on the role of Swi6 phosphorylation. 

However, my results suggest that a renewd focus on the mle of Swi4 phosphorylation may be 



fiuitfiil. Altematively, phosphorylation of Swi6 by Slt2 may indeed have a cellular role that has 

yet to be identified. 

Swi4 and SM2 regalate the hert sbock induction of 28 gents. In order to understand the 

transcriptional role of Swi4 and Slt2 in maintaining ce11 wall integrity, Jason Moffat and 1 

perfomed DNA microarray analysis to identiQ genes that r e q h  both Slt2 and Swi4 for their 

expression during heat shock. We identified 28 genes whose transcriptional induction was 

dependent on both Swi4 and Slt2 (Figure 4-6D and Table 4-2). These genes can be grouped into 

5 major classes: 1) ce11 wall genes or putative ce11 wall genes; 2) DNA interacting genes; 3) RNA 

remodeling genes; 4) mitochondrial and metabolic genes; and 5) genes of unknown fimction. 

Previous studies have suggested that the PKCl pathway and Swi4 have separable effixts 

on the expression of ce11 wall biosynthetic genes; it was proposed that Swi4 may regulate only 

ce11 cycle expression while the PKCl pathway regulated the basal expression and heat shock 

induction of the ce11 wall genes (Ijpal et al., 1996). However, our microarray experiments reveal 

10 known or putative ce11 wall genes whose expression during heat shock was dependent on both 

Swi4 and Slt2. This group included two ce11 d l  biosynthetic genes, W l  and F m ,  

previously identified as being w-regulated by Pkcl and Swi4 (Iguai et al., 1997). My work 

suggests that for at least the MNNl and FKSl genes the effects of Swi4 and Slt2 are not 

separable, as Swi4 is required for their k a t  shock induction. As expected, we also identified 8 

other known or putative genes involved in ce11 wall maintenance. Ce11 wall defects similar to 

those seen in Slt2 and Swi4 mutants have been report4 for yeast strains mutant for four of the 

genes we identifieâ in our microarrays: the GDP-mannose pyrophosphorylase-encoding gene 

PSAl (Gellissen and Hollenberg, 1997), the H+ symport-encoding gene PU41 (McCusker et al., 

1987), the aquaporin-encoding gene AQYl (Bonhivers et al., 1998) and the covalently linked ce11 



wall component-en&g gene YZRIlOc (Mrsa et al., 1999). Our amy study suggests that these 

genes are targets of the PKCI-pathway. SCW4 and S W 4  have been identified as genes 

encoding soluble ce11 wall proteins (Cappellaro et al., 1998), while the YOR383c and YNL300w 

genes encode putative glycophosphatidylinositol (GP)-anchor pmteins which are predicted to be 

incorporated into the ce11 wall (Caro et al., 1997). It will be hteresting to determine whether 

mutations in these putative ce11 wall genes also cause similar osmotic ce11 wall defects. 

The next major set of genes identified in our microarrays contained genes invoived in 

transcription or chromosome structure, incluâing H m ,  HTB2, TUPI, MG80 and YQXl. 

Interestingly, four of these genes have been implicated in the repression of transcription. HHFI 

is required for silencing, and depletion of HHFl causes an increase the expression of 15% of al1 

genes, most of which are located witbin 20kb of the telomeres (Wyrick et al., 1999). In fact, a 

large subset of induced genes were members of the COS family of subtelomerically-encoded 

proteins. HTBt can also repress transcription when directed to DNA, but its role in repression is 

not fiilly characterized (Recht et al., 1996). TUPI represses the transcription of a wide variety of 

genes including hexose transporters, alpha-glucosidases, mating-specific genes, DNA damage- 

inducible genes and gens  involved in flocculation (DeRisi et al., 1997). ARG80 encodes a 

MADS-box-containing protein with high similarity to Mcml and Rlml and has been implicated 

in the repression of at least 6 genes necessary for anabolic arginine biosynthesis. (Qiu et al., 

1990). The SWSwi4-dependent induction of these genes upon heat shock suggests that 

maintenance of ce11 wall integrity upon heat shock may requise the repression of numerous 

genes. Though we identified 4 genes involved in repression of transcription through our DNA 

rnicmarray analysis, we did not identifjr many genes whose expression was induced in both the 

swi4A and slttd strain. We specifically chose to look at mRNA levels after 45 minutes of heat 



shock to attempt to identify genes whose transcnption was directly dependent on Slt2 and Swi4; 

therefore, it is likely this time period is too short to see eEects of compromiseci repression. 

Interestingly, we also identified numemus genes whose mles in ce11 wall maintenance 

remains a mystery. These include three genes which encode proteins that have been implicated 

in RNA processing, DBP2, SBPI and YNROSlc, a gene encoding a trausketolase which is needed 

for the biosynhesis of aromatic amino acids, TKL1, and a mitochondrid gene OX41. We also 

identified several genes whose cellular role is undetemined. Roles for these genes in 

maintainhg the integcity of the ce11 wall need to be explod. 

Roie of PgCI-prthway and SBF in pberomoae rcsponse. In addition to regulating a subset of 

Swi4 targets during mitotic growth, my work suggests that SltZ may also partner with SBF to 

regulate the pheromone-dependent induction of gene expression. DNA rnicmarray analyses have 

examined genome-wide patterns of gene expression in response to pheromone treatment 

(Roberts et al., 2000). Interestingly, pheromone treatment induces several transcriptional 

responses; including the expression of early pheromone-induced genes dependent on the 

transcription factor Stel2 and the expression of late pheromone-induced genes dependent on 

PKCI. The late-induced genes are not enriched for PREs in their promoters, nor are they 

induced by overexpression of STEl2. These results suggest that the PKCI-MAPK pathway 

likely activates other transcription factors necessary for the late pheromone-induced genes. 

Interestingly, PCL2 was identified as an early pheromone-induced gene, whose expression was 

dependent on STEl2. My studies CO- that induction of PCL2 expression in response to a- 

factor depends on Stel2, but dso reveal a requirement for both Swi4 and Slt2 for the full 

activation of the promoter (Figure 4-3). This pattern of dependency suggests that the P C . 2  gene 

may be responsive to both early and late pheromone signals, requiring Ste12 for early 



phemmone response and requiring Slt2 aud SBF for the late ph~omone response. Alternatively, 

there may be a subset of phemmone-responsive genes whose full induction is dependent on 

Stel2, Slt2 and SBF. 

Unlike PCL2, PC.1 expression is not induced by a-factor. Nonetheless, 1 found that 

there was an enrichment of SBF on the promoter of PCL l upon a-factor treatment (Figure 4-4). 

As descnbed earlier, SBF localization to GI-specific promoters in early Gl phase is necessary but 

not sufficient for transcription activation (see Chapter 1, section IV A and Cosma et al., 1999; 

Harrington and Andrews, 1996; Koch et al., 1996). My results show that SBF binding to 

promoters during the transcriptional response to pheromone treaûnent is also not sufficient for 

activation of transcription. In both cases, it is clear that SBF-dependent transcription requires an 

activation event. Slt2 has some transactivation activity (Costigan et al., 1994; Soler et al., 1995); 

so far, our atternpts at localizing Slt2 to the promoters of either PCLl or PCL2 have been 

unsuccessfùl. Either Slt2 does not localize to DNA or its interaction with promoters is transient 

and not detectable with the ChlP assays. Altematively, SBF activation in response to Slt2 rnay 

require other proteins. 

Sltt-dependent reguktion of Swi4 ietivity. Through DNA microarray analysis, 28 genes were 

identified whose transcription was dependent on both Slt2 and Swi4. Interestingly, though these 

genes are dependent on Swi4, many are not cell-cycle regulated in late Gl or S phase when SBF- 

dependent transcription norrnally occurs, nor do al1 the promoters of Sitî/SwiQdependent genes 

contain consensus SCB elements (Table 4-2). However, my ChIP experiments showed that Swi4 

cm localize to the promoters of many of these genes, including genes whose promoters are 

devoid of consensus SCB eIements and genes whose expression is not induced in late Gl or S 

phase. Together, the DNA microarray analysis and ChIP experhents provide striking evidence 



that the h c t i o n  of Swi4 is not ümited to the ce11 cycle. 1 propose that SltZdependent regulation 

of Swi4 facilitate the utilization of Swi4 outside of the ce11 cycle. 

Using a PCL1::lacZ repofler gene, we found that the heat shock induction of PCLf 

expression was dependent on Swi4 and Slt2 and independent of Swi6. The basal levels of PCLl 

were also not affected in a swi6A. The Swi6-independence was surprishg since both Swi6 and 

Swi4 are requireà for the ce11 cycle-regulated expression of SBF target gems at Start (Breeden, 

1996; Dirick et al., 1992; Lowndes et al., 1992). Swi6 regdates Swi4 DNA-binding (Baetz and 

Andrews, 1999; Haxrington and Andrews, 19%; Koch et ai., 1996) and also contains two trans- 

activating regions necessary for ce11 cycledependent transcription (Sedgwick et al., 1998). While 

a dennitive test of the requirement of Swi6 for the ce11 cycle expression of PCLl has not been 

done, my cell-cycle ChIP experiments show that Swi6 is localued to the promoter of PCLl at 

the peak of Gl transcription (Figure 4-4). The 3' SCB-containing region of the PCLl promoter 

was dependent on both Swi4 and Swi6, comparable to other SBFdependent genes (Andrews and 

Herskowitz, 1989; Breeden and Nasmyth, 1987; Nasmyth and Dirick, 1991). 1 propose that the 

ce11 cycle regulation of PCLl may require both Sm6 and Swi4 and is mediated through the 3' 

SCB-containing region of the PCLI promoter. In contrast, the heat shock induction of PCLf 

requires Swi4 and Slt2 but not Swi6 and may be mediated by the more 5' upstream sequences 

that is devoid of consensus SCBs. If the heat shock expression of the newly identified 

SW/Swi4-dependent genes is also Swi64ndependent (see Chapter V, section II), heat shock 

activation of Slt2 may modulate the activity of Swi4 to function in the absence of Swi6. 

1 envision two models to explain the apparent Swi6-independent regulatory pmperties of 

Swi4. First, both in vitro and in vivo experiments show that Swi4 kas no inûinsic ability to bind 

DNA in the absence of Swi6 due to autoinhibition of DNA-binding involving both the DNA- 



binding domain of Swi4 and the C-terminal region that interacts with Swi6 (Chapter II, Baetz 

and Andrews, 1999). A simple model to explain the Swi6-independence of Swi4 is that 

phosphorylation of Swi4 by Sltî may relieve the intramolecular interactions that prevent Swi4 

h m  binding DNA in the absence of Swi6 (Chapter ïI, Baetz and Andrews, 1999). Consistent 

with this model, CO-immunoprecipitation experiments and kinase assays show that Slt2 can 

interact with and phosphorylate both Swi4 and Swi6 in vitro (Chapter III, Madden et al., 1997). 

Phosphorylation of the Ets-1 transcription factor can modulate its DNA-binding inhibition 

(Cowley and Graves, 2000); likewise, phosphorylation of Swi4 might affect its auto-inhibition of 

DNA-binding or the sequence specificity of DNA-binding. 

Second, Slt2 may regdate the interaction of Swi4 with another transcription factor, 

which can alleviate the auto-inhibition of Swi4 DNA-binduig (Baetz and Andrews, 1999) d o r  

alter the DNA-binding specificity of Swi4. The Swi4 homolog, Mbpl, can interact with the 

transcription factor Skn7 instead of Swi6 and the interaction of Mbpl with Skn7 alters the 

activity and promoter specificity of Mbpl (Bouquin et al., 1999). Likewise, Swi4 may also have 

alternative partnets that regulate the binding of Swi4 to DNA. 

MAP kinases have k e n  implicated in the regulation of nucleosomal and chromatin 

rmodeling regulation (reviewed in Belotserkovskaya and Berger, 1999; Thomson et al., 1999). 

Recent dissection of the SBF-dependent gene HO has shown that directed chromatin remodeling 

of the locus is required before Swi4 c m  bind the promoter (Cosma et al., 1999; Krebs et al., 

1999). This work suggests that the promoters of other Swi4-dependent genes may also have to 

be remodeled to allow Swi4 DNA-binding. One of the rules of Slt2 may be to activate or 

coordinate chmmatin remodeling on the promoters of Slt2-dependent genes to allow Swi4 to 

specifically bind only these promoters and not al1 SBFdependent genes. In agreement with this 



idea, my ChIP experimcents indicate that Slt2 is partially responsible for localizing Swi4 and 

Swi6 to the promoters of PCLl and PCL2 upon heat shock and a-factor treatment. 

If the mle of Slt2 is to specifically modulate the chromath structure of only Slt2/Swi4- 

dependent genes, the DNA sequence specificity of Swi4 might not have to be modulated. 

Consistent with this ide* promoter andysis of the newly identified subset of SlWSwi4- 

dependent genes did not reveal any consexved motifs that are unique to this subgcoup of genes. 

Instead, many degenerate SCB-like elements were found in these promoters (Table 4-2). 

Though detaild analysis of Swi4 DNA sequence spccificity has yet to be conducted, Swi4 may 

indeed bind these SCB-like sequences; SBF binding is not limited to consensus SCB elements 

(Cross et al., 1994; Partridge et al., 1997). Furtkcr, it has recently been proposed that SBF rnay 

bind the degenerate SCB consensus of ACRMSAAA (where R is A or G, M is A or C, and S is 

C or G) found in the promoters of Gl-genes (Spellman et al., 1998). This might explain why we 

were unable to identim any ciifference between the SCB motifs of the GI-genes and the subset of 

Slt2/Swi4-dependent genes. Presently, only three in vivo targets of Slt2 have been identified; a 

more complete view of in vivo substrates of Slt2 will be required to better define the dual role of 

Slt2 and SBF in activating gene transcription (see Chapter V, section III). 



CHAPTER V 

Thesis Summary and 
Future Directions 



1 Tbesis Summrry 

In al1 eukaryotic cells, the cornmitment to enter the ce11 cycle at the 'Restriction Point" or 

"Start" in late Gl is a highly regulated event characterucd by a burst of gene transcription. In 

budding yeast, the heterodimeric transcription factor SBF is required for the induction of a large 

group of genes at Start. Once SBF is activated in late Gi, the program of gene expression and 

other events that ensue drive cells imversibly into the ce11 cycle. As important as SBF is in ce11 

cycle regulation, SBF is also utilized outside of the ce11 cycle to evoke nurnerous transcriptional 

responses necessary to maintain ce11 integrity during meiosis, DNA damage and ceIl wall 

stresses. Understandably, budding yeast have evolved a complex set of mechanisms that 

regulate and modulate the activity of SBF. The focus of my thesis was to elucidate novel 

mechanisms that regulate the transcription factor SBF. 

SBF binding to DNA is a highly regulated event (see Chapter 1, section IV A). Both in 

vivo fwtprinting and ChiP experiments (Cosma et al., 1999; Harrïngton and Andrews, 1996; 

Koch et al., 1996) showed that Swi4 bindiag to SCB DNA elements is restricted to only late M 

and Gl phases, coincident with Swi6 localization in the nucleus (Sidorova et al., 1995). Fwther, 

in vivo footprinting on SCBs does not occur in the absence of Swi6 (Harrington and Andrews, 

1996; Koch et al., 1996). These results led to the hypothesis that Swi4 is inhibited h m  binding 

DNA in the absence of Swi6 protein. However, the hypothesis remained untested due largely to 

a lack of appropriate Swi4 reagents. Therefore, as described in Chapter II, I embarked on 

expressing Swi4 in ïnsect cells using the baculovirus system. 1 expressed and paitially purified 

both Swi4 and Swi6 h m  insect cells, which provided me with a source of SBF h m  a 

heterologous system. The SBF produceci in imect cells was competent to bind SCB-containhg 

DNA, allowing me to perfonn a series of DNA-binding experimnts. 1 detennined that Swi4 



could not bind SCBs in the absence of Swi6. This inhibition was intrinsic to Swi4 and mediated 

through the C-temiinal region of Swi4. Fwther, through a series of biochemical and genetic 

experiments, 1 found that the C-terminai region of Swi4 could interact in vitro with the N- 

terminal DNA-binding domain of Swi4. My data suggest that intramolecular interactions with 

the C-terminai region of Swi4 physically prevent the DNA-binding domain h m  binding SCBs. 

Upon the addition of Swi6, the interaction of the CTR of Swi4 with Swi6 alleviates this 

inhibition, allowing Swi4 to bind DNA. The intrinsic inhibition of Swi4 DNA-binding may be 

an important mechanism regulating SBF activity because, in contrast to Swi6, Swi4 remains 

nuclear throughout the ce11 cycle. 

SBF binding to SCBs is not sufliicient for SBF-dependent transcription. Instead, an 

activation event must occur. As outlined in Chapter I (section IV B), during a normal ce11 cycle, 

the Cln3-Cdc28 Cdk complex is necessary for SBF activation. However, in the absence of C l d ,  

SBF-dependent transcription still occurs, which has led to the hypothesis that other cellular 

pathways must activate SBF: one such pathway is the PKCI-MAPK pathway. In Chapter II, 1 

present the results of a collaborative study with Kevin Madden and Mike Snyder (Yale 

University) that provides direct evidence linking the PKCI-MAPK pathway with the Gi 

transcription factor SBF. We showed that Swi4 is directly downstream of Slt2 and that Slt2 

physically interacts with and phosphorylates both Swi4 and Swi6. Further, 1 found that 

activation of Slt2 by heat shock leads to the transcriptional induction of the SBF-dependent 

genes PCLl and PCL2 but not CLNI and CLN2. 

The work presented in Chapter III suggests that Slt2 can modulate the activity of SBF, 

allowing SBF to fùnction outside of the ce11 cycle to transduce part of the PKCI-MAPK pathway 

transcriptional response. In Chapter N, 1 ptesent a series of experiments airned at definhg the 



regdatory patbway involving the ce11 cycle transcription factor SBF and Slt2. 1 began by 

exploring the transcriptional regulation of the SBF and Slt2dependent genes PCLl and PCU. 

Through a series of ChIP experiments, 1 found that upon activation of the PKCI-MAPK pathway 

by either heat shock or pheromone treatment, SBF localization to the promoters of PCLl and 

PCL2 increases and that this localization is partially dependent on Slt2. Fwther, in collaboration 

with Jason Moffat, 1 performed a series of DNA micmarray experïments that identified 28 genes 

whose expression was dependent on both Swi4 and Slt2. 1 detennined that SBF can locaiize to 

the promoters of some of these genes, even genes that are not ce11 cycle regulated or genes that 

do not contain consensus SCB elements in their promoters. This work suggests that the PKCI- 

MAPK pathway may utilize Swi4 outside of the ce11 cycle to elicit part of its transcriptional 

response necessary for ce11 integrity. This work also provides preliminary data suggesting that 

the heat shock induction of SlWSwi4-dependent genes does not require factor Swi6 (see next 

section). 

a. Future Directions 

1s SM6 necessary for the b u t  shock induction of  Slt2/Swiedependent genes? 

In Chapter IV, 1 began to explore the regulation of P CL1 heat shock expression by using 

a series of PCLl reporter gene constnicts. Surprisingly, the promoter sequences spanning fiom - 

751 to -146 h m  the transcriptional start site of PCLl were dependent on Swi4 and Slt2 for their 

heat shock induction, but independent of Swi6. As discussed previously, the Swi6-independence 

is a unique behavior for a Swi4-dependent gene and no other SCBcontaining reporter construct 

has displayed Swi6 independence (Andrews and Herskowitz, 1989; Breeden and Nasmyth, 1987; 

Nasmyth and Dirick, 1991). However, this unique behavior appears to require a region of the 

promoter that does not contain consensus SCB elements. One intriguing possibility is that Swi6 



is not necessary for the heat shock induction of PCLî or the newly identified SltUSwi4- 

dependent genes. Indeeâ, this may explain why swi4A strains, but not swi6A strains, are 

temperature-sensitive for p w t h  at 3ï"C (Gray et al., 1997; Igual et al., 1996; Madden et al., 

1997), and why overexpression of Sm4 but not Sm6 can rescue the temperature sensitivity of 

PKCI -MAPIC pathway mutants (Igual et al., 1996; Madden et al., 1997). 

Although Swi6 does not appear to be requireâ to mediate the heat shock response of the 

PKCI-MAPK pathway, Swid does appear to be requud for maintenance of ce11 wall integrity. 

Both sMod and swi4A strains are sensitive to SDS, CFW (Figure 4-2 and Igual et al., 1996; 

Madden et al., 1997) and mating pheromone (personal communication with M-Chang). Swi6 is 

also quired for the fbll a-factor induction of the PCL2 reporter gene (Figure 4-3). These results 

suggest that Swi6 is reqwred for mediating the response of the PKCI-MAPK pathway. Since 

overexpression of MBPI, the other known DNA-binding partner of Swi6, does not rescue PKCI- 

MAPK pathway mutants (Igual et al., 1996; Madden et al., 1997) it is likely the ce11 wall defects 

of Swi6 mutants are due to inappropriate regulation of Swi4-dependent transcription. However, 

one can not exclude the possibility that other transcription factors are regulated by Swi6. In this 

section, I propose a series of experiments to clarifL the d e  of Swid in the SlWSwi4-dependent 

heat shock induction of PCLI and the newly identified genes (Table 4-2). 

1 propose to perforrn a simple series of experiments to explore the requirement for Swi6 

in the transcriptional response of the PKCI-MAPK pathway to heat shock. 1 will use Northem 

blot analysis to assay the mRNA levels of PCL2 and some of the newly identified SltZSwi4- 

dependent genes, including YLRllûc, YNL3ûûw, YOR247dSRLI and HHFI, before and after 

heat shock in wild type, &4A, slt2A and swi6A strains. 1 anticipate that Northem analysis will 

confïrm, that like PCLl, Swi6 is not required for the expression of the newly identified 



SlWSwi4-dependent genes. Similarly, 1 propose to use ChiP experiments to ask whether Swi4 

cm still localize to the promoters of SlWSwiedependent genes upon heat shock in a swi6A 

strain. It may also be informative to repeat the DNA microarray experiments using a swi6A 

strain to detennine a) whether Swi6 is required for heat shock induction of genes and b) whether 

the subset of Swi6dependent gens identified is identical or different then the subset of the 

genes regulated by Slt2 and Swi4. 

If the heat shock induction of SlWSwi46ependent genes does not require Swi6, and 

Swi4 can localize to the promoters of these genes (Chapter IV), it wouid be interesthg to 

investigate the mechanism of Swi4 DNA-binding to these promoters. With the Swi4 reagents 1 

have generated and the in vitro techniques describe in Chapter II, dong with fùnctional, 

abundant and easily purified HA-Slt2 kinase h m  yeast cells, many questions regarding the 

mechanian of Swi4-DM-binding may be explored. Are there unique sequences in the 5' region 

of the PCLI promoter (SCB-less, Swi4-Slt2-dependent heat shock induction) that dlow Swi4 to 

bind DNA in the absence of Swi6? Does phosphorylation of Swi4 by Slt2 change the DNA- 

bindiig activity of Swi4? A h ,  using crude yeast extracts it will be possible to detennine 

whether any SIQ-dependent, Swi4-containhg complexes form on the S'region of the PCLl 

promoter and, if so, whether Swi4 requires another protein to bind DNA in the absence of Swi6. 

1s the SltZ/Swi4aependent transcriptional response different for dUTcrent Pm-MAPK 

pathway activators? 

As discussed in Chapter I (section VIIi and IX), the PKCI-MAPK pathway is activated 

by multiple stimuli, including heat stress, ce11 wall stability challenges (SDS, CFW), hypotonic 

stress, ce11 cycle progression and mating pheromone activation. PKCI-MAPK pathway mutants 

have ce11 wall defects that make them sensitive to heat shock, SDS, CFW, hypotonic shock and 



mating pheromone treatment. These mutants also have bud morphology defects agpociated with 

polarized growth and passage through the ce11 cycle. As described previously, swi4 and mi6  

mutants also have ce11 wall defccts and share sirnilar phenotypes with PKCI-MAPK mutants. In 

Chapter ID, 1 presented a series of expérimats that directly linked SBF to Slt2. In Chapter N, 1 

presented a series of experiments showing that, upon heat shock, Swi4 and Slt2 CO-regdate a 

subset of gcaes. Together, this work suggestr that activation of the PKCI-MAPK pathway 

results in a Swi4dependent transcriptional response. However, it is not yet established whether 

a) each PKCI-MAPK pathway activator elicits a transcriptional response, b) whether various 

activators induce the same set of genes or whether each activator induces a separate subset of 

genes or c) whether Swi4 and/or Sm6 is required for al1 PKCI-MAPK pathway transcriptional 

responses to every PKCl activator. 

To answer these questions, 1 propose to perform a series of DNA microarray experiments 

similar to those perfomed in Chapter N. 1 will determine the genes that require Sltî a d o r  

Sm4 for their transcriptional response after treatment with pheromone, SDS, CFW and 

hypotonic shock. The Slt2/Swi4-dependent heat shock genes that were identified in Chapter LV 

do not overlap with the late-induced pheromone-responsive genes that are predicted to be PKCI- 

dependent (Roberts et al., 2000). Further, in contrast to heat shock conditions in which Slt2 is 

required for the induction of both PCLI and PCL2 (Chapter III), Slt2 is only required for full a- 

factor induction of PCL2 (Chapter IV). These results suggest that different activators of PKCI 

will elicit ciiffixent transcriptional responses. The shared sensitivity of swi4, swia and slf2 

mutants to SDS and CFW suggests that both Swi4 and Swi6 will be requued for the 

transcriptional response to these activators of PKCI. Presently, it is not known whether swi4 or 

swi6 mutants are sensitive to hypotonic shock. Therefore, 1 propose to determine the hypotonie 



sensitivity of swi4 and swid mutants. Further, 1 also propose to deterrnine whether 

overexpression of Sm4 can rescue the slt2A sensitivity to SDS, CFW and hypotonie stress, 

which wouid indicate that SBF fiinctions in al1 of these pathways. 

The experiments I propose may reveal that Swi4, plus or minus Swi6, is r e q d  for the 

transcriptional response of each activator of P m ,  and that each stimulus results in a different 

transcriptional profile. In this case, the following question will aise: How are the activities of 

Slt2 and SBF modified by different stimuli? I determined that, upon a-factor treatment, SBF 

localization to the promoters of PCLl and PCLZ was drastically increased (see Chapter IV). 

However, only PCL2 gene expression was induced upon a-factor treatment. One intriguing 

possibility is that Slt2 may not be moâiI'ying the activity of SBF, but may be regulating the 

access of SBF to Sltî-dependent promoters. Following SBF localization, a secondary activating 

event may then occur at only the genes which are required to respond to the stimulus (see Figure 

V-1). 1 propose to test this hypothesis using the ChIP assay. In Chapter IV, 1 showed that Swi4 is 

required for the ûïmaiption of YLRllOc, l7'V"3OOw, YOR247c and HHFI and that SBF 

localizes to their promoters. By micmarray analysis, none of these genes appears to be induced 

by a-factor (Roberts et al., 2000; Spellman et al., 1998). 1 propose to deterrnine whether, like 

PCU, SBF localizes to the promoters of these genes in a Slt2dependent marner upon a-factor 

treatment. A sirnilar analysis could be conducted once/if activator-specific SltUSwi4-dependent 

genes are identified (see above). If Slt2 is regulating the access of SBF to promoters, the role of 

Slt2 rnay be to specifically modulate the chromatin structure of only Slt2/Swi4-dependent genes. 

Indeed, MAP kinases have been implicated in the regdation of chromatin remodeling (reviewed 

in Belotserkovskaya and Berger, 1999; Thomson et al., 1999). Therefore, to fiilly understand 

the Slt2-dependent mechanism of SBF activation, it will be important to determine the chromatin 



Figure 5-1 A combinatorhl mode1 for the regplation of Slt2iSwi4-dependent transcription 

This is a scbematic diagram of one possible mechanism by wbich Slt2 rnight localize SBF to the 

promoters of Swi4/Slt2-dependent genes and activate certain genes in cesponse to specific 

stimuli. Upon activation of Slt2, Slt2 is required for the nucleosornal remodeling on alî 

Slt2/Swiedependent promoters. The remdeling allows for Swi4 to localize to al1 Swi41Slt2- 

dependent promoters. However, to diffentiate the SBF that is bound to al1 SwWSlt2- 

dependent genes b m  the SBF bound to promoters that are required for the heat shock response, 

a secondary event must occur. Here the red box represents an unlcnown protein(s) that 

specifically recognizes and activates only the SBF that is bound to the promoters of gens 

required for the Pm-heat  shock response. 
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remodeiing complexes involved and the mechanism by which Slt2 âirects or regulates theu 

nucleosome remodeling activity. 

SBF and chromath remodeiing. 

S. cerevisiae contaias numerous characterized and putative chnimatin remodeling 

complexeslproteins (for review see Perez-Martin, 1999). Interestingly, the mles and biological 

targets of these complexes are largely unknown. The large number of chromatin remodeling 

proteins suggests that the budding yeast ce11 may have evolved to use different chnnnatin 

remodeling complexes as a mechanism to regulate subsets of genes. As discussed in Chapter 1 

(section N A), SWVSNF- and SAGA-dependent chromatin remdelhg must occur on the HO 

promoter in order for SBF to bind. This result suggests that chromatin remodeling may be a key 

regulatory feature of SBF-dependent transcription. Presently, it is not known whether SWVSNF 

or SAGA is required to regulate the ce11 cycle-dependent expression of al1 SBF GI genes. 1 have 

accumulated evidence tbat one chromatin remodeling protein which may have a role in SBF- 

regulated gene transcription is Isw 1. 

ISWI encodes an ATP-dependent chromatin rernodeling factor that is homologous to the 

Drosophila nucleosome remdeling factor dlSFV (Tsukiyma et al., 1999). In Drosophila, IswI is 

the common catalytic subunit of thtee distinct nucleosome-remodeling complexes, each with 

different biocbemical remodeling properties (reviewed in Guschin and Wolffe, 1999). The in 

vivo roles and targets of these complexes are not yet known. In contrast to Drosophila, S. 

cerevisiae Iswl is only found in one protein complex. Like d I M ,  the biological d e s  of the 

yeast Iswl complex remain unknown. Iswl is highly homologous to two other yeast proteins, 

Isw2 and Chdl. Interestingly, though single null mutants and al1 combinations of double null 



mutants display no detectable mutant phenotypes, the triple mutant is temperature-sensitive 

(Tsukiyma et al., 1999), and significantly larger than wild type cells (data not show). 

In aanity chmmatography experiments using the DNA-binding domain of Swi4 as 

ligand (Swi4-DNAB), 1 identified Iswl as specificdiy binding the column. Further, 1 found that 

the interaction between the Swi4 DNA-binding domain and IswI h m  crude yeast extracts does 

not require DNA. However, purified Iswl (gift h m  T. Tsukiyma) does not interact with Swi4, 

suggesting that other, yet unidentifid proteins may mediate the interaction. It will be interesting 

to determine the biological significance of this interaction. One possibility is that Iswl may be 

required for proper activation or repression of SBF-Gi genes. Altematively, Iswl may be 

involved in the regulation of SBF in the PKCI-MAPK pathway or in other roles of SBF outside 

of the ce11 cycle. To ask whether Iswl is involveâ in the transcriptionai regulation of SBF- 

dependent Gpgenes, 1 propose to do a series of ce11 cycle Northern blots to compare the ce11 

cycle-regulateâ transcription of SBF-and MBFdependent g e ~ s  in wild type and iswJA strains. 

The synthetic genetic interaction seen in the iswlisw2chdl strain suggests that these genes may 

have redundant fûnctions in the cell. Therefore, the analysis of ce11 cycle transcription should 

also be conducted in double mutant strains and the triple mutant deleted for ZSK?, ISW2 and 

CHDI. Preliminary results suggest that the Iswl family of genes is not requred for the timing or 

magnitude of SBF-dependent Gi-transcription, but rather for the timing of repression. In a 

iswldisw2A strain 1 saw a ten minute delay in repression of PCLl and CLBS but not RNRI. This 

preliminary result, dong with the interaction of Iswl with Swi4, strongly suggests that the ISW- 

family of proteins may be another key in the multi-faceted regulation of SBF transcription at 

Start. However, fiirther characterization must be perfonned. It will be interesting to detennine 

whether the ISWI-family of proteins is involved in the regulation of Slt2/Swi4-dependent geme 



transcription. A Aetailed analysis of the d e  of chromatin remodeling complexes must k 

perfomed in order to complete our howledge of SBF regulation. 
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