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Graduate Department of Molecular and Medical Genetics 

University of Toronto 

Cornmitment to the mitotic ce11 cycle occurs in late G1-phase, at a transition point called 

Start in budding yeast. The rate-limiting G1 cyclins (Clnl, 2,3)  trigger passage through 

Start by activating the cyclin-dependent kinase (CDK) Cdc28. A periodic wave of G1 

cyclin-CDK activity at the Start is achieved through the induction of cyclin gene 

expression coupled with the rapid degradation of cyclin proteins. This thesis describes 

my research into the role of regulated ubiquitin mediated proteolysis of the G1 cyclins 

and other ce11 cycle regulators in progression through Start. 

Enzymes of the ubiquitin pathway transfer ubiquitin to the target protein in an 

E 1 +E2+E3 enzymatic cascade. MdtipIe rounds of ubiquitination tag the target with a 

poly-ubiquitin chain, which is recognized by the 26s proteasome, and the protein is 

rapidly degraded. E3 ubiquitin ligase complexes fiinction to direct the transfer of 

ubiquitin from the ubiquitin E2 protein to the target substrate. 

In Chapter 2 , I  show that the protein Cdc53 is required for the degradation of the 

GI cyclin Cln2.I also demonstrate that C h 2  instability is independent of B-type cyclin 



activity and of the CDK inhibitor Sicl, and describe how C h  instability is essential for 

proper GI-phase control. In Chapter 3, I describe the isolation of the CdcS34nteracting 

proteins, Skpl, and the F-box proteins Cdc4 and Met30. Cdc53 assembles with each F- 

box protein through Skp I, forming multiple E3 ubiquitin ligases called SCF (Skp I - 

Cdc53-F-box protein) complexes. 1 show that the F-box protein component of  each SCF 

complex directs E3 complex specificity in vivo. For example, SCF~"' specifically targets 

Met30 Cln2 for degradation, while SCF Is specifically required for regulation of the MET 

Met30 gene network. In Chapter 4 , t  continue the study of one SCF complex, SCF , and 

demonstrate that it has an essential function in passage through Start. Conditional 

rnet30A mutants arrest as large, unbudded cells with undetectable levels of CLNl and 

C M 2  rnRNA transcripts. 1 suggest that the G1 arrest phenotype of a met30A mutant 

arises from expression of a possible Start "inhibitor" gene under the regulation of the 

MET gene transcription factor, Met4, which may interfere with accumulation of critical 

G 1 -phase mRNA transcripts. 
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1.1 Overview of the mechanisms that drive the mitotic cell cycle in the 

budding yeast, Saccharomyces cerevisiae 

1.I.I The brrdding yeast nr itotic cell cycle is divided into four phases. 

Cellular division requires the replication of genetic material coupled with its equal division 

between two cells. The sequentid replication and division of the genome can be viewed as a cell 

qc le  that can be divided into four phases; a growth and environmental response phase (Gap 1 or 

G 1-phase), a DNA replication phase (S-phase), a preparation for the division of DNA phase 

(Gap 2 or G2-phase), and the division of DNA phase (mitosis or M). The mitotic ce11 cycIe is 

unidirectional ( G 1 3  S+ G2 3 M -3 G 1) thereby ensuring that rnitosis only occurs after DNA 

replication, and preventing extra rounds of replication within one mitotic cycle (Figure 1-1; 

Nasmyth, 19966). 

In Gl-phase, most cells can initiate a variety of developmental States. In budding yeast, 

G1-phase cells can initiate the mitotic ce11 cycle, stationary phase, meiosis, filamentous growth, 

or mating (Cross, 1995). Comrnitment to the mitotic ceIl cycle occurs at the GUS-phase 

boundary, a transition point called Start in yeast cells, or the restriction point in mammalian cells. 

Once past Start, the ce11 is no longer able to respond to environmental cues such as mating 

pheromone or nutrient status that can alter developmentd fate (Cross, 1995). Passage through 

Start requires small G1-phase yeast cells to first accumulate a specific arnount of mass and reach 

a "critical ce11 size". The critical ce11 size depends on nutrient availability such that celis in rich 

media (e.g glucose) pass through Start at a larger ce11 size than cells in poor media (e-g. ethanol; 

Hartwell, 1994). 
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As the yeast ceIl passes into S-phase, actin polarizes towards a specific location where a 

small bud begins to protrude, DNA replication is initiated and the spindle pole bodies are 

duplicated (Lew and Reed, 1995; and references therein). The bud or "daughter" ce11 continues 

growth through the S, G2 and M-phase, eventually separatint from the rnother ce11 in late mitosis 

(cytokinesis), As S-phase continues, the genome replication is completed and the spindle 

assembty begins with the separation of spindle pole bodies, and formation of the opposite poIes 

of the rnitotic spindle (spindle assembly begins in G2-phase in animal cells). The mïtotic spindle 

is completed in G7-phase, and elongates during rnitosis to segregate the replicated chromosomes 

into two equal sets. Unlike many eukaryotes, sister chromatid separation (anaphase) is initiated 

without the formation of a metaphase plate in early M-phase (Straight et al., 1997). Budding 

yeast also lack nuclear envelope break down during mitosis, and instead drag the nucleus into the 

neck region joining the mother and daughter cell, where it is separated as the ce11 cornpletes 

rnitosis. The end result from a round of mitotic division in budding yeast is a large mother ce11 

and a smaller daughter cell. Both in early Gl-phase, the two cells must now reassess the 

environment for cues that determines their developmental fate, and if entering the mitotic ce11 

cycle, accumulate sufficient mass to reach the cntical ce11 size required to enter Start. 

1.1.2 Waves of cyclirz-CDK activity promote cell cycle transitions 

The sequence of events that generates the ce11 division cycle is specifically maintained by 

a series of ce11 cycle promoting factors (Nasrnyth, 1993; Nasmyth, 1996b). Perhaps the mo st 

cntical factor for ce11 cycle progression, called maturation promoting factor (MPF), was first 

identified as an activity in the cytoplasm of metaphase-mested frog eggs that is able to prornote 

meiotic M-phase and maturation in G2-phase arrested oocytes (Masui and Market, 197 1; S mith 

and Ecker, 1971)- Subsequent experiments in tissue culture cells identified an S-phase prornotin,o 

factor (SPF) that could trigger DNA replication in G1-phase, but not G2-phase, nuclei. A number 



Figure 1-1. The budding yeast ce11 cycle. Environmental cues dictate the fate of 

Saccharomyces cerevisiae in Gl-phase, often by controlling Ievels of G1-phase cyclins (dark 

g a y ,  circular arrow). A critical threshold of Cdc38-G1-cyclin activity must be reached for cells 

to pass through G1-phase into S-phase, a transition called Start, Once p s t  Start, the ceIl is 

cornmitted to complete the rnitotic cycle and becornes unresponsive to nutritional and pheromone 

sigals. In S-phase, cells begin budding and DNA replication. Many processes in S-, G2- and M- 

phase are regulated in part by Cdc28-B-type cyclin kinase complexes (striped, circular arrow). In 

M-phase (mitosis), DNA is equally divided between the mother and daughter cell, Finally, the 

daughter ce11 separates from the rnother cell, and both cells, now in G1-phase, must access the 

environment for signais that wiil decide their fate. 
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of key experiments in severai systems lead to the realization that MPF corresponded to an M- 

phase cyclin-dependent kinase (CDK) activity (Dunphy et al., 1988; Lohka et al., 1988; Gautier 

et al., 1990, Nurse, 1991). In this kinase farnily, the CDK kinase subunit associates with and is 

activiated by unstabIe regulatory subunits called cyclins, so named to reflect their cyclical 

expression pattern through the division cycle (Evans et al., 1983). 

The yeast ce11 cycle depends on Cdc28, a CDK that associates with different cyclins to 

cirive ce11 cycle events and transitions. The G! cyclins (Clnl, 2,3) associate with Cdc28 to drive 

progression through Start, and the S-phase cyclins (ClbS, 6 )  complex with Cdc38 to drive DNA 

replication. Clbl, 2, 3 , 4  associate with Cdc28 to promote mitotic functions, although CIb 3,4 

share redundant functions with Clb5 in mitotic spindle formation (Figure 1-1; Schwob and 

Nasmyth, 1993; Nasmyth, 1996b; Andrews and Measday, 1998). Animal cells contain a variety 

of CDKs at different stages of the ce11 cycle, and unlike yeast cells their cyclins can associate 

with more than one CDK to promote ce11 cycle progression. For example, CDK4 and CDK6 

associate with D-type cyclins to promote passage through G1-phase and the restriction point, 

CDK2 associates with cyclins E and A types to induce S-phase, and mitosis is driven by CDKl 

complexed with A and B type cyclins (Nigg, 1995). 

Oscillations in cyclin-Cdc28 kinase activity are achieved in part though bursts of cyclin 

transcription. In late G1-phase, CLNl and C'LN2 transcripts begin to accumulate, peak at Start, 

and disappear as ceIls enter G2 phase (Wittenberg et al., 1990). Clnl and C h 2  kinase activity 

follow a similar profile, sugzesting that transcriptional regulation of CLNI and CLN2 plays a 

large roIe in the kinase oscillation (Tyers et al., 1993; Wittenberg et al., 1990). Unlike C M 1  and 

CLAU, CLN.3 expression and C h 3  kinase üctivity is constant throughout the ce11 cycle with the 

exception of a slight increase in expression in G1-phase (Tyers et al., 1993; McInemy et al., 

1997). CLB5 and CLB6 have similar transcriptional profiles to CLNI and CLN3 and their 

expression peaks just before the initiation of DNA replication (Epstein and Cross, 1992; Schwob 
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and Nasmyth, 1993). Expression of CLB3 and C U 4  crests as DNA replication is completed, and 

CLBl and CLB2 expression is maximal at mitosis (Fitch et al,, 1992; Richardson et al., 1992). 

In addition to the G1 cyclin genes, expression of 119 genes is induced in rnidnate Gl -  

phase as part of a "CLN2 cluster" (Spellman er al., 1998). Two transcription factor complexes 

are mainly responsible for regulation of this G1-phase specific transcription (Andrews and 

Herskowitz, 1990; Andrews and Mason, 1993; Breeden, 1996). Genes that have Swi41Swi6 ce11 

cycle boxes (SCBs) in their prornoter regions are regulated by SCB-binding factor (SBF; 

Andrews and Herskowitz, 1989; Primig et al., 1992). These genes include the G1 cyclins CLNI, 

C M .  PCLl and PCL2 (PCL cyclins activate the CDK Pho85; Nasmyth and Dirick, 199 1; Ogas 

et al., 1991, Measday et al,, 1994, Espinoza er al., 1994), HO (an endonuclease that initiates 

mating type switching; Breeden and Nasmyth, 1987), SWEl (the Cdc28 inhibitor kinase; Sia et 

al., 1996) and genes involved in ce11 wall biosynthesis (Koch and xasmyth, 1994). Genes that 

have Mlul ce11 cycle boxes (MCBs) in their promoters are bound by the transcription factor 

complex MCB-binding factor (MElF; Koch et al., 1993). MBF regulated genes include those 

involved in DNA replication, including CLBSand CLB6 (Epstein and Cross, 1992; Schwob and 

Nasmyth, 1993), and the ribonucleotide reductase gene, RNRl (Koch and Nasmyth, 1994). SCF 

and MBF share a common regulatory subunit, Swi6, but bind DNA via their distinct components 

Swi4 and Mbp 1 respectively (Dirick et al., 1992; Lowndes et al., 1992). The burst of late G1- 

phase transcripts is essential because mutants lacking combinations of SBF and MBF 

components arrest in Cl-phase (Koch et al., 1993; Nasmyth and Dirick, 199 1; Ogas et al., 199 1). 

Overexpression of CLN2 can bypass the G1-phase arrest phenotype suggesting that the essential 

function of SBF and Mi3F activity is to accumulate sufficient cyclin to start the ce11 cycle (Koch 

et al., 1993; Nasmyth and Dirick, 1991; Ogas et al., 1991). 

As an important regulator of CLN and PCL transcription, SBF regdation is of particular 

interest in understanding progression through Start. Salient examples of regulation include 
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localization of Swi6 to the nucleus in late M- and G1-phase, Cln3-Cdc28 direct or indirect 

activation of SCB bound SCF, CIb2-dependent dissociation of SBF in Gz-phase, and Swi6- 

dependent release of Swi4 autoinhibition of DNA binding (Amon et al., 1993; Baetz and 

Andrews, 1999; Dinck et al., 1995; Sidorova et al,, 1995; Sie,mund and Nasmyth, 1996; Stuart 

and Wittenberg, 1995). Swi6 rnay also be bound by the transcriptional activator Stbl to initiate 

late G1-phase gene expression, as part of a parallel pathway to CIn3-dependent Start activities 

(Ho er al., 1999). Additiondly, in response to a G1-phase DNA darnage checkpoint, the kinase 

Rad53 negatively dters Stvi6 to down-regulate C W I  and C M  expression and slow G1-phase 

progression (Sidorova and Breeden, 1997). As well, the SI0 (Mpkl) MAP kinase cascade targets 

SBF to coordinate G1-phase gene expression with asymrnetric ce11 growth (Madden et al., 1997). 

Transcription of the B-type mitotic cyclins also plays a large role in the waves of Cdc28 

activity in S-, G2-, and M-phase. The mitotic cyclin genes are part of a distinct transcriptional 

burst in later GZearly M-phase of 33 genes required for rnitosis and cytokinesis called the 

"CLB2 cluster" (Spellman et al., 1998). Transcription of the CLB2 cluster genes depends on the 

Mcml and SFF ( S M 5  factor) complex, which is composed of at least two forkhead transcription 

factors, Fkh 1 and Fkh2 (Althoefer et al., 1995; HolIenhorst er al., 2000; Koranda et al., 2000; 

Kumar er al-, 2000; Lydall et al., 199 1 ; Maher et al., 1995; Pic et al., 2000; Zhu et al., 2000). 

Mutants that fail to accumulate Clb-Cdc28 kinase also fail to accumulate CLBI, CLB2, CLB3, 

CLB4 transcripts, suggesting that mitotic cyclin transcription depends on active Clb-Cdc28 

complexes (Amon et al., 1993). SFF dependent transcription occurs on recruitrnent of a positive 

activator Nddl to the Fkh1/2 complex (Loy et al., 1999; Koranda et al., 3000). In the simplest 

model, phosphorylation of Nddl drives its interaction with the FHA domains of Fkh1/2, thereby 

convetting the F.W71/T>-Mcrnl complex from a transcriptional repressor to an activator (Jorgensen 

and Tyers, 2000). 
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In addition to the waves of cyclin transcription, osciIlations of cyclin-CDK activity 

depend on regulated proteolysis. Mutant strains expressing stable Cln derivatives undergo 

premature eievation in Cln-kinase activity, ignore pheromone and nutrient signais, and tngger 

passage through Start at a smaller cntical ce11 size (observed by a srnall size or "whi" phenotype: 

Cross, 1988; Hadwiger et al., 1989b; Lanker et al., 1996; Nash et al,, 1988). Cln instability 

requires phosphorylation by Cdc28, which targets it for ubiquitin dependent degradation (Tyers, 

et al., 1992; Lanker, et al., 1996; see section 1.2.3)- Unlike the G l  cyclins which are 

constitutively unstable proteins with a half-life of less than 5 minutes (Schneider et al., 1998), 

the B-type cyclins are stable proteins in late G1-, S-, and G2- phases, and are "catastrophically 

destroyer at mitosis (Evans et al., 1983). The B-type cyclin proteolytic machinery is active in 

penods of low CDK activity (rnitotic exit and early G1-phase), and inhibited by the Cln- and 

Clb-Cdc28 activity in the remainder of the ce11 cycle (Amon, 1997; Amon et al., 1994; Dirick et 

al,, 1995). Destruction box @-box) motifs within the B-type cyclins are required for degadation 

(Glotzer et al., 199 1 ; Lrniger et al., 1995) and overexpression of stable cyclin B mutants induces 

a iate anaphase arrest (Murray et al., 1987; Ghiara et al., 199 1 : Luca et al., 1991; Gallant et al., 

1992; Surana et al., 1993; Sigrist et al., 1995; Yamano et al., 1996). Thus, transcription and 

regulated degadation of cyclins contributes to the waves of rate limiting CDK activation 

required to drive ce11 cycle transitions. 

I . I . 3  Cyclins have speczpc fzmctions in the cell cycle. 

Tt is thought that cyclins are the major deterrninants of the biological specificity of CDK activity 

(Nasmyth, 1993, 1996). However, the idea that individual cyclins have preferences for specific 

substrates has been supported by surprisingly few examples. Clearly, there are at least some 

qualitative difierences between the Cdc28 dependent cyclins because the Clns can not support 
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mitotic events, while the B-type cyclins c m  not repress the rnating pathway or initiate budding 

(Amon et al-, 1994; Oehlen and Cross, 1994). 

The Iack of cyclin specific substrates has lead to an alternative model for the mode of 

CDK action based on the quantity of CDK (Roberts, 1999). The finding that a single B-type 

cyclin is sufficient to carry out mitosis in fission yeast supports the idea that quantity o f  cyclin 

ultimately determines ce11 cycle stage (Fisher and Nurse, 1996). In this model, ce11 cycle events, 

such as DNA repl ication and mitosis result from different levels of CDK activity rather than 

specific characteristics of the cyclins. Low levels of CDK activity in G1-phase set the 

prereplicative complexes, higher CDK levels initiate DNA replication, and even higher leveis of 

CDK activity trigger rnitosis. Ongoing DNA replication inhibits rising CDK levels ensuring 

rnitosis cannot happen before compIetion of S-phase. Likewise, rising CDK levels after genome 

replication inhibits the resetting of repfication origins preventing genome reduplication, 

Consistent with this model, there is substantial functional overlap among the cycIins; G1-phase 

c m  be orchestrated by each CLN either alone, or in combinations with PCLI and PCL2, or  C U 5  

and CLB6. Also, among the B-type cyclins CLB2 is sufficient for DNA replication and snitosis 

(Nasmyth, 1996b). From the cyclin functional overlap, it has been proposed that in an ancestral 

ce11 a single cyclin-CDK complex may have driven both S -  and M-phase, and that the diverse 

cyclins we see today in modem organisms reflects only minor speciaiization which is not 

fundamental to the ce11 cycle (Fisher and Nurse, 1996; Nasmyth, 1995). 

PL cluster of papers present evidence in support of the idea that cyclins are more than 

interchangeable CDK activators, but rather contain qualities intrinsically specialized fo r  specific 

ce11 cycle events, When their IeveIs of expression are controlled, CLN3 and CkV3 appear to have 

different qualities; Cln3-Cdc28 is specialized towards activation of Start transcription; Cln2- 

Cdc28 towards the execution of budding and ce11 morphogenesis (Levine et al., 1996). Further 

functional differences between the G1 cyclins cyciin Dl and cyclin E have been elucidated in 
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rnice, as well as between the budding yeast cyclins CLBS and CU2 (Roberts, 1999). Cyclin D l  

is responsible for the activation of E2F transcription programme (which includes cyclin E 

expression) via the phosphorylation of Rb, and the sequestenng of Kîp/Cip CDK inhibitors. 

Mice were generated that contained the cyclin E ORF under the reglatory controls of cyclin DI 

and in place of cyclin DI ORF (DI 3 cyclin E; Geng et al., 1999). These rnice expressed normal 

levels of cyclin E, as well as extra cyclin E in lieu of qclin D I ,  The cyclin DI -/- phenotype was 

rescued by the DI i cyclin E mice by bypassing the need for cyclin D I ;  Rb was 

hypophosphorylated in these mice and the Kip/Cip CDK inhibitors remained unsequestered. 

Thus while D1 i cyclNz E was able to provide normal entry into S-phase, it did not do so by 

performing the function of cyclin DI, but rather, by bypassing cyclin Dl function. In a sirnilar 

expenmentai vein, the budding yeast CLB2 gene was expressed from the CLBS promoter 

(CLBS::CLB2), and revealed CLBS has unique properties in DNA replication (Cross et al., 

1999). Conversely, CLB5 expression from a CLB2 promoter (CLB2::CLBS) unveiled specidized 

rnitotic properties that c m  not be performed by Clb5 (Cross et al., 1999). Furthemore, Clb5 

mutants activated Cdc28 normaily, but were deficient in DNA replication, suggesting a specific 

property of Clb5 is required for DNA replication. (Cross et al., 1999)- Collectively, these mouse 

and yeast experiments argue that both quantitative and qualitative properties contribute to cyclin- 

CDK ce11 cycIe control. Therefore, while thresholds of CDK activity must be reached to trigger 

progression through ce11 cycle transitions and some functional overlap exists among cyclins, 

cyclins do appear to have functional specificity that is fundamental to the ceIl division cycle. 

1.1.4 Cyclirt -CDK complexes are a cornmon theme in cellular regula fion 

The theme of a kinase that can be activated by a cyclin subunit is highly conserved in eukaryotes, 

and CDK-cyclin activity has been observed to function outside of ce11 cycle regulation, 

prominently in transcription (Nigg, 1996; Morgan, 1997; Morgan, 1996; Dynlacht et al., 1997; 

Andrews and Measday, 1998). Eight CDKs have been identified (CDKI-CDK9) in mammalian 
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cells, that associate with a variety of cyclins (cyciin A, BI, B3, B3, C, D l ,  D3, D3, EI H, K, T l  

and T2 (Fu et al., 1999; Morgan, 1997; Nigg, 1995). Other than Cdc28, four other CDKs 

function with cyclin subunits in budding yeast called Pho85, Kin38, SrblO and Ctkl (Andrews 

and Measday, 1998). The CDK Ph085 functions with the cyclin Ph080 to negatively regulate 

phosphate gene expression (Kaffman et al., 1994; O'Neill et al., 1996), and possibly regulate the 

SwiS transcription factor (Measday et al., 2000). Pcll, Pcl2 cyclins function with Ph085 in 

cytoskeleton actin organization (Lee et al., 1998) and activation of Start in the absence of C h 1  

and C h 2  (Espinoza et al., 1994; Measday et al., 1994). Pho85-Pcll has a specific role in the 

phosphorylation of Gcn4, a transcriptional activator of amino acid and purine biosynthesis, 

which targets Gcn4 for degadation (Meimoun et al., 2000). Deletion of PH085 produces a 

range of phenotypes beyond those observed by deletion of PCLI, P C L  and PHO80, suggesting 

Ph085 might function with other cyclins. Seven additional Ph085 cyclins (Pcls) have been 

identified, Clgl, Pc15, Pc19, Pc16, Pc17, Pc18, Pd10 (Measday et al., 1997; Moffat et al., 2000). 

Pc18 and PcllO are involved in glycogen metabolisrn (Huang et al., 1998; Wilson et al., 1999), 

and Pc19 functions at the M/G1 transition to establish budding patterns (Tennyson et al., 1998), 

as well as in actin organization (Lee et al., 1998). Ph085 function appears to be conserved 

through evolution, because hurnan CDKS is capable of binding muItiple Pcls and compIementing 

most phenotypes of ph085 mutants (Huang et al., 1999a; Nishizawa et al., 1999). 

Other CDK-cyclin complexes, Kin38-Ccll, SrblO-Srb 11 and Ctkl-CtH, have roles in 

transcriptional elongation, and phosphorylate the C-temiinal domain (CTD) of RNA polymerase 

II (Hengartner et al., 1998; Yankulov and Bentley, 1998). CTD phosphorylation s ipa ls  the 

ubiquitination of the RIVA polymerase II large subunit, and may also ubiquitinate adjacent 

transcriptional activators, thereby targeting thern for degadation (Thomas and Tyers, 2000). A 

related CDK-cyclin complex, the Cdc7-Dbf4 complex, fonns a kinase-cyclin-like complex 

required for the activation of DNA replication by phosphorylation of Mcm proteins (Johnston et 
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al., 1999). Found in fission yeast and rnammalian cells, Cdc7-cyclin-like protein complexes, like 

CDKs appear to be conserved through evolution (Johnston et al., 1999; Kumagai et al., 1999). 

As a further consideration of the role of CDKs and cycbns in cellular regulation, CDK 

and cyclin activities independent of their partners have been reported mernards, 1999; Jacks and 

Weinberg, 1998). For example, Cyclin D l  can bind the estrogen receptor and stimulate estrogen 

receptor transcriptional activity independently of CDK4 (Neurnan et al., 1997; Zwijsen et al., 

1997). As well, in budding yeast, Clb5 appears to have a Cdc28-independent role in DNA 

replication (Cross et ul., 1999). 

1.1.5 Regdators of CDK activiîy 

Regdation of CDK activity c m  occur at a varïety of different IeveIs including cyclin binding, 

phosphorylation and direct binding by protein activators and inhibitors (Morgan, 1997; Solomon 

and Kaldis, 1998). 

Cycliiz binding. Binding by the cyclin subunit not only provides biologïcal specificity, 

but also activates the CDK by relieving inhibition of two structural constraints (Brown et al., 

1995; De  Bondt et al., 1993; Jeffrey et al., 1995). Structural analysis and cornparison of CDK2 

and of a cyclin A-CD= complex reveals that upon cyclin binding, allostenc inhibition by a T- 

loop (containing a phosphorylatable threonine) is relieved. AS welI, cyclin A binding changes the 

position within the ATP binding site to increase the efficiency of phosphotransfer. 

Regulatory kinases: Activating and inhibitory kinases regulate CDKs throughout the ce11 

cycle. In mammals, CAK activity is provided by a cyclin-CDK cornplex, cyclinH-CDK7/MO15 

(Solomon and Kaidis, 1998). It operates in both the ce11 cycle, by phosphoryIating CDK subunits 

on Thr-161, and in transcription, as a component of TFW, which phosphorylates the CTD of the 

large subunit of RNA polyrnerase. CyclinH-CDK7 is regulated by phosphorylation and 
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dephosphorylation, by an assembly factor, MAT1, as well as by nuclear localization (Devault et 

al., 1995; Fisher et al., 1995; Tassan er al., 1995)- 

The duel function of mammaiian CAK is not conserved in budding yeast (Espinoza et al., 

1996; Kaldis et al., 1996; Thuret et al., 1996). Unlike mammaiian CAK, budding yeast CAK 

functions as a monomer to phosphorylate Cdc28 or a Cdc28-cyclin complex on Thr-169 

(Espinoza et al., 1996; Kaldis et al., 1996; Ross et al,, 2000; Thuret et al,, 1996). A different 

CDK, Kin28, is the most homologous to CDK7, and appears to function in an andogous manner 

to mammalian C M  in transcription (Cismowski et al., 1995; Valay et al., 1995). Yeast CAK 

and mamrnalian CAK (p40MO 15) dso  differ in cellular Iocalization; yeast CAK is mostly 

cytoplasrnic, while mammalian CAK is nuclear (Kaldis et al., 1998). Yeast CAK is a stable 

protein and appears to be regulated mainly at the level of transcription in the mitotic ce11 cycle 

(Kaldis et al., 1998). However, CAK protein and activity decreases dramatically as cells enter 

staticiary phase, and fluctuates in meiosis susgesting that a post-translation mechanism, such as 

proteolysis, may also regulate CAK activity (Kaldis et al., 1998). 

CDK activity can be inhibited by phosphorylation on Thr-14 and Tyr-15 by the weel- 

related kinases is fission yeast, frogs and mammals, In fission yeast, two Weel-like kinases, 

weel and mikl, appear to have redundant functions in Cdc2 regulation (Lundgren et al., 199 1). 

Cells deleted for either i.veeI+ or miklf  retain the ability to phosphorylate cdc? on Tyr-15. In 

contrast, deletion of both weelt and nziklf results in lethal, premature entry into mitosis, 

without Tyr-15 phosphorylation of cdc2 (Lee er al., 1994; Lundgren et al., 199 1). 

In budding yeast, the weel-Iike kinase Swel is responsible for the inhibitory 

phosphorylation of'Cdc26 (on Tyr-19; Booher rf al., 2993). Overexpression of Swel results in 

ce11 cycle arrest with replicated DNA and an elongated bud, characteristic of mitotic cyclin 

inhibition. However, in contrast to fission yeast, phosphorylation of Tyr-19 is not essential for 

normal ce11 cycle progession in budding yeast (Amon et al., 1992; Booher et al., 1993; Russell 
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et al-, 1989). Instead, Swel dependent Tyr-19 phosphorylation prevents entry into mitosis in 

response to the activation of the morphogenesis (Lew and Reed, 1995) and spindle assernbly 

checkpoints (Rudner and Murray, 1996). 

CDK inhibitory kinases are themselves regulated by kinases. In Xenopzis, weel is 

negatively phosphoryIated by cdc2, niml, and potentially another kinase (Mueller et al., 1995). 

In fission yeast, the related kinases niml and cdr2 negatively regulate weel, and are central to a 

nutrient sensing pathway (Breeding et al., 1998; Feilotter et al., 1991). Budding yeast have three 

niml-like kinases called HsI 1, Kcc4 and Gin4 (Barra1 et al., 1999; Ma et al., 1996), which 

regulate the function of Swel, potentially by localizing it to the bud neck, and perhaps also 

targeting it for ubiquitin mediated degradation (Longtine et al., 2000). 

In humans and fission yeast, the chkl kinase is activated in rebprise to checkpoint 

pathways that sense DNA darnage or unrepiicated DNA (Piwnica-Worms, 1999; Rhind and 

Russell, 2000; Weinert, 1997). When overexpressed, chkl arrests the cells before mitosis with 

activated wee 1 and Tyr-15-phosphorylated (inhibited) p34cdc2. chkl also phosphorylates the 

CDK phosphatase cdc25 (called Mihl in budding yeast) and targets it for inactivation and 

sequestration by 14-3-3 proteins. In mamrnals, three Cdc25 related proteins (Cdc35 A, B, C) 

function with different CDKs to govem specific ceIl cycle transitions (Galaktionov and Beach, 

1991). Thus, chkl inactivates CDK function on two IeveIs, by stimulating the CDK inhibitory 

kinase weel and by inactivating the CDK activating phosphatase cdc25. 

Inhibitor proteins: As another Iayer of CDK regulation, CDK inhibitors (CKTs) proteins 

bind cyclin-CDK complexes to inhibit their function (Sherr and Roberts, 1999). In budding 

yeast, three CDK inhibitors have been identified: Sicl ,  Ph08 1 and Farl. Sic1 binds and inhibits 

Clb-Cdc28 complexes in G1-phase blocking premature DNA replication mendenhall, 1993; 

Schwob et al., 1994). Ph081 inhibits the Pc17-Ph085 and Pho80-Ph085 complexes to inhibit 

transcription of phosphate metabolism genes in high phosphate concentrations (Hirst et al., 1994; 
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Lee et aL, 2000; Schneider et al-, 1994). Farl binds and inhibits Ch-Cdc28 complexes in 

response to mating pheromone, preventing the cells from entering the ce11 cycle (Peter et al., 

1993; Peter and Herskowitz, 1994; Tyers and Futcher, 1993). However, unlike Sic1 and Ph08 1, 

Far1 inhibition might function by inhibiting CDK access to substrate rather than inhibiting CDK 

activity (Garther et al., 1998). In mamrnals, the p2 1 (CIP lIWAFlICAP20ISDI 1) and p27 (KP 1) 

INK4 classes inhibit the activity of CDK2 and CDK4-cyclin complexes, while p l 6  and p l5  N K ~ B  

inhibit C D M  and CDK6-cyclin complexes respectively (Haber and Harlow, 1997; Sherr and 

Roberts, 1999). Most CKIs inhibit CDK activity by binding to Thr- 160116 1 phosphorylated 

INK4 cyclin-CDK complex. However, p l 6  function by binding monomeric CDK7 and preventing 

cyclin binding (Serrano et aL, 1993). CKIs are critical for normal ce11 cycle progression, 

exemplified by the identification of mutated CKIs in cancer cells (Harper and Elledge, 1996). 

Transcription and post-translation mechanisms c m  influence the timing of CKI function 

(Morgan, 1995: Morgan, 1997), as exemplified by Farl. In response to mating pheromone, the 

FARI gene is induced and Far1 is phosphorylated by the MAP kinase Fus3 (Chang and 

Herskowitz, 1990; Tyers and Futcher, 1993). Phosphorylation may activate the Farl dependent 

inhibition of Cln-Cdc28 complexes, and thereby induce a G1-phase arrest in response to mating 

pherornone (Tyers and Futcher, 1993; Peter er al., 1993). In another example, SICI is expressed 

at mitotic exit and in G1-phase. However, phosphorylation by Ch-Cdc28 kinase complexes 

targets Sic1 for degradation at the GUS-phase transition (Schneider et al., 1996; Schwob et al., 

1994; Verrna et al., 1997). 

Other regzdutory proteins: The protein Cks 1 binds Cln-Cdc28 complexes, and is 

essential for the transition through G1-phase in budding yeast (Hadwiger er al., 1989a). Cksl is 

required for the function and stable complex formation of Cln-Cdc28 kinase complexes, but not 

for Clb-Cdc28 activity (Reynard et al., 2000). Another protein, Cdc37, is responsible for the 

stability of newly translated CAK and Cdc28 proteins in yeast (Farrell and Morgan, 2000). Thus, 



in yeast and higher eukaryotic organisms, Cdc37 may promote protein kinase integrity through 

noveI protein folding rnechanisms (Farrell and Morgan, 2000). 



1.2 Ubiquitin Dependent Proteolysis in the Yeast Ce11 Cycle 

1.2.1 Overview of the zibiquitin proteolytic system 

The ubiquitin proteolytic pathway is an essential and selective protein degradation system in 

e u k q o t e s  (Hershko and Ciechanover, 1998). In this pathway, a small, 8kDa, 76 amino acid 

protein called ubiquitin is covalently bound to the target protein via a highly conserved 

El+E2+E3 enzymatic cascade. Target proteins of this pathway are labeled with a poly- 

ubiquitin chain prior to being degraded by the 26s proteasome. The ubiquitin pathway plays an 

essential role in the c e 1  cycle by targeting cyclins and other ceU cycle regulators for degradation- 

The importance of the ubiquitin proteolytic pathway in the budding yeast ce11 cycle is illustrated 

by mutations within E2, E3 and proteasome subunits that induce ce11 cycle arrest in specific 

phases of the ce11 cycle. 

The transfer of ubiquitin to the substrate first requires the activation of ubiquitin at the C- 

terminal glycine residue by El  in an ATP dependent manner, and then formation of a thiolester 

linkage with the cysteine residue of El (Figure 1-2; Ciechanover et al., 3000). Ubiquitin is then 

transferred to a cysteine residue of E2, also via a thiolester linkage. Finally, catalyzed by E3, 

ubiquitin is  transferred to the substrate, forming an isopeptide linkage between the C-terminal 

glycine residue of ubiquitin and the &-amino group of a substrate lysine residue. Multiple rounds 

of ubiquitination labels the target protein with a poly-ubiquitin chain where each subsequent 

ubiquitin C-terminal glycine residue is attached to a specific lysine residue in the previous 

ubiquitin. Some reactions a l so  require an E4 enzyme, to stimulate the ubiquitination (Koegl et 

al., 1999). Multiple deubiquitination enzymes have been identified, some with the ability to 

reduce or prevent the degradation of a specific protein (Caahew and Xu, 2000; WiIkinson, 

1997). The poly-ubiquitin chain serves as a recognition signal for the 26s proteasome, which 

then rapidly degrades the target substrate. Exceptions to this targeting pathway include non- 
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Figure 1-2. The ubiquitin proteolytic pathway, An enzymatic cascade of El, E2 and E3 

enzymes attaches free ubiquitin (Ub) ont0 the target protein via an isopeptide bond. Members of 

the HECT class of E3 ubiquitin ligases can directly transfer ubiquitin, via a thiolester Iinkage, to 

the target protein, while the RING cIass of E3 ligases facilitate the transfer of ubiquitin to the 

target substrate from an E2 enzyme, but not via a thiolester intermediate. Multiple rounds of 

ubiquitination results in a poly-ubiquitin chain (stimulated by an E4 enzyme in some situations), 

where each subsequent ubiquitin C-terminal glycine (G76) residue is linked to a lysine residue 

w48) of the previous ubiquitin. T h e  poly-ubiquitin chain is recognized by the 19s regulatory 

cornplex of the 26s proteasome (Iight gray), and the target is channeled through 20s cylindricai 

catalytic cavity (dark gray) and degraded. 
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ubiquitinated proteins that are recognized by the proteasome (Verma er aL, 2000), and mono- 

and poly- ubiquitinated substrates that are not degraded by the proteasome (Huang et al., 2000; 

S hih er al., 2000; Spence et al., 2000; Terre11 et al., 1998). 

1.2.2 E3 enzymes of the ubiqrt i'tirt systern 

Selectivity of ubiquitination is defined by the ability to bind and ubiquitinate the target substrate, 

and is carried out at the level of the E3 ubiquitin ligase enzyme, defined by the ability to bind the 

target substrate and promote its ubiquitination (Hershko and Ciechanover, 1998). E3s have been 

categorized into two classes: HECT domain E3s and RING domain E3s, such as N-end rule E3s, 

Anaphase Promoting Complex/Cyclosome (APC/C or APC), and SCF @kpl-oc53-E-box 

protein) complexes, 

E3s that carry a HECT ~omologous to E6-AP C-terminus) domain in the C-terminus 

constitute the HECT-domain class of E3 enzymes, that appear to directly transfer ubiquitin to the 

substrate via a highly conserved C-terminal cysteine residue (Huibregtse et al-, 1995). E6-AP, 

the founding member of this group, is hijacked by the papillomavirus protein EG to aberrantly 

target the tumour suppressor protein p53 for degradation. Mutations in E6-AP have been linked 

to Angelman's syndrome, a neurological disease characterized by seizures and severe mental 

retardation (Rougeulle and LaIande, 1998). Structural studies of E6-AP indicate that mutations 

leading to Angelman's syndrome interfere with the ubiquitin-thiolester bond formation (Huang 

et al., 1999b). 

HECT domain E3s contain severai WW protein interaction domains (nmed  for the two 

conserved tryptophan residues) that recognize proline rich sequemes containing a PY (XPPXY) 

motif (Laney and Hochstrasser, 1999). For exarnple, the marnmalian HECT E3 Nedd4 binds the 

proline rich sequence of the human epithelial sodium channel (ENaC) via W W  domains, and 
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targets it for degradation (Staub et al., 1997). StabiLized ENaC is believed to result in 

hypertension in the heritable disorder called Liddle's syndrome (Staub et al,, 1997). As well, the 

Ebola and Marburg viruses utilize the PY motif of their VP40 matrix proteins to capture Nedd4 

by the WW domain to mediate budding from the ce11 (Harty et al., 2000). 

In yeast, Rsp5, the homologue of Nedd4, is required for the binding and ubiquitination of 

the large subunit of RNA polyrnerase II, and may target it for degradation (Beaudenon et ai,, 

1999; Chang et al., 2000; Wang er al., 1999). Another HECT E3 ligase in yeast, Toml, is 

required for the transport of Nab2-associated rnRNAs from the nucleus to the cytoplasm 

(Duncan et al., 2000). 

N-end rule E3s, APCK and SCF E3 complexes have structural simiIarities, notably, they 

contain a RING domain component thought to direct protein-protein interactions (Borden, 2000; 

Tyers and Jorgensen, 2000). The yeast N-end rule E3, called Ubrl, recognizes the N-degron 

degradation signal in a variety of unstable proteins (Varshavsky, 1997), although the only known 

physiological substrate, the transcriptional repressor Cup9, is recognized by a C-terminal degron 

sequence (Turner et al., 2000). The N-degron in yeast is comprised of a destabilizing N-terminal 

residue that is bound directly by Ubrl, and contains the specific lysine(s) that is the anchor site 

of the multi-ubiquitin chain. While Ubrl c m  directly bind the substrate, transfer of ubiquitin 

requires collaboration with the E2 Rad6 enzyme to facilitate ubiquitination of the substrate. 

The APC/C and SCF E3s are multi-protein complexes, essential for the yeast rnitotic ce11 

cycle (Figure 1-3; Figure 3-7). APCK is dominant in mitosis and is discussed in more detail in 

section 1.2.5. SCF complexes and their role in GUS-phase are the focus of this thesis, and are 

presented in detaii in section 3.4. Both E3 complexes have been conserved through evolution, 

having homologues through out the eukaryotic kingdom (Deshaies, 1999; Tyers and Wiliems, 

1999)- The budding yeast APC contains twelve core subunits, some of which contain protein- 

protein interaction domains including tetratricopeptide (TPR) repeats (e.3. Cdc23, Cdc27), a 
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Figure 1-3. Two E3 ubiquitin ligase complexes control ce11 cycIe regulators. In budding 

yeast, SCF complexes are active throughout the ceIl cycle, and target multiple proteins for 

degradation. Among the many SCF targets proteins are the phosphorylated G1 cyclins and the 

phosphorylated B-type cyclin inhibitor, Sicl. In contrast, the APC (anaphase prornoting 

complex) functions mostly in rnitosis and G1-phase to target substrates carrying APC recognition 

motifs for degradation. APC target substrates include the B-type cyclins and the anaphase 

inhibitor Pds 1. 





RING domain (Le. Apcll), a cullin homology (CH) domain (i-e. Apcî). The APC is active in 

mitosis and G1-phase, and subject to multiple layers of regulation (see section 1-2.2.i). Clam 

APC (calIed the cycIosome) and mammalian APC functions in association with the E2 

conjugating enzyme E2-C, which is itself ubiquitinated and degraded by the APC in a possibIe 

autoregulatory fashion (Hershko et al., 1994; Sudakin et al,, 1995; Aristarkhov er al., 1996; 

Townsley er cd., 1997; Yamanaka et al., 2000). In Xenoprrs, cyclin ubiquitination depends on 

both UBC4 and UBCx E2 conjugation activity (King et al., 1995; Yu et al,, 1996). In both 

human and buddinz yeast Apcl l  the presence of an E l  and the E2 Ubc4, human Apcl l  is 

capable of catalyzing the synthesis of poly-ubiquitin chains (Grnachl et al-, 2000; Leverson et al,, 

2000). Perhaps in contradiction to these reports, however, mutations in the two S. cerevisiae 

genes, UBC4 and UBCII  (similar to Xenopus TJBC4 and clam E2-C respectively) do not affect 

cyclin B stability, suggesting neither are true functional E2-C homologues (Townsley and 

Rudeman, 1998). 

SCF compIexes are active throughout the ce11 cycle and have a broad range of cellular 

targets including transcription factors, signaling molecules, and ce11 cycle regulators (Craig and 

Tyers, 1999). SCF complexes are composed of a Cullin protein family member (CdcS3 in yeast), 

Skpl, the RING protein Rbxl and a protein that contains a F-box motif (Figure 3-7). Because 

various, individual F-box proteins can bind to the core Cdc53-S kp 1-Rbxl cornplex to direct 

ubiquitination, SCF complexes are narned for the specific F-box protein. For example, the SCF 

cornplex based on the F-box protein Cdc4 is called scFdc-'. E3 enzyrnatic activity per se 

(i.e., ubiquitin thiolester formation) has not been detected in any of the subunits, although Rbxl 

is able to stimulate the ubiquitination activity of the E2 Cdc34 (Skowyra et al., 1999; Kamura et 

al., 1999; Seo1 et al., 1999). Protein-protein interaction domains are central to SCF assembly and 

activity; Skpl binds multiple F-box domain proteins by the F-box (Bai et al., 1996). F-box 
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proteins capture the target substrate with their protein-protein interactions domains, such as WD- 

40 repeats and leucine-rich repeats (rLRRs; Feldrnan et al., 1997; Kishi and Yarnao, 1998; 

Skowyra et al., 1997), and the Rbxl RING domain is required for Cdc53 and F-box protein 

binding (Skowyra et al., 1999; Kamura et al., 1999; Seo1 et al., 1999). Only for S C F ~ - ~ ~ ~ ~  has a 

clear consensus sequence emerged, and deconvoIution of the binding mode for multiple 

phosphorylated substrates such as Sic1 and CInl, 3 remains an important mechanistic issue to be 

resolved (Laney and Hochstrasser, 1999). Combinations of permutabIe E3 protein complexes, 

such as the APC and SCF complexes, coupled with regulated substrate signais ailows for a 

common pathway to target a wide range of proteins for degradation in a highly specific manner. 

1.2.3 The proteasonze 

Once a poly-ubiquitin chain has been attached to the target, the protein is recognized and 

deagaded into small peptides by the 26s proteasome (Baumeister et al., 1998). The yeast 26s 

proteasome is composed of two large structures; the 20s core cylindricai structure that is 

conserved from archaebacteria to eukaryotes, and the 19s cap cornplex, specific to eukaryotes. 

The 20s cylinder is composed of 2 rings of seven different a subunits, and 2 rings of seven 

different B subunits. The four rings fonn a stack with the two P rings in the middle flanked by 

two a rings. During assembly, cc/P heterodimers form a ring of seven heterodimers (half 

proteasomes) which then dimerize at the ring to form a preholoproteasome (Baumeister et al., 

1998); for an alternative assembly pathway see (Maurizi, 1998)). While the a and B subunit are 

similar in structure, the /3 subunit contains a prosequence that is cleaved after assernbl y of the 

preholoproteasorne. Autocatalysis of subunir propeptides frees and activates a N-terminal 

threonine catalytic center, thereby converting the preholoproteasome to a holoproteasome (Chen 

and Hochstnsser, 1996). Maturation of the P precursors is dependent on the Umpl chaperone 

protein which binds the half-proteasomes, and is required for preholoproteasome formation and 



activation pnor to it's own degradation by the active proteasome (Maurizi, 1998; Rarnos et aL, 

1998). 

Unlike bacterid 20s  proteasomes, the central channel of the yeast 2 0 s  proteasome 

catalytic cavity does not appear to be accessible without the addition of regulatory complexes 

(Baumeister et al., 1998; Rubin and Finley, 1995). The 19s  regulatory complex caps either one 

o r  both ends of the 2 0 s  particle, creating the 26s  proteasome. The 19s  particle contains 15 

different types of subunits that form two subcomplexes; a "lid" which contains eight subunits, 

and is attached to a "base" of the six proteasomal ATPases ( G I i c h a n  et al., 1998a). The 

ATPase subunits render the 26s  proteasome energy dependent. The ATPase activity might be 

required for substrate dissociation from the E3, unfolding, trmsIocation into the 20s channel, o r  

gating of the channel (Glickman et al., 1998b; Rubin et al., 1998). The non-ATPase subunits Iink 

the proteasome to the ubiquitin system via recognition of ubiquitinated substrates ( G l i c h a n  et 

al., 1998a; Lam et al., 1997a; Lam et al., 1997b) as well as direct interaction with components of 

E3 ligases (Xie and Varshavsky, 2000). 

1.2.4 Ubiqrtitirz-like pafh ways 

Three other ubiquitin-like protein conjugation systems exist. These enzymatic pathways involve 

a modifier protein (such as ubiquitin) that is first attached to the El  activating enzyme in an ATP 

dependent process. Then, like the ubiquitin pathway, the modifier is transferred to the E2, and 

then is covalently attached to the substrate, possibly via an E3 ligase (Jentsch and Ulrich, 1998). 

Four protein modifiers in addition to ubiquitin have been identified; Aspl2, 

Smt3/SUMO 1, Rub lNedd8 ,  and U n n l  (Furukawa et al., 2000; Jentsch and Ulrich, 1998). 

Analysis of autophagy-defective (apg)  mutants revealed Apg13 is covalently attached to Apg5, 

and depends on Apg7 (an E l  homologue) and ApglO (a possible E2 enzyme; Mizushima el al., 

1998). Activation of Smt3 requires the activity of an Apgl (homologous to the N-terminus of the 
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El ,  Ubal) and Uba2 (homologous to the C-tenninus of E l )  heterodimeric complex (Johnson and 

Blobel, 1997). The activated Smt3 protein is then passed to the E2 conjugation enzyme Ubc9 

(Johnson et al., 1997; Schwarz et al., 1998). SUMO1, the mammalian homologue of Smt3, is 

conjugated to a variety of proteins by an E l  activating enzyme complex composed of SAEland 

SAE2, and a human Ubc9 E2 conjugating enzyme (Desterro et al., 1999). Interestingly, efficient 

transfer of SUMO 1 does not seem to require an E3 enzyme (Desterno et al., 1999; Okuma et al., 

1999). B y possibly a similar mechanism, Ulal and Uba3 are homologous to the N- and C- 

terminus of E l s  respectively and are required for Rub 1 conjugation to it's substrate (Liakopoulos 

et al., 1998). The most recently identified modifier, Urrnl, is a 99 arnino acid protein which is 

conjugated to yeast proteins by use of a terminated glycine residue (Furukawa et al., 2000). An 

E l  like protein, Uba4, forms a thiolester Iinkage with Urrnl and may act as an activating enzyme 

in Urrnl conjugation to target substrates (Furukawa et al., 2000). 

While the mode of activation may be similar arnong ubiquitin and ubiquitin-like 

modifiers, the consequences appear to differ. Rather than targeting for degradation, modification 

of a protein by Apgl3, RubUNedd8 or Smt3/SUMO-1 can alter the property of the substrate. 

Localization studies show Apg5-Apgl2 complexes at membrane structures, and it has been 

suggested that the targeting mechanism might function during the formation of autophagosornes 

(Mizushima et al., 1998). RublNedd8 modification of Cullin farniIy members is required for 

optimal assembly and ubiquitination activity of SCF and SCF-like complexes (Kamura et al., 

1999a; Lammer et  al., 1998; Liakopoulos et al., 1999; Osaka et al., 2000). SUMO-1 

modification in mammals has been linked to nucIear subcellular localization of the 

promyelocytic leukemia proteins PML and Sp100 (Duprez et aL, 1999; Muller et al., 1998; 

Sternsdorf et al., 1997) activation of the p53 response (Rodrigue2 et al., 1999), the interaction of 

RanGAP with the nuclear pore complex (Mahajan et al., 1997), the protection of IkBa from 

ubiquitination (Desterro et al., 1998) and in topoisornerase 1 (TOP1)-mediated DNA damage 
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(Mao et al., 2000)- Drosophila homoIogues of Smt3 (dSmt3) and Ubc9 (dUbc9) have been 

identified, and may be involved in repression of the neuronal differentiation transcription 

programme regulated by Trarntrack 69 (Ttk69; Lehembre et al,, 20CO). So far, no known Urml 

substrate has been identified, aithough the high sirnilarity to prokaryotic systems may suggest a 

role in biosynthetic enzyme reactions (Furukawa et al., 2000). 

1.25 APC (Anaphase Promoting Complex) dependent proteolysis in mitosis. 

I.2.j.i The APC is a highly regulated, rnzdti-protein cornplex required for the degradation of 

rnitotic activators and inhibitors. 

First recorded in clam and frog egg exuacts, rnitotic cyclins undergo stage-specific degradation 

such that they are stable in interphase and destroyed as cells enter anaphase (Nasrnyth, 1996a). 

Degradation of the rnitotic cyclins is dependent on a large protein complex called the APC (in 

Xenoprrs) or  cyclosome (in clam extracts; Peters, 1999). B-type cyclin degradation in mitosis was 

also observed in budding yeast, and genetic screens for mutants that stabilized Clb3 in rnitosis 

identified some of the core complex components of the APC (Irniger et al., 1995). A totd of 12 

subunits were subsequently identified in  yeast, and work in fission yeast, humans and Xeizoprts 

demonstrate that the APC is highly conserved (Irniger et al., 1995; King et al., 1995; Lamb et 

al., 1995; Tusendreich et al., 1995; Yamashita et al., 1999; Yu et al., 1998; Zachariae and 

Nasmyth, 1996; Zachariae et al., 1998b) 

Early predictions that the APC had multiple targets arose from phenotypic anaiysis of 

APC mutants (Surana et al.. 1993). APC mutants in yeast (such as cdc23-1) arrest as large 

budded cells, with sister chromatids bound together, and a short rnitotic spindle. High Ievels of 

B-type cyclins alone could not be responsible for the cdc23 arrest phenotype because a non- 

degradable form of CIb3 causes arrest after the cdc23 arrest position, at telophase with sister 

chromatids separated to opposite poles of the spindle apparatus (Surana er al., 1993). These 



results suggested that the APC rnight aIso be required for the degradation of an anaphase 

inhibitor of sister chromatid separation: 

Sister chrornatid separation requires the regulated elimination of an anaphase inhibitor 

protein cailed Pdsl (Cohen-Fix et al., 1996; Farr and Cohen-Fix, 1999; Yamamoto et al., 1996a; 

Yamamoto er al., 1996b). Deletion of PDSl in a cdc-33 mutant shifts the cdc23 arrest position io 

telophase, suggesting Pdsl is an anaphase target of the M C  (Yamamoto et al., 1996a). Indeed, 

Pdsl degradation is inhibited in cdcl6 mutants in a D-box dependent rnanner (Cohen-Fix et al., 

1996). A functionally similar protein, Cut2 in fission yeast and vSecurin in vertebrates, is also a 

target of the -WC (Funabiki et al., 1996; Yanagida, 2000; Zou et al., 1999) Human securin 

encodes the pituitary tumor-transforrning gene (PTTG), which is expressed to high levels in 

tumours and has transforming activity of some ce11 Iines, possibly due to errors in chromosome 

separation (Zou et al., 1999). 

Other non-cyclin proteins degraded by the APC have been identified and include Asel, 

required for anaphase spindle movement of anaphase B (Juang et al., 1997), Cdc5, a polo-like 

kinase required for rnitotic exit (Charles et al., 1998; Shirayama et al., 1998), Cdc30, a regulator 

of the APC (Shirayama et al., 1998), Dbf4, required for the promotion of S-phase (Ferreira et al., 

2000), Hsll, the Swel inhibitor (Burton and Solomon, 2000), E2-C, the ubiquitin conjugating 

enzyme which functions with the APC (Yarnanaka er al., 3000), and human Cdc6, a protein 

required for DNA replication (Petersen et al., 3000). 

APC activity is subject to multiple layers of regulation. APC accessory factors provide 

the APC with substrate specificity and temporal regulation (Jorgensen and Tyers, 1999). Three 

WD40 repeat proteins, Cdc20, Cdhl(Hct1) and Amal, act as APC adapter proteins that stimulate 

proteolytic activity toward substrates. In general, A P C ~ ~ ~ ~ ~  promotes the degradation of "early" 

rnitotic substrates, while APcCdh1 is required for the degradation of "late" rnitotic and early G1- 

phase substrates (Schwab et al., 1997; Shirayama et al., 1999; Visintin et al,, 1997). Recent 
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studies have suggested that both Cdc2O and Cdhl are capable of driving the degradation of the 

same substrates, but at specific tiraes in the ce11 cycle. For example, Pdsl requires Cdc20 for 

degradation in anaphase and Cdh 1 for degradation in Gl-phase (Rudner et al., 2000a). Likewise, 

Cdc2O and Cdhl both play a role in Clb2 degradation (Yeong et al., 2000). Differences in 

expression patterns, stability, and post-translation modification of the adapter proteins helps to 

explain how an active APC can degrade a target in anaphase yet can postpone degradation of 

another substrate until mitotic exit. 

Phosphorylation of APC components May facilitate activity; inactive, interphase APC is 

not phosphorylated, while active, rnitotic APC is phosphorylated- CDK activity has a duel 

function in APC regulation and B-type cyclin proteolysis. APC phosphorylation is dependent on 

cyclin B-CDK activity, (Felix et al., 1990; Lahav-Baratz et al., 1995; Sudakin et al., 1995), and 

in budding yeast phosphorylation of Cdc16, Cdc23 and Cdc27 by Clb-Cdc28 complexes 

activates the APC at anaphase (Rudner and Murray, 2000a, b). Consistent with a role for Clb- 

Cdcî8 in APC activation, deletion of CLB3 is Iethal in a cdc33 mutant (Imiger et al., 1995). 

Conversely, Cln- and Clb-Cdc28 activity is required for inhibition of B-type cyclin proteolysis 

from late G1-phase until anaphase (Amon, 1997; Amon et al., 1994; Dirick et al., 1995). The 

inhibitory CDK function may be explained by the ability of Cln- and Clb-Cdc28 to 

phosphorylate and inhibit Hctl binding to the APC (Jaspersen et al., 1999; Zachariae et al., 

CdcZO 1998a). Thus, on the one hand CDK activity activates the APC pathway to initiate anaphase 

and proteolysis of a subset of B-type cyclins (e.g. Clb5). On the other hand, CDK activity 

inhibits APC"" activation and prevents premature destruction of Clb2 and Clb3 in late G1-phase 

through anaphase. 

Other kinase regdators of the APC include the Polo-like kinases, CdcS/Polo/Plk, which 

activates the APC (Kotani et al., 1998; S hirayarna er al., 1998; Descombes and Nigg, 1998; 
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Rudner and Murray, 2000b), while the cAMPProtein-kinase A pathway inhibits APL formation 

and activation (Kotani et al., 1999; Yamashita et aL, 1996). 

Finaily, the APC recognizes specific, transposable motifs within proteins and targets 

them for degradation. The destruction box, composed of the sequence R-X-X-L-X-X-X-X-N, is 

CddO recognized by APC , while the KEN box, composed of the sequence, K-E-N-X-X-X-N is 

recognized by ~ ~ ~ ~ ~ ~ ' ( ~ l o t z e r  et al-, 1991: Pfleger and Kirschner, 2000). The APC most likely 

recognizes other degrons within APC targets because Cdc2O is degraded in S-phase by the APC 

in a D-box independent manner pnnz et al., 1998; see section 1 .Z.z.ii). 

I.2.5.ii The metaphase to anaphase transition requires A P F ~ ~ ~ ~ .  

CdcîO directly binds and activates the APC towards specific substrates, such as Pdsl (Figure 1- 

4; Charles et al., 1998; Fang et al., 1998b; Lim et al., 1998; Prinz et al., 1998; Shirayama et al., 

1998)- While no direct interaction between Cdc2O and PdsI has been observed, it is thought that 

Cdc2O recruits Pdsl to the M C  ubiquitination machinery via its WD-40 repeats. Multiple, strict 

regulatory controk are in place to ensure Cdc20 activates the APC at the appropriate time 

(Hwang et al., 1998; Kramer et al., 1998; Shirayama et al., 1998; Visintin et al., 1997; 

Yudkovsky et al., 2000). Loss of these controls, such as when CDC2O is overexpressed, can 

trigger the degadation of Pdsl in an APC dependent manner and can bypass the DNA darnage 

and spindle assembly checkpoint (Hwang et al., 1998; Visintin et al., 1997). Also, insufficient 

Cdc2O function, such as in a c m 0  mutant, causes ce11 cycle arrest in metaphase after completion 

of DNA replication with a large bud, a bipolar spindle and unseparated sister chromatids 

(O'Toole et al., 1997; Sethi st al., 199 1; Shirayarna et al., 1998). 

One layer of CDC20 regdation is at the level of gene expression. CDC20 is expressed in 

a similar transcription profile as CLB2; beginning expression in late S-phase and peaking in Iüte 
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Figure 1-4. APC complexes drive mitosis. A P C ~ ~ ~ "  sets mitosis in motion by targeting the 

anaphase inhibitor Pds 1 and Clb3,5 for degradation. Clb-CDK activity is responsible for 

inhibitory phosphorylation (black blunt arrows) of Cdhl, Sic1 and the Sicltranscription factor, 

Swi5. Pdsl relieves inhibition of Espl,  which both triggers the separation of sister chrornatids 

and is required for the activation of the phosphatase CdcL4. The phosphatase activity of Cdc14 

(gray arrows) activates Cdhl, Swi5 and Sicl. Once activated, A..cC&' and Sic1 function in 

parallel to inhibit Clb2-Cdc28 kinase complexes, triggering mitotic exit. Kigh CDK activity is 

achieved in Gl-phase with the accumulation of the Ch-Cdcî8 kinases, which inhibits APC'~~' 

and Sicl, thereby triggering Start and permïtting Clb-CDK activity to rise again- Note that APC 

complexes are also responsible for the degradation of other substrates, and specific checkpoint 

pathways function by inhibiting some of the above mentioned pathways (see text). 
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G2 (Prinz et al-, 1998). Curiously, CDC2O is also expressed in response to rnating pheromone, 

Cdc2O perhaps maintaining APC activity in pheromone arrest (Prinz et al-, 1998). 

Changes in Cdc2O stability provide a second Iayer of regulation, Cdc2O is a highly unstable 

protein through out the ce11 cycle, and Cdc2O protein levels mirror CDC2O gene expression 

(Prinz et al., 1998; Shirayama et al., 1998; Kramer et al., 1998). Cdc20 has a haif-life of Iess 

than 3 minutes in cycling cells, and has an even shorter half-life in a pheromone induced Gl-  

phase arrest (Prinz et al., 1998; Shirayama et al., 1998). MC-dependent degradation of Cdc20 in 

G1-phase is dependent on a destruction box motif (l?rinz et al., 1998; Shirayama, et al., 1998; see 

also Goh et al., 2000). Surprisingly, Cdc2O is also degraded by the APC in S- and early M-phase 

independently of the destruction box motif (Prinz et al., 1998). Thus, the APC may have a role in 

S-phase, as first speculated by the identification of APC mutants that rereplicate their DNA 

(Heichman and Roberts, 1996)- AIso, despite an extended haif-Iife in cdc23 and cdc27 mutants, 

Cdc3O is still somewhat unstable, suggesting that an additional APC independent proteolytic 

mechanism might also contribute to Cdc2O instability (Prinz et al., 1998). Thirdly, 

Cdc20 is also governed by CDK1-cyclin B, which phosphorylates Cdc2O and greatly decreases 

the ability of Cdc3O to activate the APC in eariy mitosis and in mitotic arrest checkpoints 

(Yudkovsky er al., 3000). As a final Iayer of regulation, the spindle checkpoint protein Mad2 can 

bind CdcîO and inhibit the ability of APC'~~'' to degrade Pdsl, inducing a metaphase arrest 

(Fang et al., 1998; Hwang et al., 1998). 

The sole role for A E T C d C 2 O  in anaphase is to mediate Pdsl degradation, as illustrated by 

the ability of a pdsl deletion mutant to bypass the cdc20 anaphase arrest (Shirayama et al., 

1998). However, whiIe Pds i rnust be degraded to initiate anaphase, pdsl and pdslcdc20 mutants 

progress through anaphase with wild type klnetics (Shirayama et al., 1998). This suggests an 

alternative, APC independent pathway might exist that initiates anaphase directly. Pdsl binds the 

essential, anaphase initiator protein Espl, which is required for cleavage of the sister chromatid 
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cohesion protein Sccl (Ciosk et al., 1998). If an APC independent pathway triggers anaphase, it 

has been predicted to do  so directly through Espl (Ciosk et al., 1998). 

Phenotypic analysis suggested cdc20 had targets other than just Pdsl; cd20 mutants 

have abnormd spindles with an excessive numbers of rnicrotubules (OToole et al., 1997; Sethi 

et al., 1991) and pdslcdc20 mutants arrest at the end of anaphase with high levels of Clb-Cdc28 

activity (Lim et al., 1998; Shirayama et al., 1998)- One such target is CIb5, the c y c h  primarily 

involved in DNA replication. Loss of CLBS c m  suppress the anaphase arrest of pdslcdc20 

mutants, and restore almost wild type growth (Shirayama et al., 1999). 

1.2.5.iii A P ~ ~ ~ ' '  facilitates exit frorn rnitosis 

A second APC activator, Cdhl (Hctl), was discovered by sequence cornparison to Cdc30, and as 

well as a high copy suppressor of a cdc20 mutant (Schwab et al., 1997; Visintin et al., 1997). 

Cdhl is required for the degradation of Clb2, Asel, and the polo-like kinase CdcS in an APC 

dependent manner (Schwab et al., 1997; Shirayama et al., 1998; Visintin et al., 1997). Like 

Cdc20, Cdhl directs APC activity toward specific substrates; overexpression of Cdhl can trigger 

the degradation of Clb2 (Schwab et al., 1997; Shirayama et al., 1998; Visintin et al,, 1997). 

Consistent with a role in repression of mitotic cyclin activity, CDHl overexpression can induce 

ce11 cycle arrest similar to a clbl, 2, 3, 4, mutant (one elongated bud and a replicated genorne; 

Schwab et al., 1997; Visintin et al,, 1997)- CDHl is nonessential, consistent with the notion that 

degradation of the B-type cyclins alone is not sufficient to trigger mitotic exit (Schwab et al., 

L997; Surana et al., 1993; Visintin et al., 1997). Rather, an inviable cdlzlsicl double mutant 

indicates paralle1 pathways serve to shut down mitotic cyclin activity (Schwab et al., 1997; 

Visintin et al., 1997). Thus, APcCdhl prornotes mitotic exit by two pathways; targeting the 

mitotic cyclins for degradation, and allowing Sic1 to inhibit mitotic cyclin activity. 
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Unlike Cdc30, CDHl expression is not ce11 cycIe regulated, and Cdhl is stabIe through 

out the ce11 cycle (Pnnz et al., 1998). Instead, Cdhl is regulated by phosphorylation in a Cdc28 

and ce11 cycle dependent manner (Jaspersen et al., 1999; Prinz et al., 1998; Shirayama et al., 

1998; Sacharïae et al., 1998a). Cdhl phosphorylation corresponds to CDK activity through the 

ce11 cycle; Cdhl  is unphosphorylated in smdl G1 cells, becomes phosphorylated in S-phase, and 

remains phosphorylated untiI initiation of the mitotic exit programme (Pnnz er al., 1998; 

Zachariae et al., 1998a). As well, Cdhl is phosphorylated in ce11 cycle blocks that induce arrest 

with high CDK activity, such as in cdci5 and cdc34 mutants, and treatment with hydroxyurea 

(S-phase) and nocodozole (M-phase) but is hypophosphorylated in cdc28 mutants (Zachariae et 

al., 1998a). Mutation of the eleven CDK phosphorylation sites results in constitutive binding to 

the APC, and prevents Clb2, 3 accumulation, mitotic spindle formation and cytokinesis 

(Zachariae et al., 1998a). The Cdhl phosphorylation mutant does not affect DNA replication, 

suggesting that Clb5 and CIb6 are not APC'~~' targets (Zachariae et al., 1998a). Altematively, 

phosphorylation of Cdhl prevents APC binding (Jaspersen et al., 1999; Zachariae et al., 1998a). 

In this way, Cdhl is at the heart of the CDK dependent inhibition of the mitotic cycIin 

proteolysis. High CDK activity (late G l -  to early M-phase) inhibits Cdhl-MC binding, whereas 

in Iow CDK activity (late M- to early G1-phase) results in hypophosphorylated Cdhl binds and 

activates the rnitotic cyclin proteolytic machinery. 

ApCCdc70 and Cdcl4 play crucial roles in the switch from high to low CDK activity 

Cdc70 (Figure 14) .  Resistant to high CDK inhibiting activity, APC sets the rnitotic exit programme 

in motion by t q e t i n g  the S-phase cyclin Clb5 for degradation (Shirayama et al., 1999). Clb5 is 

at least partly responsible for the inhibitory phosphorylation of Cdhl, Sic1 and the SKI 

transcriptional activator Swi5. Degradation of CIb5 leaves the substrates open to activation by 

the phosphatase Cdcl4 (Jaspersen et al., 1998; Shirayama et al., 1999; Visintin et al., 1998). 

Cdc14 is at the bottom of a genetic mitotic exit pathway consisting of LTEI, TEMI, CDC.5, 
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CDCIS, MOBl and DBFZO,  that is required for Cl62 and Clb3 degradation, Sic1 activation, 

and ensures nuclear division is complete before rnitotic exit (Bardin et al., 2000; Jaspersen et al., 

1998; Jaspersen and Morgan, 2000; Luca and Winey, 1998; Shou et al., 1999; Visintin et al., 

1998). Cdcl4 is sequestered in an inactive state in the nucleolus by CfilMetl, and upon 

activation of the mitotic exit pathway by a potential Esp1 signal, Cdcl4 dephosphorylates 

Cfi l/Net 1 and is released from the nucleolus (Shou et al,, 1999; Visintin et al., 1999). 

Overexpression of Pdsl blocks the release of Cdcl4 from the nucleolus, possibly by preventing 

Espl dependent activation of the mitotic exit pathway (Shirayarna et al., 1999). Degradation of 

CdcS by A P C ~ ~ "  ensures the rnitotic exit pathway rnoves forward by preventing Cdcl4 from 

being prematurely sequestered back into the nucleo~us by Net 1. Once activated, Cdcl4 initiates 

the parallel pathways for repression of rnitotic cyclin activity by  activating Sic1 and APcCdhl, 

and thereby plunging the ce11 into a low CDK activity state (Jaspersen er al., 1999; Visintin et 

al., 1998; Visintin et al., 1997). CDK activity remains Iow in early G1-phase until the rise of 

C h -  Cdc28 kinases inactivates N?cCdh' and Sicl, enabling the accumulation of cyclin B-CDK 

activity once more (Jaspersen et al., 1999; Zachariae et al., 1998a). 

1.2.5.i~ APCfimction in checkpoint regzrlatiorz 

The mitotic control inherent in the APC makes it a prime target for checkpoint function. The 

spindle checkpoint, which prevents cells from entering mitosis with a defective spindle, requires 

the M N 3  (rnitosis arrest deficient) and BUB (budding uninhibited by benzimidazole) genes 

(Hoyt et al., 199 1; Li and Murray, 1991). In response to nocodozole (a dnig that destabilizes the 

spindle apparatus), normal cells arrest at metaphase, with higk Ievels of Pdsl (Cut2 in fission 

yeast) and Clb-Cdc28 kinase activity (Cohen-Fix et al., 1996; Funabiki et al., 1996; Hardwick 

and Murray, 1995; Yamamoto et al., 1996a). A J ? C ~ ~ " O  function is required for the spindle 

checkpoint because overexpression of CDC20 induces insensitivity to nocodozole, and dominant 



39 

Cdc2O mutants bypass the spindle checkpoint in a CDC23 dependent manner (Hwang et al,, 

1998). The Mad proteins link the spindle checkpoint to the APC by binding Cdc30, surprisingly, 

in a11 stages of the ce11 cycle (Fang et al., 199th; Hwang er al,, 1998). Different Mad complex 

formations might play a key role in inhibition of A P C ~ ~ ~ ' ~  activity; MAD? can bind CdcîO in the 

absence of a checkpoint, but only a tetrameric form of MAD2 is capable of inhibiting APC 

activity (Fang et al., 1998a). 

PLPCCd~ZO also functions in the metaphase DNA darnage checkpoint. As with the spindle 

checkpoint, overexpression of CDC-30 and dominant mutants of Cdc2O prevent the rnetaphase 

checkpoint response to DNA damage (Hwang et al., 1998), possibly through stabilization of 

Pdsl (Cohen-Fix and Koshland, 1997). A second DNA damage checkpoint arrests the cefls in 

Iate-anaphase in a Pds 1 dependent manner (Tinker-Kulberg and Morgan, 1999). In contrast to 

the spindle and rnetaphase DNA damage checkpoint which function through A P C ~ ~ ~ " ,  the late- 

anaphase Pds 1 DNA darnage checkpoint appears to alter APC'~~' function via the rnitotic exit 

pathway (Cohen-Fix and Koshland, 1999; Tinker-KuIberg and Morgan, 1999). 

1.2.6 A RoIe for Ubiquitin Mediated Proteolysis in G1-phase. 

Proteolysis is central to the events that orchestrate progression through Start, and for the 

coordination of environmental cues with growth in Gl-phase. High levels of Ch-CDK kinase 

activity can accelerate Start in wild type cells, but is unable to promote DNA replication in cdc4, 

cdc34 or cdc.53 mutants. These mutants arrest at the GUS-phase transition with multiple 

elongated buds, duplicated spindle pole bodies and unreplicated DNA (Goebl et al,, 1988; 

Mathias et al., 1996; Yochem and Byers, 1987). The discovery chat CLIC34 encodes an E2 

ubiquitin conjugating enzyme suggested that cdc34 mutants are unable to degrade an inhibitor of 

S-phase for degradation (Goebl et al,, 1988). Sic1 protein accumulates at the end of mitosis and 

maintains Clb-Cdc28 kinases inactive in G1-phase until its proteolysis at Start (Mendenhall, 
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1993; Nugoho and Mendenhall, 1994; Schwob et al., 1994). Deletion of ail six B-type cyclins, 

or the expression of a nondegradable form of Sic1 results in the sarne terminal amest phenotype 

as cdc34 mutants, implicating Sic1 as the inhibitor that needs to be degacied to pass through 

Start (Schwob et al., 1994). Furthemore, deletion of the B-type cyclin inhibitor SrCl bypasses 

the cdc34 phenotype, shifting the arrest to G2-phase and supporting a role for Cdc34 in the 

elimination of Sic1 (Schwob et al., 1994). Elimination of Sic 1 requires Ch-Cdc28 kinase 

activity, as illustrated by the ability of siclA mutants to bypass the essential function of the Clns 

(Schneider et al., 1996; Schwob er al., 1994; Tyers, 1996). Sic1 is a substrate of Ch-Cdc2S 

kinase, and phosphorylation of Sic1 is essential for its degradation (Schneider er al,, 1996; 

Verma et al., 1997; X. Tang and M. Tyers, unpublished data). 

Degradation is also important for earlier G 1-phase events. Stable G 1 cyclin mutants 

accelerate G1-phase and prevent resporise to environmental stimuli, such as mating pheromone 

and nutrient deprivation (Cross, 1988; Hadwiger er al,, L989b; Lanker et al., 1996; Nash et al., 

1988). Indeed, Ch3  was cloned by virtue of a point mutation in the C-terminus that removed 

PEST (single letter arnino acids) rich sequences and generated a small ce11 size phenotype 

(Cross, 1988; Nash et al., 1988). PEST rich domains are considered sipals for proteolysis 

(Rogers et al., 1986), and in the C h ,  the PEST regions contain Cdc28 consensus 

phosphoryIation residues that are required for instability (Lanker et al., 1996; Tyers et al., 1992; 

Yaglom et al., 1995). Creation of a Cln2 mutant with the seven Cdc28 phosphorylation sites 

rnutated to an alanine ( ~ l n z ~ ~ ~ )  has an extended half-life compared with wild type Ch2 and 

deregulates Start (Lanker el al., 1996). 

CDC34 mutants are unable to degrade the G1 cyciins and accumulate G l  cyclin kinase 

activity (Tyers et al., 1992; Deshaies et al., 1995). Physical and genetic interactions between 

Cdc34, Cdc4 and Cdc53, combined with the same terminal arrest phenotype of cdc4, cdc33, and 

cdc.53, suggested that the three proteins may function together at the GUS-phase transition 
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(Mathias et al., 1996; Schwob et al., 1994). Mutants of SKPl can arrest with the same temiinal 

arrest phenotype as cdc34, suggesting that Skpl may also function with the Cdc34 complex for 

protein degradation (Bai et al., 1996). Skpl was initially identified in human cancer cells as a 

protein that bound the Ieucine rich protein Skp2 and Cyclin F (Zhmg et al., 1995). In yeast, Skpl 

binds a multitude of proteins by a motif called an F-box, narned after the initial binding site in 

cyciin F (Bai et al., 1996). An F-box is an approximately 40 amino acid degenerate motif with 

the consensus sequence LsxLPxEILxklLsyLDxx---DLLxLxxVCKRWyx--LIdd-dxLWKxL 

(where capitol letters indicate highly-conserved residues, lower-case letters indicate less well 

conserved residues, and x denotes non-conserved amino acid positions; Bai et al., 1996; Willems 

et al., 1999). The F-box is found in rnany proteins, including Cdc4 @ai et al., 1996; Patton et al., 

1998b). Like Cdc34, Skpl function is required for the degradation of multiple proteins, including 

Sic 1 and Cln3 (Bai et aL, 1996). 

The ability of Skpl to bind a plethora of F-box containing proteins, and to be required for 

the degradation of multiple proteins lead Elledge and coworkers to propose the F-box hypothesis 

(see Figure 3-7; Bai et al., 1996; Skowyra et al., 1997). The F-box hypothesis has two tenets; 

first, Skp 1 binds to F-box proteins by the F-box motif, and second, the F-box proteins act as 

substrate recruitment factors that links t q e t  substrates to the Skp 1-degradation machinery via 

its protein-protein interaction domains. Skpl also binds the F-box protein Grrl (Li and Johnston, 

1997), which is required for the degradation of Clnl and Cln2, but not C h 3  p a r r d  er al., 1995). 

grr lA  mutants are slow growing and have elongated buds, suggestive of Cln2-Cdc28 kinase 

hyperactivation. In addition, Grrl functions to inhibit the transcriptional inhibitor Rgtl (Li et al., 

1997 and references therein). In response to glucose in the environment Grrl relieves Rgtl 

transcriptional inhibition of the glucose-induced genes, such as the glucose transporter HXTl. 

Cdc53 and Skpl may function with G d  to regulate the glucose response because HXTl is 
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aberrantly not expressed in cdc53 and skpl mutants upon the addition of glucose (Li and 

Johnston, 1997). 

The data discussed above contributed to the discovery of a farnily of E3 ubiquitin ligases 

called SCF complexes that function dong with the E2 conjugating enzyme Cdc34 to target 

multiple ceII cycle regulators for ubiquitin mediated degradation (Craig and Tyers, 1999; 

Deshaies, 1999; Patton et al., 1998b). SCF complex formation, substrate specific degradation 

and requirement at Start are the subject of the research presented in Chapters 2,3, and 4. As 

predicted by the F-box hypothesis, substrate-specific degradation of multiple substrates is 

dictated by a F-box protein, which captures the t q e t  via its protein-protein interaction domain 

(Chapter 3; Patton et al., 1998a; Skowyra et al,, 1997). SCF components are found in yeast, 

woms, flies and humans (Chapters 2-4,3-4), and are now considered cardinal to the regulation 

of diverse ceIlular processes (Deshaies, 1999). 



1.3 Linking Nutrient Status to Start 

1.3.1 The GI cyclins link environmental cues to the mitotic cell cycle 

In G1-phase and prior to Start, cells access the environment for signais that dictate 

developmental fate, rate of gowth and rate of proliferation. Growth and proliferation are coupIed 

events, such that cells will increase their proiiferation rate if the growth rate has been increased 

and vice versa (Polyrnenis and Schmidt, 1999). In glucose, yeast cells divide rapidly and have a 

shortened Cl-phase, while on a poorer carbon source such as ethanol, yeast cells divide more 

slowly and have an extended G1-phase. Concomitant with an increase in proliferation, yeast cells 

in glucose have an increased rate of growth and larger critical ce11 size (Jagadish and Carter, 

1977; Johnston et al,, 1977). 

A variety of conditions delay or inhibit Start entry, including nutrient starvation, heat 

shock, mating pheromone, nutrient up-shift, high CAMP levels, toxic iron concentration, and 

decreases in transcriptional and translational activity (Cross, 1995; Philpott et al., 1998). 

Increased synthesis of the G1 cyclins can overcome the G1-phase delay induced by many such 

conditions- For exarnple, depletion of nutrients induces a G1-phase ce11 cycle arrest in which the 

celIs are phase bright, activate transcription of stationary phase transcripts, and are able to 

survive hostile environmental conditions, such as heat and cold shock (Werner-Washbume et al., 

1993)- Overexpression of a stable form of C h 2  continues to drive proliferation in the absence of 

nutrients (Hadwiger et al., 1989b). Eventually such cells arrest in variable ce11 cycle positions, 

without the activation of stationary phase gene expression (Hadwiger et al., 1989b). G1 cyclins 

are also rate-limiting for proliferation in humans because direct microinjection of G1 cyclin- 

CDK complexes into quiescent cells is sufficient to initiate DNA replication in the absence of 

mitogenic stimuli (Connell-Crowley el al., 1998). Similady, in Drosophila wing tissue, where 

mitogenic stimuli may be limiting to an individual cell, overexpression of GUS-phase promoting 
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factor dE2F (which is required for the expression of cyclin E) results in an increase in the 

number of ce11 divisions within the winp boundary (Neufeld et al., 1998). 

1.3.2 Protein synthesis and initiation of ce12 division 

Early studies on the nature of Start indicated that G1-phase is particulady sensitive to limitations 

on protein synthesis. Yeast proliferation mutants that arrested in G1-phase without having 

undergone growth were generally found to be defective in biosynthetic genes (Hartwell, 1971; 

Nurse et al., 1976). Low levels of cyclohexirnide, which reduces protein synthesis, induces a ce11 

cycle arrest at Start while high doses causes random arrest in the ce11 cycle (Johnston er al., 

2977). The increased sensitivity of GI-phase to lowered protein synthesis was also observed 

when Chinese hamster cells completed the ceIl cycle and arrested in G1-phase when grown in 

the presence of trace IeveIs of Ieucine, but arrested in multiple stages of the ce11 cycle upon rapid 

withdrawal of leucine (Everhart and Prescott, 1972). Sirnilarly, using methionine auxotrophs, 

Unger and Hartwell (1976) showed ùlat met mutants arrested in G1-phase after methionine 

withdrawal onIy when two conditions were fulfiIIed- First, methionyl-tRNA had to be rate 

limiting for a Start arrest signal, and second, there had to be sufficient methionyl-tRNA to meet 

the protein synthetic demand to complete an initiated ceIl cycle. Unger and Hartwell (1976) 

proposed that the signa1 generated by methionine Iirnitation is the sarne signal generated by 

limitation of other nutrients (e-g. amrnonia, phosphate, potassium, biotin, or a carbon and an 

enerpy source), and that the si,onal functions at the Ievel of protein synthesis (Unger and 

Hartwell, 1976). 

As one of the primary regulators of Gi-phase gene expression, including CLNI and 

C M ,  C h 3  is well positioned to coordinate protein synthesis with division. Gl  cyclin kinase 

activity is primarily a function of C h  protein levels, and as highly unstable proteins, mild 
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alterations in transcriptional or translational control c m  inflict significant changes on progression 

through the ce11 cycle (Tyers et al-, 1993; Tyers er al., 1992). A short upstrearn open reading 

frarne (uORF) in the 5' untranslated region (UTR) is responsible for the specific and 

disproportionate repression of C U 3  mRNA translation in conditions of low protein synthesis or 

slow growth (Polymenis and Schmidt, 1997). Deletion of the uORF hyperactivates Start 

indicating translation of C M 3  mEZNAs can be lirniting for progression into S-phase (Polymenis 

and Schmidt, 1997). As well, a C U 3  uORF deletion mutant allows cdc63 mutants, which arrest 

in G1-phase and are defective for a eukaryotic transIation initiation factor, to complete Start 

(Polyrnenis and Schmidt, 1999). Further, a CLV3 uORF deletion mutant or C m 3  expressed from 

the S'UTR of UB14 (normally expressed in starvation conditions) can cirive Start in the presence 

of rapamycin, a global inhibitor of translation that arrests cells in G1-phase by interfering with 

the TOR (target of raparnycin) pathway (Barbet et al.. 1996; Polyrnenis and Schmidt, 1997). 

Overall, CLN3 is especidly sensitive to translation defects, and thereby ensures cells do not enter 

the rnitotic cycle when growth conditions are not optimal. 

Other pathways controI Start by altering Ch3  translation efficiency. Upon nitrogen 

depletion, cells arrest in G1-phase with reduced protein synthesis, and the specific down- 

regulation of C M 3  rnRNA translation (Gallego et al., 1997). The removal of CAMP induces a 

G1-phase arrest with a decreased overall protein and C h 3  synthetic rate, which can be rescued 

by expression of CLN3 from a CUPl promoter (Hall el al., 1998). Expression of UB14p-CW3 

hybrids can also bypass the G1-phase requirement for the essential cap-binding protein (eiF4E) 

encoded by the CDC33 (Danaie et al., 1999). Likewise, overexpression of human translation 

factors increase Ch3  levels in yeast, and allow ce11 proliferation in the presence of mating 

pheromone (Edwards et al., 1997). 

However, the specific reduction of CLN3 mRNA translation can not solely account for 

the G1-phase arrest caused by a lack of CAMP or nutrients, or treatment with raparnycin because 
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C M 3  deletion mutants are viable. Therefore, other pathways that contribute to initiation of the 

mitotic ce11 cycle might also be aitered in Iess optimal growth synthetic conditions, For exarnple, 

Cln2 is subject to translationai control in toxic iron conditions (Philpott, 1998; see also section 

1.3 -3). 

The importance of the coordination of protein synthesis with proliferation is illustrated by 

the finding that translation factors, such as eIF4E can function as oncogenes, and transform 

fibroblasts by increasing synthesis of ce11 cycle regulatory proteins, such as cyclin D (Koromilas 

et al., 1992; Lazaris-Karatzas et al., 1990; Rosenwald et al., 1993). As well, high IeveIs of the 

CDK inhibitor p27Kip, which assists in maintaining cells in G1-phase and correlates with a good 

prognosis for breast cancer patients, is achieved in part through translational control mechanisms 

(Hengst and Reed, 1996; Millard et al., 2000). The tumour suppressor proteins Rb and p53, 

proteins normally associated with inhibiting the ce11 cycle control mechanisms, have also been 

associated with growth control. Rb restricts protein synthesis by interfering with the production 

of tRNA and rRNA (Larrninie et aL, 1997; White et al., 1996), and p53 is impIicated in 

repression of RNA polymerase II I  activity, the decreased translation of CDK4 in response to 

growth factors, and is itself regulated at the level of translation (Ewen et al., 1995; Ju et al., 

1999). Coupling growth with division by transcription, the proto-oncogene product c-Myc 

regulates transcription of genes involved in both ce11 growth and cell division (Grandori and 

Eisenman, 1997). Likewise, the yeast transcription factor Taf,,145 has the duel function of 

regulating both the G1 cyclins and nbosomal genes, thereby contributing to the balance between 

ce11 growth and division (Shen and Green, 1997; Walker et al., 1997). 

1.3.3 Transcriptional regzdation of the GI cyclins in response to nzr fnents 

Transcriptional regulation of the G1 cyclins also contributes to the coordination of ce11 growth 

with division. In response to glucose, G1-phase transcripts are delayed and C M  specifically 
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repressed so as to postpone budding until the ce11 has reached a larger ce11 volume (Flick et al,, 

1998; Tokiwa et al., 1994). Deletion of CLNl dramaticaiIy decreases the change in budding size 

following an up-shift to a glucose-based medium (Flick et al., 1998; Tokiwa et al., 1994). 

Glucose mediated repression of CLNI is mediated via three MCB core elements in the promoter 

region that are dependent on SBF, and surprisingly not MBF, transcription complexes (Flick et 

al., 1998). Transcriptional mechanisms are sufficient for a glucose induced G1-phase delay 

because GL cyclin mutants surviving on CLN2 expressed from a C '  promoter exhibit an 

increase in ce11 size in response to glucose (Flick et al., 1998). However, evidence that post- 

transcriptional regulation of Clnl may aiso play a role in the glucose-mediated delay has 

accumulated. Notably strains expressing CLNl from the C'LN3 promoter are still somewhat 

sensitive to glucose (Flick et al., 1998). 

Several Iines of evidence indicate that glucose-dependent CLNl repression is rnediated 

through the Ras-CAMP pathway. Mutant strains that constitutively activate the Ras-CAMP 

pathway at a low level (wimp strains), bud at a smaller than normal ce11 size in a poor carbon 

source, and fail to increase their size in response to the addition of glucose (Baroni et al., 1989; 

Baroni et al., 1992; Tokiwa et al., 1994). Conversely, high levels of CAMP increase the budding 

size of wimp mutants, and represses both CLNI and CLN2 expression (Baroni et ai., 1994; 

Tokiwa er al., 1994). 

From the above data, it seems that CAMP can elicit two distinct effects: (1) after CAMP 

withdrawal, additional CAMP stimuIates the transIationa1 eff~ciency of C h 3  and thereby 

increases transcription of CLNI and C M ,  and (3) in cells in a glucose based media, CAMP 

inhibits CLNI and C W  expression allow for budding at an increased ce11 size. The different 

CAMP affects in responses may lie in the cell initial environmental conditions. Cells arrested by 

Iack of CAMP arrest as non-growing cells in G1-phase. Upon addition of CAMP, growth is 

activated, ribosomes are assembled, C h 3  is actively translated and CLNI, CLN2 are expressed. 
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Conversely, cells that are actively growing and dividing already have adequate Ievels of CAMP, 

and upon the addition of giucose the additional cAMP production now functions to decrease 

CLN expression to adjust growth rate with division (Hail ei al., 1998; Radcliffe et al., 1997) , 

Interestingly, a wirnp strain arrests in G1-phase upon nutrient withdrawal despite the 

production of constitutive, Iow levels of CAMP (Cameron et al., 1988). Also, strains expressing 

high levels of CAMP cannot overcome a G1-phase anest induced by nitrogen withdrawd 

(Markwardt et al., 1995). These observations most Iikely reflect the need for cooperation of 

various other pathways to couple ce11 growth with division. For example, Whi2 is needed for the 

repression of CLNI and CLN2 as cells enter stationary phase, and mutations in wIzi2 cause a 

decreased ce11 size and random ce11 cycle arrest in lirnited nutrients (Radcliffe et al., 1997). Also, 

independently of the cAMP pathway, CLN3 rnRNA Ievels are au,pented in log phase cells 

growing on glucose cornpared with cells gowing on a less rich medium (Parviz et al., 1998). 

Glucose dependent CLN3 expression requires AAGAAAAA (A2GA5) repeat elements in the 

C M 3  promoter. Mutation of these repeats reduces CLN3 expression in glucose medium, and 

cells acquire twice as much mass before initiating Start, presumably because they have not been 

able to match their division rate to their increased growth (Parviz et al., 1998)- 

We have been interested in the mechanisms that regulate G Lphase. In Chapter 4,1 

provide evidence for a novel mechanism that may control Start through the regulation of cyclin 

rnRNA accumulation. We have found that unregulated activation of the MET gene transcription 

factor Met4 causes a G1-phase West phenotype in yeast (Patton et al., 2000). Cells accumulate 

mass beyond the size norrnally required to trigger Start, yet are unable to initiate budding or 

DNA replication. One explanation for the G1-phase arrest may be the lack G1-phase transcript 

accumulation, possibly by the tarpeted degradation of -As such as C M  and C M .  Such a 

mechanism may provide further layenng of the complex G1 cyclin regulatory pathways, and 

their ability to regulate Start. 
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1.4 Thesis summary and rationale 

This thesis concentrates on the role of regulated proteolysis in progression through Gl-phase of 

the rnitotic ce11 cycle of the budding yeast Saccharomyces cerevisiae. S- cerevisiae is a 

unicelluhr eukaryote that c m  exist as both a haploid and a diploid cell. Their rapid ce11 cycle (a 

typical mitotic cycle is 90 minutes), contributes to the feasibility of performing genetic, 

molecular and biochemical analysis. One advantage to the study of the ce11 cycle in yeast is that 

each ce11 cycle stage can be easily approximated by morphological analysis. This serviceable 

feature was used by Kartwell and colleagues (1974) to generate a co1Iection of ce11 division cycle 

(cdc) mutants, which has been instrumental to the study of the ce11 cycle in yeast, as well as other 

organisms. Importantly, the fundamentals of the yeast ce11 cycle machinery have proven to be 

conserved themes in evolution, and mutations in components of the ce11 cycle regulatory 

machinery are found in most human cancers. 

Chapter 2. of this thesis describes the Cdc34 and Cdc53 dependent instability of the G 1 

cyciins in GI-phase. The finding that Cdc53 binds phosphorylated G1 cyclins (CIns) prompted 

me to study the role of Cdc53 in the ubiquitin rnediated degradation of the Clns (Willems et al., 

1996). While various NE vitro studies aimed to reconstitute the ubiquitination of the CIns and B- 

type cyclin inhibitor Sicl, I chose to study Cdc53 function in vivo- Using genetic techniques, I 

showed that Cdc53 function affects C h  stability. Promoter shut-off experiments supported the 

genetic data, and I demonstrated that Cdc53 is required for the constitutive degradation of Cln3. 

In response to a published report that the B-type cyclins were required for the degradation of the 

CIns (Blondel and Mann, 1996), 1 performed a series of experiments examining the stability of 

C h 2  in different genetic backgrounds to demonstrate that Cln2 instability is independent of the 

B-type cyclin and Sic1 activity. 

In Chapter 3-1 describe the results of a Cdc53 two-hybrid screen for interacting proteins. 

Three Cdc53 interacting proteins were uncovered frorn this screen; Skpl ,  and the F-box proteins 
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Cdc4 and Met30.I used genetic and biochemical means to demonstrate that CdcS3 forms three 

S kp 1-Cdc53-F-box protein (SCF) complexes in vivo. The SCF complexes act as E3-ligases that 

target specific substrates for degradation. In support of this rnodel, 1 showed that S C I ~ ~ '  is 

required for Cln2 degradation, and S C F ~ ~ " '  is required for repression of the MET gene 

biosynthesis network (Patton et al., 1998a). 

Chapter 4 provides a detailed study of a conditional met30A Gl-phase arrest phenotype. 

Our collaborators, Dr. Dominique Thomas and laboratory (C. N. R. S . ,  France), demonstrated 

that Met4 is the target of SCF~""', and that unregulated expression of Met4 results in a G1-phase 

arrest phenotype (Patton et al., 2000; Rouillon et al., 2000). Using synchronized cells, 1 showed 

that Met30 is required for Start characteristics such as budding and DNA replication, but not 

growth or protein synthetic rate. hstead, constitutive transactivation by Met4 may inhibit Start 

by destabilizing late Gl-phase RNA transcripts, such as CLNl and C M .  To identify genes 

under Met4 regulation, 1 performed cDNA rnicroarray analysis of Gai-MET4met30A cells, and 

discuss the possible role of Met4 in multiple gene networks. 

In the final chapter, Chapter 5 ,1  discuss possible future directions of this work. These 

include genetic screens for novel SCF targets, genes that regulate Met30 stability and the 

identification of Met30 recognition sequences in Met30 t q e t  proteins. As well, I propose 

continuing the characterization of the conditional nzer3QA GI-phase arrest phenotype, a genetic 

screen for bypass suppressors of this phenotype, the generation of an index of genes under Met4 

and Met4 cofactor regulation, the identification of new met4A and met30A phenotypes and Met4 

and Met30 targets, and finally, a synthetic dosage lethality screen for regulators of Met4. 



Data in this chapter have been previously published in Willems er al. (1996) and Schneider er al., (1998). 
Figures 2-3 and 2-4 were first published as Figures 2 and 3 in Yeasf GI cyclins are uizstable in 
G1 phase, (1998), Nature 395, 86-9, and are reprïnted here with permksion from Macmillan 
Magazines Ltd, 



The wave of CDK activity required to drive the G1-to-S phase transition is achieved by the 

coupling of G1 cyclin synthesis with their rapid degradation. Stable forms of the G1 cyclins, 

such as CM-1 and CIn3-1, hyperactive progression through Start (Cross, 1995). Such mutations 

confer a small size phenotype and insensitivity to mating pheromone, demonstrating that 

proteolysis of the G1 cyclins is crîtical for proper regulation of G1-phase in pre-Start cells. 

Evidence for involvement of the ubiquitin proteolytic pathway in G1 cyclin degradation 

carne from expenments demonstratirig the ubiquitin conjugating enzyme Cdc34 was required for 

controlling GI cyclin protein stability and kinase activity (Tyers et al., 1992; Deshaïes et al., 

1995). Considenng that cdc34 and cdc.53 mutants arrest with the same terminal phenotype, the 

identification of a Cln2-Cdc53 interaction in our lab suggested that Cdc53 might function with 

Cdc34 to target Ch2  for degradation (Willems et al., 1996). In this Chapter 1 demonstrate that 

Cdc53 is required for the degradation of the Clns, and that the C h 2  degadation machinery is not 

ce11 cycle regulated. Overexpression of CLJE or CLN3 retards proliferation of a cdc53-1 mutant 

at the semi-permissive temperature. In contras the stable mutant Cln3-1, which does not bind 

CdcS3 (Willems et al., 1996), does not alter the cdc53-1 phenotype, suggesting Cdc53 function 

is specific to unstable cyclins Nt ~ ~ i v o .  To determine if Cdc53 is required for the degradation of 

the G1 cyclins, 1 used promoter shut-off experiments to show that C h 2  is stable in cdc.53-I and 

cdc34-2 mutants. Cdc53 dependent degradation was not confined to one phase of the ceII cycle 

because C h 3  was stable in cdc.53 mutants arrested at Start, in S-phase and in mitosis. 

An alternative mode1 for C h  degradation proposed that once cells were past Start, B-type 

cyclins trigger G 1-c yclin degradation (Blondel and Mann, 1996). The stabi lized cyclins in cdc34 
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mutants that had been reported (Deshaies et al,, 1995; Willems et al., 1996) were speculated to 

refiect high levels of Sic1 inhibiting B-type cyclin activity. Using pulse-chase analysis, I show 

that degradation of the Clns is independent of the B-type cyclins and Sic1 abundance, Together 

with the findings of Willems et al. (1996) and Schneider et al. (1998), my results suggest that 

Cdc53 functions in a Cdc34dependent Cln2 degradation pathway, and that the degradation of 

the Clns occurs through out the ce11 cycle. Thus, when constitutive degradation of the G1 cyclins 

is coupled with the rapid response of C'LN transcription to physiological sipals, pre-Start G1 

cells c m  regulate entry into the next mitotic ce11 cycle. 



2.2 MATERIALS AND ~ T H O D S  

2.2.1 Yeast strains and culture 

Yeast strains are Iisted in Table 3-1 and are of W303 background unless othenvise stated. Yeast 

strains were cultured accordin% to standard methods (descnbed in Willems et al., 1996). Carbon 

sources were used at 2% w/v, unless indicated. 

2.2.2 Plasmids 

Plasmids are as indicated in Table 2-2. pMT1634 (C'LAQHA, CEN, U E 2 )  was constructed by 

inserting the ADEZ gene from pMT676 cut with BamHI and filled, into pMT29 1 (CLN~~", 

CEN, LEU?) cut with NruI and fiIled with Klenow: 

2.2.3 Yeast transformation 

Yeast transformations were performed using the LiOAc procedure as described in (Willems et 

al., 1996). 

2.2.4 Western analysis 

Preparation of proteins for Western analysis is as described (Tyers et al., 1993). CeIls were 

harvested by washing with cotd water followed by irnmediate freezing at -80°C. Lysates were 

prepared by glass bead lysis in Buffer 3 (50 mM Tris-CI pH 7.5, 250 rnM NaCl, 50 mM NaF, 5 

mM EDTA, 0.1% NP-40) plus protense inhibitors (ImM PMSF, 0.6 rnM dimethylarninopunne, 

ludm1 leupeptin, ludm1 pepstatin, 10usJml TPCK, 10ug/ml soybean trypsin inhibitor) and 

cleared by spinning at 11,000g for 5 min. and then 30 min. 25 - 50 ug of protein were separated 

by SDS-PAGE, and transferred to nitrocellulose (Protran). Proteins were detected by 

imrnunoblotting in TBST (Tris 20 M pH 7.6; NaCl 0.37 rnM; 3.8 ml. 1 M HC1; 0.5 ml Tween) 

and processed by ECL (Amersharn). Anti-HA (12CA5) monoclonal antibodies were produced as 
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ascites fluid (Kolodziej and Young, 1991) and used at a dilution of 1:10,000 in 2% skim rnilk 

solution. Crude antibodies against Cdc28 were used at 1 : 1000. Secondary antibodies, sheep- 

anti-mouse (Amersharn) and donkey-anti-rabbit (Amersham) were used at 1:10,000 in a 2% skim 

milk soIution. 

2-2.5 Northern analysis 

Samples for RNA analysis were prepared as descnbed (Tyers et al., 1993). Cells were prepared 

by washing in cold water and storing at -80°C. Cells were lysed on ice in LETS buffered phenol 

and LETS buffer (0.1M LiCl, 0.01M EDTA, 0.01M Tris pH 7.4,0.2% SDS) with glass beads. 

Lysates were cleared by spinning for 5 min. at 11,000g, and extracted from LETS buffered 

phenol-chloroform three times. RNA was precipitated in LiCl and cold ethanol (concentrations) 

for 1 hr. at -20°C, spun for 1 hr. at 4OC, dried and resuspended in DEPC treated water. 5-10 ug of 

RNA was separated by gel electrophoresis, transferred to nylon membrane (Nytran), cross linked 

by W (6OOpJ) and baked for 1 hr. at 80°C in a vacuum oven (described in Sarnbrook, Fritsch 

and Maniatis, 1989). 

2.2.6 Pulse-chase analysis 

Sarnples were prepared for pulse-chase analysis and processed for imrnunoprecipitations as 

described (Schneider et al., 1998). Cells were grown in rich media supplernented with 0.1 rnM 

methionine to early 105 phase and shifted to the nonpermissive temperature (37°C) for 2 hrs. The 

celis were then filtered from the media, washed and resuspended in 1 ml of media lacking 

methionine. The culture was incubated at 37°C for 5 min., after which the ceils were pulsed with 

500 pCi of [ "S ]M~~/C~S  (ICN, Tran 35~-label) for 5 min. The cultures were then chased with 2 

rnM unlabelled methionine, 2 mM unlabelied cysteine, 1 mgml cyclohexirnide. Samples were 
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pelleted, resuspended in 1 ml of ice cold 5% trichloroacetic acid (TCA) and placed on ice for 10 

min., after which the cells were washed with ice cold acetone, aspirated dry and frozen at -80°C. 

For sample processing, the frozen pellets were resuspended in 75pl of cold breaking 

buffer (50 rnM Tris-HCI, pH 7.5, 1 mM EDTA, and protease inhibitors: 1 miM PMSF, 0.6 mM 

dimethylaminopurine, lug/ml leupeptin, 1pg/ml pepstain, l û y g h l  TPCK, 10pg/ml soybean 

trypsin inhibitor) and glass beads and Lysed by vortexing. 1% SDS was then added, and the 

samples were boiIed for 2 min. pnor to adding 900 ul of RIPA buffer (50 mM Tris-KI, pH 7.5, 

IrnM EDTA, 150 rnM NaCl, 0.5% sodium deoxycholate, l%NP-40 and protease inhibitors) plus 

0.2 mdml of BSA. Lysates were cleared b y spinning at 1 1,000 g for 30 min. before rneasuring 

[ 3 5 ~ ]  incorporation was measured by TCA precipitation (Harlow and Lane, 1988). Equal 

radioactive counts were used for each precipitation. Lysates were first incubated with Protein A- 

Sepharose beads for 20 minutes to preclear lysates of nonspecific Protein A binding proteins. 

Next, the precleared lysates were incubated with 1 ug of 12CA5 anti-HA antibody, and rocked 

for 1 hr. at 4°C. Immune comp1exes were captured with Protein A-Sepharose beads, washed once 

with 1 ml RIPA buffer, transferred to a fresh tube and washed 2 more times with 1 ml RlPA 

buffer plus 1 % R-mercaptoethanol, transferred to a fresh tube again, and finally washed once 

more with 1 ml RIPA buffer plus 1 % 8-mercaptoethanol plus 2 M urea. Sarnples were aspirated 

dry, resuspended in 10 uI of 2 X Laemmli sarnple buffer, and loaded ont0 a 10% SDS-PAGE gel. 

Radioactive samples were visualized with a PhosphoImager (Molecular Dynamics), and Cln2 

was quantitated by normalizing to lanes of total lysate run on a paralle1 gel. 



Table 2-1. Yeast strains (Chapter2) 

Straïn Relevant Genotype' Source 

clbl clb2-VI clb3::TRPI clb4::HIS3 cln3::pGAL.I - Amon et al-, 1993 

c m H A - ~ ~ u 2  

C ~ - : ~ G A L I  - c m H A - m  

cdc4-1 

cdc34-2 

cdc53-1 

sicld:: UR43 

c l n ~ : : ~ ~ A L . 1  - C L N ~ ~ " - L E U ~  cdc34-2 

c1nZ::pGALI -CLNZ*~-LEU~ cdc53-I 

ade2-1 car2 1-100 his3-1.15 led-3,  I I2  trp I - l  ura3 

c m H A  

clbl clbZ-VTclb3 clb4 C I ; N ~ ~ "  

clbl clb2- VI clb3::TRPI cib4::HIS3 clb5::GALI- 

CLBS- URA3 clb6::LEU2 

Willems et al., 1996 

Patton et al., 1998 

WiIlems et al., 1996 

Willems et al., 1996 

Tyers laboratory 

Willems et al., 1996 

Willerns et al-, 1996 

K. Nasmyth 

Amon et al., 1993 

Amon et al., 1993 

Schwob et al., 1994 

" Strains are MA Ta 



Table 2-2. List of Plasmids (Chapter-2) 

Plasrnid Relevant Characteristics Source 

pMT4 1 ~ G A L I  - c w ~ ~ ~  UR83 2pm 

pMT42 ~ G A L I - C L N ~ - I ~ ~  LIRA3 F m  

pMT2 15 pGALI-CLN3-I UR43 3pm 

pMT29 1 cLNzHA LEU2 CEN 

pMT435 pGALJ-CLNI URA3 3pm 

pW634 pGALI-CLN2LEU2URA32prn 

pMT1634 cmH'' ilDE2 CEN 

G. Tokiwa 

G- Tokiwa 

G. Tokiwa 

K- Arndt 

Willems et al., 1996 

Willems et al., 1996 

This study 



2.3.1 Genetic interactions between the G1 cyclins and CDC53 

The instability of the G1 cyclins is dependent on Cdc28 phosphorylation of a C-terminai region 

of the G1 cyclins (Lanker et al., 1996)- Cln mutants which have been deleted for the carboxyl- 

terminal region (Cln2-1, Cln3-1) are hyperactivated for Start (Cross, 1988; Hadwiger et al., 

1989b; Nash et al., 1988) and unable to bind Cdc53 (Willems et al., 1996). 1 used genetics to ask 

if the C-terminai instability-deterrnining region of the G l  cyclins functioned with Cdc53 in vivo- 

1 overexpressed CLNI, C m ,  CWV3 and CLN3-I in a cdc.53-1 mutant and tested for a genetic 

interaction at the semi-permissive temperature of 30°C (Figure 2-1). High Ievels of CLNZ and 

CM3 inhibited coIony fonnation at 30°C, strengthening the significance of the Cdc53-Cln 

complexes detected by irnrnunoprecipitation (Willems et al., 1996). CLNI overexpressiom made 

little difference on colony size at 30°C, perhaps reflecting the weaker Cdc53-Cln 1 interaction 

detected by imrnunoprecipitation (Willems et ai., 1996). Consistent with the ability of Cdc53 to 

complex with the G1 but not the B-type cyclins (Willems et al., 1996), overexpression o f  CLB2 

or C U 5  made no difference on colony fonnation in a cdc.53-I mutant at 30°C (data not shown). 

Importantly, unlike CLN3, overexpression of CLN3-1, did not alter colony size of the cdc.53-I 

mutant, supporting the hypothesis that stable forms of C h 3  do not complex with Cdc53 En vivo. 

These data suggest that Cdc53 functions specifically with at least the unstable forms of CLN3, 

and possibly CLN2, and that high levels of these cyclins interfere with CdcS3 function zk vivo. 

2.3.2 Cdc53 is required for the degradation of the G l  cyclins 

Genetic and biochemical evidence from Our lab suggested Cdc53 function was tethered to G1 

cyclin instability (Willems et al., 1996). As well, Cdc34 an E2 ubiquitin conjugating enzyme that 

binds Cdc53 and has the same terminal arrest phenotype, had been shown to be required f o r  Cln2 
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Figure 2-1. The restrictive temperature of cdc53-1 strain is reduced by the overexpression 

of CLN2 or CLN3. Wild type 6699 )  and cdc.53-I (MTY740) strains were transforrned with a 

vector plasmid (pRS3 16) or plasrnids expressing CLNI (pMT485), C m  (pMT634), CL'V.3 

(pMT41) or CLN3-I (pMT315 for wild type; pMT42 for cdc53-1) from the GALl prornoter. 

Single colonies were isolated, streaked onto galactose plates lacking uracil, and grown at 30°C 

for 3 (wild type) or 5 (cdc.53-1) days. 



wiid type 
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Figure 2-2. Cdc53 is required for the instability of Ch2. (A) C h 2  instability requires Cdc53 

and Cdc34 function. Wild type (MTY386), cdc.53-I(MTY784) and cdc34-2 (MTY777) strains 

with G U I - C  LMHA integrated into the genome were grown in raffinose based rich medium until 

early log phase, shifted to 37°C for 2 hr. Galactose was then added to the media to induce 

expression of CLiWHA. After 1.5 hr., glucose was added to repress G A L I - C L N ~ ~ ~  expression and 

time points taken at the indicated intervals. The top and middle panel show the Western blots of 

~ l n 2 ~ "  (detected by anti-HA antibodies) and as a loadinp control, Cdc28 (detected by anti-Cdc28 

antibodies). To compensate for elevated abundance of c1nlHA in cdc.53-I and cdc34-2 strains, 

exposure times (indicated under the top panel) were adjusted such that at O min. there were 

approximately equai arnounts of chQHA.~he bottom panel shows a Northem blot of CLN2 

mRNA and the loading control, ACTI. (El) C h 2  stability in cdc.53-I mutant is independent arrest 

position. A similar experiment as (A) was performed, except the cells were first arrested with 

2OOmM hydroxyurea for 1.5 hr prior to shifting to the restrictive temperature. 
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instability (Deshaies et al., 1995). 1 used a KA tagged C M  gene construct expressed from the 

GALl promoter to determine the half-life of ~ l n 2 ~  in a wild type straïn compared to in a cdc.53- 

I mutant. As a positive control, 1 performed the experiment in a cdc34-2 straïn. GALI-CW~~" 

expression was repressed by the addition of glucose to the cultures, and cMHA abundance over 

time was detected by immunoblotting (Figure 2-2A). Northern analysis was perforrned to 

confim the repression of the C'L.WH'' transcript. While C h 2  was very unstable in wild type 

cells, with a half-life of less than 10 min., C h 2  was dramatically stabilized in the cdc34-2 and 

cdc.53-I mutants, with a half-Iife of over 90 min., Similar resuks were found with Clnl and C h 3  

(data not shown). 

While ~ l n 2 ~ ~  stabilization in a cdc.53-I mutant strongly suggested that Cdc53 was 

required for Cln2 degradation, it was possible that instead, C h 2  was simply stable at the cdc34-2 

and cdc.53-I arrest position- To ensure that Cdc53 was indeed required for C h 7  instability, 1 

perforrned similar experiments in cells prearrested in G1-phase with pheromone, in S-phase with 

hydroxyurea and in G2/M phase with nocodozole (Figure 2-2B, and data not shown). Ce11 cycle 

arrest position was confirrned by microscopy and FACS analysis (data not shown). Ch2  was 

stable in cdcS3-I at -al1 ce11 cycle arrest positions, indicating that a Cdc53-dependent C h 2  

degradation pathway was active through out the ce11 cycle. 

2.3.3 C h  stability is independent of B-type cyclin activity 

In combination with reports showing the Clns to be unstable in a battery of cdc mutants arrested 

throughout the ce11 cycle (Salarna er al., 1994), my data supported the notion of a constitutive 

C h 2  degradation pathway in al1 phases of the ce11 cycle. However, an alternative theory (Blondel 

and Mann, 1996) asserted that the Gl cyclins became unstable only after the B-type cyclin 

inhibitor Sic1 was degraded at Start. In their model, the G1 cyclins were stable in early G1-phase 

and their degradation was triggered by the B-type cyclins Clbl-4 when they becarne activated in 
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Figure 2-3. Cln2 stability is independent of B-type cyclin activity. (A) cMHA rernains 

unstable in a clbl4r.s strain, Wild type (MTY235) and clbl-4s (K3390) strains were 

~ansformed with medium until early log phase, shifted to the non-permissive temperature, 

followed by the addition of galactose to induce the GALl promoter for 2 hr.. Glucose was then 

added to repress CLV~~' '  expression and time points taken. Samples were analyzed by Western 

analysis, and proteins levels detected by anti-HA antibodies and anti-Cdc28 antibodies were 

quantitated by densitometry. (B) cMHA is unstable in mutants with decreased levels of Clb 

activity. C'LMHA was expressed from it's own prornoter (pm1634) in cZbl-4rs (K3390), clb l -  

m3v 6ts (K4057). and G U I - S I C 1  (MT857) strains under non-permissive conditions. clrQHA 

stability was determined by '"' S methioninekysieine pulse-chase analysis, and detected by 

imrnunoprecipitation with ami-HA antibodies from labeled extracts. Quantitation was perfonned 

using a Storm Phosphohager. Reprinted by permission from Nature 395, 86-9 copyright 1998 

Macmillan Magazines Ltd. 
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early S-phase. 1 undertook a sirnilar series of experiments and measured the stability of cmHA 

by GALI promoter shut-off experiments in a mutant compromised for B-type cyclin activity due 

to the lack of CUL-4 under non-permissive conditions (a G2 arrest mutant, called clbl-#fi; 

Figure 2-3A). To ensure that my results were not compromised by the overexpression of CLN2 

or carbon source shifts, 1 performed pulse-chase analysis on endogenous IeveIs of C h 2  in clbl- 

4" and also found C h 2  to be unstable (Figure 2-3B). 1 pursued the expenments further, and 

measured Cln stability in two G1-phase mutants: cells defective for CLBI-6 ( ~ Z b 6 ~ ) ,  and cells 

expressing the B-type cyclin inhibitor S I C I ~ ~ ~ ( F ~ ~ U ~ ~  2-3B). As before, was unstable in 

conditions of Iow Clb-Cdcî8 activity, demonstrating that B-type cyclin activity does not affect 

Cln2 stability- 

2.3.4 Cln stability is independent of Sic1 abundance 

The Blondel and Mann (1996) mode1 posited that the Clns were stable in cdc34 mutants because 

of high Sic1 levels that inhibit B-type cyclin activity. 1 rneasured the half-life of wild type levels 

of in cdc4-l and cdc34-2 mutants after they had been shifted to the restrictive 

temperature and accumulated at the Gl-to-S transition (Figure 2-4A). c ln îHA was stable in 

cdc34-2 but not cd&-I mutants, despite high levels of Sic1 in both mutants (Figure 2-4B). This 

experiment supported earlier findings that Cdc34 is required for C h 2  degradation (Deshaies et 

al., 1995, and this study), and confimis that Sic1 abundance is not a factor in G1 cyclin 

instability. 
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Figure 2-4. Ch2 stability is independent of Sic1 abundance. (A) Cln2 instability is dependent 

on Cdc34, and not Cdcl. ~ l n 2 ~  (pMTZ9 1) was expressed from it7s own promoter in wild type 

(MTY235), cdc34-I (MTY670) and cdc4-I(MTY668) and anaiyzed at the restrictive 

temperature by pulse-chase analysis as in Figure 2-3B. (13) Abundance of Sicl in wild type 

(K699), siclA (MïY767), cd&-l (MTY668) and cdc34-2 (MTY670) was determined by 

irnmunoblotting with anti-Sic1 antibodies. Reprinted by permission from Nature 395, 86-9 

copyright 1998 Macmillan Magazines Ltd. 
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2.4.1 Cdc53 is required for G1 cycIin degradation 

My data demonstrate that Cdc53 is important for the instability of the G1 cyclins in two ways. 

First, overexpression of CLN2 and CWV3 inhibit proliferation of a cdc53-I mutant (Figure 2-1). 

Conversely, overexpression of the CW3-I  mutant (which creates a stable C h 3  protein) does not 

alter cdc53-I viability. These genetic results reveal a link between Cdc53 function and Cln 

instability. These data were corroborated by evidence that Cdc53 does not associate with stable 

473s forms of the Clns, such as CIn3-1 or  C h 2  , a seven site phosphorylation mutant which binds 

but is not recognized by its CDK Cdc28 (Willems et al., 1996). Second, the G1 cyclins are stable 

in cdc53-1 mutants at the restrictive temperature. The Clns are stable in cdc53-1 mutants, not 

only at their G1-to-S transition arrest position, but also at ce11 cycle blocks in G1, S and M- 

phase. Consistently, C h 2  is unstable in a battery of cdc mutmts that arrest at different positions 

in the ce11 cycle (Salarna er al., 1994). Therefore, unlike the B-type cyclin degradation compIex 

(called the APC) that is activated at anaphase, Cdc53 dependent Gl cyclin degradation appears 

active through out the ce11 cycle. These results can be assembled into a simple mode1 where 

Cdc53 binds to unstable, phosphorylated G1 cyclins and targets them for ubiquitin mediated 

degradation. Such rapid, constitutive degradation of the G l  cyclins in combination with 

regulated transcription is critical for C h  periodicity, and cellular response to environmentai cues 

that alter C h  synthesis at Start. 

2.4.2 Cdc53 functions with other proteins to degrade the G1 cyclins 

A conglomerate of proteins appear to function with Cdc53 for GI cyclin degradation. Genetic 

and biochemicai evidence strongly suggested that Cdc53 rnight function with Cdc34, the E2 

ubiquitin conjugating enzyme, to degrade the G1 cyclins. Mutants of cdc34 and cdc.53 arrest with 

the sarne terminal arrest phenotype, double cdc34cdc53 mutants are lethd at the permissive 
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temperature, and overexpression of CDC34 rescues the lethality of the temperature sensitive 

cdc53-Imutant at the restrictive temperature (Mathias et al-, 1996). As well, Cdc53 binds Cdc34 

in yeast and baculovims lysates (Mathias et al., 1996; Willems et al,, 1996)- As in cdc53-I, 

CLAU overexpression inhibits cdc34-2 colony formation at the semi-permissive temperature, and 

C h 2  is stable in cdc33-2 mutants (Deshaies et al., 1995; Figure 2-2A). FinaHy, both Cdc53 and 

Cdc34 are required for the ubiquitination of C h 3  Nz vivo (Willems et al., 1996). CollectiveIy, 

these data suggest that through association with Cdc34, Cdc53 might function to target the Clns 

for degradation via the ubiquitin proteolytic pathway. 

Other proteins impIicated to function with Cdc53 include Cdc4, Skpl and Grrl. Mutants 

of CDC4 and S U I  can result in the IN, multiple elongated bud terminal arrest phenotype 

characteristic of cdc34 and cdc.53 mutants (Bai et al., 1996; Môthias er al., 1996). Skpl is 

required for the stability of Ch2  (Bai et al., 1996), and binds the F-box proteins Cdc4 and 

Grrl(Bai et al., 1996; Li and Johnston, 1997). GRRl deletion mutants are not inviable, but do 

have polar, elongated buds, indicative of high Cln activity. Accordingly, Grrl is also required for 

the instability of Clnland Ch2  (Barra1 et al., 1995). While Cdc3 binds the Cdc34-Cdc53 

cornplex, and cdc4cdc34 and cdc3cdcS3 mutants are inviable, Cdc4 is not required for Cln 

degradation (Mathias et al., 1996; Patton et al-, 1998; Figure 2-4). Instead, Cdc4 is required 

dong with Cdc34, Cdc53 and Skpl, for the degradation of Sic1 (see Chapter 3; Schwob et al, 

1994; Skowyra et al., 1997; Feldman et al., 1997). Taken topether, Cdc53 appears to form at 

least two protein complexes; one with Grrl to target Clnl and C h 2  for degradation, and one 

with Cdc4 to target Sic1 for degradation (described in detail in Chapter 3). Due to the specificity 

of Grrl for Clnl and Cln2, but not C h 3  degadation, Cdc53 potentially associates with other 

proteins to target C h 3  for degradation. 

2.4.3 G1 cyclin stability and the activation of Start 
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Instabiiity is an essentiai feature of the G1 cyclins, (Clnl, 2,3) for proper progression through 

G1 into S-phase. This d o p a  was established by the isolation and creation of stabIe Cln mutants 

(CM-1, Cln3-1 and ~ l n 2 ~ ~ ' )  which hyperactivate Start and interfere with regulation of transit 

through G1-phase (Cross, 1988; Hadwiger e t  al., 1989b; Lanker et al., 1996; Nash et al,, 1988; 

Tyers et al., 1992). As discussed above, Cdc34-Cdc53 degradation of the G1 cyclins appears 

constitutive through out the ce11 cycle. Despite this evidence, an aiternative model for the 

degradation of the G1 cyclins was proposed by Blondel and Mann (1996). In their model B-type 

cyclin activity triggers the degradation of the G1 cyclins, and therefore in periods of low B-type 

cyclin activity, such as in early G1-phase, the G1 cyclins are stable (Figure 2-5). This model is 

based on pulse-chase experirnents showing that Clnl, 2 are stable in cZbl,2,3,4 mutants. To 

account for the discrepancy between their data and other data demonstrating C h 2  is stable in 

cdc34 and cdc53 mutants, Blondel and Mann suggested that high Sic1 IeveIs in the cdc34 and 

cdc.53 mutants sufficiently blocked B-type cyclin activity toward the G1 cyclins. 

In coI~aboration with the Futcher lab (Cold Spring Harbor Laboratories) we demonstrate 

that the Cl cyclins are unstable in G1-phase, and that G1 cyclin degradation is independent of B- 

type cyclins and Sic1 abundance (Schneider et al., 1998). Using synchronized, small G l  cells, 

Brandt Schneider (Futcher Lab, Cold Spnng Harbor Laboratories) measured the half-life of 

clrQHA in early Gl-phase to be approxirnately 5 minutes. Such extreme instability of Cln2 is 

important for the regulation G1-phase, because when low levels of C M 2  or C L N ~ ' ' ~ ~  were 

expressed in small G1 cells and compared for their ability to promote Start, cells expressing the 

473s stable CLN2 mutant initiated Start more quickly- Thus, the G1 cyclins are unstable in early 

G1-phase, and this feature dlows the cell to regulate the promotion of Start. 

To demonstrate that the B-type cyclins are not required for the degradation of the G1 

cyclins, 1 showed that c ln îHA is unstable in a clbI-4L< mutant (Figure 2-4). cMHA is aiso 

unstable in other low Clb activity strains such as a clbI-6" mutant and cells overexpressing 
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~ ~ ~ * ~ ~ ( F i ~ u r e  2-3B). Consistently, chQHA stability is indeperndent of Sic1 levels. 1 show 

clnzHA is stable in cdc34-2 mutants that arrest with high Sic1 levels, while in contrast cMKA is 

unstable in cdc4-l mutants that also arrest with high Sic1 levels (Figure 2-4). These data 

demonstrate that Cln2 stability is not altered by Clb or Sic1 lev-eis, and reasserts the requirement 

of Cdc34 for C h 2  degradation. 

Differences between Our results cannot be attributed to ahe HA epitope ta= on Cln2, 

because there is no detectable difference between the stability o f  ~ 1 x 1 2 ~ ~  and C h 2  (Schneider er 

al., 1998). The differences cannot be attributed to the method 04 CLJE expression because 1 

measured clrZHA stability when expressed from the GALI promoter, as well as the endogenous 

CLN2 promoter. As well, the Blondel and Mann results did not reflect stability effects specific to 

onIy Cln 1 and not Cln2 (e.p., potentially caused by cross-reacti vity of the anti-Clnl antibody 

used in those studies towards Cln2) because we found Clnl to b e  equally as unstable as CIn2 

(Schneider et al., 1998; data not shown). Finally, a variety of protein extraction rnethods, 

inciuding the one described by Blondel and Mann (1996), did mot alter Our results (data not 

shown). 

2.4.4 Cdc53 homologues rnay regulate cyclin turnover in annrnals 

Parallels to the yeast system for Cdc53 dependent G1 cyclin proteolysis are being explored in 

animal models. In Caenorhabditis elegarts, a Cdc53 homologue calIed CUL-L may be required 

for the down regulation of cyclin-CDK activity (Kipreos et al., 1996). Mutant cells are defective 

for regulation of G1-phase and proceed inappropriately into exma rounds of mitotic division, 

producing hyperpfasia in al1 tissues (Kipreos et al., 1996). Simi3ar to yeast cells expressing stable 

G1-cyclin mutants, cul-I mutant cells are small, and resistant t a  developmentai signais for ce11 

cycle exit (Kipreos et ul., 1996; Lanker et al., 1996). Considering such phenotypic evidence, and 

the involvement of Cdc53 in cyc1in degradation in yeast, CUL-iZ might regulate the degradation 
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of worm G 1  cyclins- A cul-l homologue, cul-2, is expressed in proliferating cells and is required 

for the GUS-phase transition and mitosis (Feng et al., 1999). While it is unknown if CUL2 

functions in a degradation pathway, the cyclin-CDK inhibitor CKI-1 is increased post- 

transcriptionly in the G1-phase arrest of cul-2 mutant cells, suggesting CUL-2 may be involved 

in CKI-1 degradation (Feng et al,, 1999). 

In rnarnrnals, cyclin E-CdH activity is rate lirniting for the initiation of DNA replication. 

Similar to Cln l  and C M ,  cyclbz E gene expression coupled with extreme instability helps ensure 

cycIin E-Cdk2 activity peaks at the G1-to-S transition and then plumrnets once DNA replication 

has been initiated (Winston et al., 1999a). Two pools of cyclin E are regulated by the ubiquitin- 

proteasome pathway: cyclin E in cdk2 complexes and free cyclin E (not bound to cdk2; Clurrnan 

et al., 1996; Winston et al., 1999a). Genetic and biochernical evidence suggests that two 

marnmalian homologues of Cdc53, Cul1 and Cu13, are involved in the degradation of these 

distinct pools of  Cyclin E. Cul1 binds Cyclin E , but only when complexed with Cdk2 and nul1 

cul1 embryos (dead at E 6.5) accumulate cyclin E protein in a11 embryonic tissues (Wanget al., 

1999; Dealy et al., 1999; Y .  Wang and M. Tyers, unpublished data). ConverseIy, Cu13 binds and 

stimulates the ubiquitination of free cyclin E and cul34- embryos (dead at E7.5) have elevated 

levels of with cyclin E protein aberrantly concentrated in some tissues, and high numbers of cells 

in S-phase (Singer et al., 1999)- As with the marnmalian system, multiple cyclin degradation 

pathways probably exist in yeast because a phosphorylation and CDK binding Cln2 mutant is 

still somewhat unstable (Lanka et al., 1996). One intriguing possibility is that Cdc53 or  Cdc53 

homologues are involved in the degradation of free G1 cyclins in yeast. 
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COMPLEXES IN VIVO, WHICH REGULATE SPECIFIC SUBSTRATES VIA THE 

F-BOX PROTEIN ADAPTOR SUBUNIT 

Data in this chapter have been previously published in Patton et al., (1998) and Roullion et al., (2000). 



C D C S ~  1s A SCAFFOLD FOR MULTIPLE C D C ~ ~ / ~ I I ~ ) ~ ~ ? - B O X  PROTEIN 

COMPLEXES IN VIVO, WHICH REGULATE SPECLFIC SUBSTRATES VIA THE 

F-BOX PROTEIN ADAPTOR SUBUNIT 

3.1 ABSTRACT 

Proteolysis of the B-type cyclin inhibitor Sic1 is required for the accumulation of Clb-CDK 

activity and the initiation of DNA replication. Mutants unable to degrade Sic1 arrest with 

multiple elongated buds at the G1-to-S phase transition, similu to a mutant devoid of B-type 

cyclin activity. A protein complex composed of Cdc34-Cdc53-Skpl-Cdc4 (called scFEdc4) 

purified from insect cells is capable of ubiquitinating Sic1 in vitro. 1 had previously shown that 

Cdc53 is required for the degradation of Cln2 in yeast extracts (see Chapter 2). In this Chapter, 1 

descnbe the identification of multipk Cdc53 interacting proteins in vivo and attempt to 

determine their specific functions. 

1 used the yeast two-hybnd systern to identify three Cdc53 interacting proteins; the F-box 

binding protein Skp 1, and two F-box proteins Cdc4 and Met30. Supporting the two-hybrid data, 

Cdc4 and Met30 each bound a core Cdc34-Cdc53-Skpl complex in yeast lysates. Interestingly, 

Cdc4 and Met30 did not bind each other, or another F-box protein G d ,  suggesting that only one 

species of F-box protein binds to a core Cdc34-Cdc53-Skpl complex. Furthemore, 

overexpression of F-box proteins reduced viability of strains carrying mutant alleles of genes 

encoding the core complex components. The function of each Cdc34-SCF compIex is directed by 

Met30 the F-box protein component; SCF is specifically required for the regulation of the 

methionine p n e  network and  SC^^' is specifically required for C h 2  degradation. In surnrnary, 

my work provides evidence for the existence of multiple SCF complexes in vivo, and attributes 

the specificity of their function to the F-box protein component. Many F-box proteins exist in 
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yeast and other organisrns, and through association with other EYE3 components, they provide a 

potential mechanisrn by which to regulate a wide range of cellular processes. 



3.2.1 Yeast strains and culture 

Yeast strains are listed in TabIe 3-1 and are of W3O3 background unless otherwise stated. 

MTY 12% (cdc53-lskpi-I 1) and MTY 1294 (cdc.53-1sLpI-12) were constructed by crossing 

Y553 (skpl-II) and Y555 (skpl43) each with MTY871 (cdc.53-1). MTYl3 10 (cdc4-lgrrld) 

was constructed by crossing MTY 1380 (grrld) with MTY668 (cdc4-1). 

Yeast strains were cukured according to standard methods (described in Willems et aL, 

1996) and carbon sources were used at 2% w/v. Standard B-media, a low sufiur media, used 

made as described in Thomas et al., 1995, and is made as follows: Minerai Salts - 15 rnM 

ammonium chloride, 6.6 mM monopotassium phosphate, 0.5 rnM dipotassium phosphate, 1.7 

rnM sodium chloride, 0-7 rnM calcium chloride, 2 rnM magnesium chloride; Oligo Elements - 

0.5 ug / ml bonc acid, 0.04 ug / ml copper chloride (1 H20), 0.1 ug / ml potassium iodide, 0.19 

ug / ml zinc chloride, 0.05 ug / ml femc chloride (6 -0); Vitamins and Growth Factors - 2 ug / 

ml calcium pantothenate, 3 ug / ml thiamine, 2 ug / ml pyridoxine, 0.02 ug / ml biotin, 20 ug / ml 

inositol, 2 % final gIucose; Auxotrophic Requirements - adenine 20 mg / 1, tryptophan 20 mg / 1, 

uracil 20 ug / mI, histidine 200 ug / ml, leucine 100 ug / ml. The B-media was FiItered, and 0.1 

rnM methionine added for nonrepressive conditions (NR) and 1 rnM methionine added for 

repressive conditions (R). 

3.2.2 Plasrnids 

P!asmids used in this study are listed in Table 3-2- Standard molecular cloning techniques were 

used to construct the plasmids in this study. Two-hybrid constructs used in this study were 

constructed from the G U  DNA binding domain @BD; pAS2) and GALA activation domain 

(AD; pGAD424) vectors obtained from S -  Elledge (Bailer College of Medicine, Houston, TX). 
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The plasmids used for the Cdc53 two-hybrid screens were created by inserting the open reading 

frarne of CDC.53 digested with BamHI (pMT9 18) into the BamHI site of pAS2, followed by 

digestion with Ne01 (pMT954) or KpnI (pMT955), and religation. A truncated CDC4 PCR 

product digested with BamM was inserted into the BamHI site of pGAD434 to create pMT1707. 

32.3 Two-hybrid analysis 

Two-hybrid screening and tests were processed as descnbed in (Durfee et al., 1993). For the 

two-hybrid screens with CDC53 and CDC.53 truncation mutants, both genomic (James et al., 

1996) and cDNA libraries (provided by S. Elledge) were transformed into Y 190 cells expressing 

a GAL~" -CDC~~  fusion (either MT918, MT954 or MT955). Colonies which grew on 25 rnM 

3AT media plates lacking leucine and tryprophan were tested for a blue colour after having been 

transferred to a filter, frozen in Iiquid nitrogen for 30 seconds, and placed in 2 rnls of 2-buffer 

(0.06M Na2HP04, 0.04M NaH2P03, 0.01M KCI, 0.001M M,oSO4,0.05M B-mercaptoethanol) 

plus 20 ui 2% X-galactosidase (X-gal) in dimethylforamide. To eliminate false positive clones 

the GALI'~ plasmids were isolated and transformed into a fresh isolate of Y187, which was then 

mated to Y 190 transformed with the G A L ~ ~ ~ ~  fusion ("bait"), and retested in the X-Ga1 filter 

assay. Using ~ a 1 4 ~ ~ - ~ d c 5 3  as the "bait", five positive clones (Cdc4-F20, Cdc4-F23, Cdc4-F24, 

Met30-F15, Met30-F19) were selected from 1 million colonies uansfonned with the genomic 

iibrary, and one positive clone (Met30-A10) was identified from 140,000 cDNA library 

transformants. Using ~ a l 4 ~ ~ - ~ d c 5 3  '-66J as "bait" identified seven interacting clones (Cdc4- 

Hl ,  Cdc4-H8, Met30-H6, Met30-H9, Met30-H17, Skpl-Hl 1, Skp 1-H13) from arnong 500,000 

genornic library transforrnants, and two interacting clones (Skp 1-C23, S kpl-C24) from 225,000 

cDNA transformants. No positive clones were recovered from screening 427,000 cDNA 

transformants wi th ~ a l 4 ~ ~ - ~ d c 5 3  . Direct testing of two-hybrid constructs for interaction 



80 

was done by mating Y 187 carrying a G u A D  fusion construct with Y190 canying a G A L ~ " ~  

fusion constmct, and performing the X-gai filter assay- 

3.2.4 Pro tein analysis 

For Western anaiysis, ce11 lysates were prepared and proteins detected as described in Chapter 

2.3.4. Antibody concentrations used to detect proteins by irnmunoblotting after the non-specific 

proteins on the blot were first bIocked by incubation with 5% skim milk are as foIlows: 1:1000 

for anti-HA (12CA5) and 1:1000 for anti-myc antibody in 3% skim milk; 1:100 anti-Skpl anti- 

body in 2% rnilk; 1:100 anti-Cdc53 and anti-Cdc34 antibody. Pulse chase analysis was 

performed as described (Section 2.26). For irnmunoprecipitation expenments, at least 100 ml of 

log phase ce11 culture was collected, washed with cold water, and pelleted- Lysates were 

prepared as for Western analysis in 2 ml tubes. After ce11 lysis by vortexing, a hole was 

punctured into the bottom of the tube with a hot 18 G needle, and the tube placed onto an open 

1.5 ml tube (lid rernoved) inside a 15 ml falcon tube. The column was spun at 2,500 rprn for 5 

minutes at 4"C, and the lysate collected from the bottom tube. The recovered lysate was then 

spun at 11,000 rprn at 4OC for at Ieast 30 minutes- Protein complexes were captured from the 

cleared lysate using 1 ug of anti-rnyc antibody (9EIO) or 1 ug of anti-HA antibody (12CA5), and 

rocked at 4°C for 1 hour. Immune complexes were captured by a 1 h. incubation with 15 ul50/50 

slurry of protein A-sepharose beads while rocking at 4OC. Beads were recovered by spinning at 2,  

500 rprn for 30 seconds, washed with 1 ml of Buffer 3 and transferred to a fresh tube. The beads 

were then washed 3 more times with 1 rd of Buffer 3 and aspirated dry. The beads were 

resuspended in SDS-Ioading buffer, nin on a SDS-PAGE gel and transfemed to a nitroceIIulose 

membrane. Protein complexes were detected as described for Western blotting. 

3.2.5 RNA analysis 
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Northern analysis was performed as described in Chapter 3 - 2 5  MET75 transcripts were detected 

by probing with a 1 -6-kb MET25 PCR fragment, and ACT2 transcripts were detected using a 0.6- 

kb ACT1 fia-ment, 

3.2.6 Allele rescue 

The cdc53-I and cdc53-2 mutations were isolated by gap repair of a linear CDC53 containing 

plasrnid (descnbed in Guthrie and Fink, 1991). pMT704 was cut with BglII for rescue of cdc5.3- 

1, and NcoI and SphI for the rescue of cdc53-2- 



Table 3-1. Yeast straiirs (Clzaptet-3) 

Strain Relevant Genotype Source 

MTY668 MATa cdc4-l 

MTY670 

MTY87 1 

M Y  1280 

MTY 1393 

MTY 1294 

MTY 13 10 

CC786-1A 

K699 

Y187' 

Y 190' 

Y553' 

Y555' 

WXl3 1-3~ '  

rkîXTa cdc34-2 

MATa cdc53-1 

grrl A 

cdc53-lskpl-ll 

cdc53-lskpl-12 

cdc4-Igrrl::LEU2 

ade2 his3 leu2 lira3 trpl MET30-I 

MATa ade2-1 cnnl-100 lzis3-1,lS leu2-3,112 
rrpl-1 ura3 
MATa ade2-101 lzis3-A200 lezï2-3,112 trpl-901 
lira 3-52 gal4A gal80d URA3::GA.L-lac2 
LYS2::GAL-HZS3 
MATa ade2-101 lzis3-A200 leu3-3, I I 2  tpl-901 
lira 3-52 gal4A gal80A URA3::GAL-lac2 
LYS3:: GAL-HZS3 
MATa ~ X p l - I l  

MATa sXIp1-12 

M A T a  trpl-7 ura3-52 ade2 cdc53-2 

Patton et al., 1998 

Willems et al., 1996 

Willems et al., 1996 

Patton et al-, 1998 

This study 

This study 

This study 

Patton et al., 1990 

K. Nasmyth 

S- Elledge 

S. Elledge 

Bai er al., 1996 

Bai et al., 1996 

M. Goebl 

not W303 suain background 



Table 3-2. List cf Plasmids (Chapter3) 

Plasrnid Relevant Characteristics Source 

p ~ ~ l H A  TRPI 2pm 

p ~ H A - ~ ~ l m  TRPI F m  
p A D ~ ~ m - ~ ~ D B D - ~ ~ m  TRPl2prn 

PADM H A - ~ ~ ~ 4 A D - ~ ~ ~  I TRP I 2pm 

CDC53 TRPI CEN 

pGALI-CLN2 LEU2 URA3 2pm 

~ ~ c . 5 3 ~  TRPI CEN 
A3 U'D p ~ - ~ A U A D - ~ ~ ~ 4  LEU2 2p 

~ W H I - G A L ~ ~ ~ ~ - C D C ~ ~  TRPI 7p 

c~c.53~'' URA3 CEN 

p ~ ~ ~ ~ - ~ A U D B D - ~ ~ ~ 5 3 d l d 1 3 9 0  T R P l 2 p  

p ~ ~ ~ - ~ ~ ~ 4 D B D - ~ ~ ~ 5 3 d S 8 1 - 6 M  TRPI 2p 

SKPI*~ LEE CEN 

C D C ~ ~  TRP CEN 

p/ILllYlHA -MET30 TRPI 2,u 

p A L 3 ~ ~ - ~ ~ ~ 4 A D - ~ ~  LEU? 2p 

~ W H I - G A L A ~ ~ - S N F ~  T R P l 2 p  

Li & Johnston, 1997 

Li & Johnston, 1997 

Li & Johnston, 1997 

Li & Johnston, 1997 

M, Tyers 

Willems et al., 1996 

Patton et al., 1998 

This study 

This study 

This study 

This study 

This study 

P. Heiter 

Patton et al., 1998 

This study 

S. Elledge 

S .  Elledse 



. 3.3.1 Yeast two-hybrid interactions of Cdc53 with Skpl and the F-box proteins Cdc4 and 

Met30 

The  importance of Cdc53 in the regulation of the stability of the G1 cyclins made it a prime 

candidate for use in a yeast two-hybnd screen. We knew that in yeast and baculovirus cell 

Iysates Cdc53 interacted with the ubiquitin conjugating enzyme Cdc34 (Willems et al., 1996; 

Mathias et al., 1996). Also, based on a sirnilar loss-of-function phenotypes seen in cdc4, cdc34, 

skpl, and r-6-VI mutants we suspected that Cdc53 might function in a multi-protein complex to 

target various substrates for ubiquitin mediated degradation (Bai et al., 1996; Goebl et al., 1988; 

Mathias et al., 1996; Schwob et al,, 1994; Seo1 et al., 1999; Skowyra et al., 1999; Willems el al-, 

1996). 1 constructed a GAIA~~-CDCS~ fusion to screen a G A L ~ ~ ~  based cDNA and genornic 

DNA libraries for Cdc53 interacting proteins. In anticipation of potential stability or expression 

problems with G U ~ ~ - C D C ~ ~ ,  1 also constructed G A L # ~ ~ - C D C ~ ~  fusions deleted for amino 

acids 58 1-664 ( G A L ~ ~ ~ - c D C ~ ~ ~ ~ ~ ~  ) or deleted for amino acids 1-280 (GAL#~~-CDCS~ N-2so; 

Figure 3-LA). AI1 three constructs were expressed, but the G A L # ~ ~ - C D C ~ ~  6i8'-6a constnict 

produced slightly more protein. Screening with ~ A L 4 ~ ~ - ~ ~ ~ 5 3 a n d  G A L # ~ ~ - C D C ~ ~  d58'-6M 

identified Skpl,  Cdc4 and Met30 multiple times as Cdc53 interacting proteins (Figure 3-lB, C). 

~m~ B- CD c53 did not interact with any of the positive clones identified, suggesting that 

the N-terminal amino acids 1 to 280 rnight be important for binding these proteins. ( I t  is also 

possible that the ~ a 1 4 ~ ~ - ~ d c 5 3 ~ ~ - ~ ~ ~  protein was misfolded). S kp lwas identified as a high copy 

suppressor of Cdc4, and binds an F-box motif in the N-terminal region of Cdc4 (Bai et al., 

1996). Met30 was originally identified as a negative regulator of the MET gene network 

(Thomas et al., 1995), and Iike Cdc4, has a F-box domain and multiple WD40 repeat domains in 
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Figure 3-1. Multiple yeast hvo-hybrid screens with Cdc53 yield interactions with Skpl, 

Cdc4 and Met30. (A) Two-hybrid screens were c-ed out with three separate ~ a 1 4 ~ ~ ~ - ~ d c 5 3  

fusion proteins; ~ a 1 4 ~ ~ ~ - ~ d c 5 3 ,  ~ a I 4 ~ ~ ~ - ~ d c 5 3 * ' - ' ~ ~ ,  and ~ a I 4 ~ ~ ~ - ~ d c 5 3 *  58'-6a. @) TWO- 

hybrid interactions between ~ a 1 4 ~ ~ ~ - ~ d c 5 3  consuucts and Gd4* fusions identified in the 

screens. (C) Schematic representation of the Cdc53 interacting proteins (white bars) and the 

~ a l 4 ~ ~  fusions isolated in the Cdc53 two-hybrid screens (gray bars). 



1 F-box 5 ~ ~ 4 0  repeats 640 

F2Q (252-779) 
F24 (242-779) 
H8 (238-779) 
A3WD (1-565) 

Cdc4 -7 
1 F-box 8 WD40 repeats 779 
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the C-terminus (Bai et al., 1996). Al1 Met30 and Cdc4 interacting clones identified contained the 

F-box motif, suggesting the Cdc53-Met30 and CdcS3-Cdc4 interaction is F-box dependent 

and bridged by Skpl.  The WD40 repeats, commonly found in protein-protein interactions, 

seemed dispensable for interaction with Cdc53 as two Met30 clones (Hl7  and FIS), which 

included only the F-box and flanking region, bound Cdc53, albeit more weakiy. Simïlarly, direct 

testing of a G A L # ~ ~ - C D C ~ ~ ' ~ ~  fusion construct missing the last three WD40 repeats still bound 

Cdc53 by two-hybrid analysis (Figure 3-1B)- Analysis of the positive clones also indicated that 

the N-terminal region prior to the F-box dornain of Met30 and Cdc4 are not necessary for Cdc53 

binding. In sumrnary, 1 identified a Cdc53-Skp 1 interaction, as weI1 as Cdc53-Cdc4 and Cdc53- 

Met30 interactions that are possibility bridged b y  Skpi.  

3.3.2 Genetic interactions between CDC53 and SKPL 

To study the significance of the Cdc53-Skpl two-hybrid interaction in vivo, I made cdc53skpl 

double mutants and analyzed their phenotype. Tt had previously been shown that the double 

mutants cdc53-lcdc34-2 and cdc53-lcdc4-I were inviable at Z°C, suggesting that the genes 

share a cornmon function in vivo (Mathias et al,, 1996). While d ive  at 25"C, the cdc53-lskpl-ll  

and cdc53-Iskpl-I2 double mutants were dead at the serni-permissive temperature of 30°C 

(Figure 3-2A). The double mutants had a severe multiple budded phenotype at 25°C (Figure 3- 

2B), a rnorphological feature normally seen in cdc53 and skpl single mutants only at higher 

restrictive temperatures. Further, overexpression of CDC.53 restored viability in skpl temperature 

sensitive strains at the non-permissive temperature (data not shown). Together with the two- 

hybrïd interactions, the genetic interaction between CDC.53 with SKPl supports a CO-operative 

role between Cdc53 and Skpl in vivo. 

3.3.3 Effects of temperature sensitive. mutations on Cdc53 complexes. 
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Figure 3-2. cdc53-Iskpl-I double mutants are lethal at the semi-permissive temperature of 

3Q°C. (A) Colonies from a representative tetratype tetrad of a cdc53-I x skpl-II cross (top 

panel) and cdc53-I x s@I-12 cross (bottom panel) streaked ont0 rÏch media plates and grown at 

the serni-permissive temperature of 30°C for 2 days. (B) Photographs of cells from a 

representative tetratype tetrad grown at 35°C (ma,gification IOOOX). 
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To extend the analysis of how the Cdc53-Skpl and CdcS3-F-box protein complexes assembled, 1 

performed Cdc53 imrnunoprecipitaûons in yeast lysates made from strains carrying temperature 

sensitive alleles of Cdc53 cornplex components. A C-terminal epitope MYC ta= was added to 

CDC.53 ( ~ ~ c . 5 3 ~ ;  Willems et al., 1996) and the plasrnid was transformed into wild type, cd&- 

1, cdc34-2, cdc.53-1, skpl-Il  and skpl-12 cells. First, we confirmed the Cdc53-Cdc34 and 

Cdc53-Cdc4 interactions detected in yeast lysates (Figure 3-3A; Willems er al., 1996; Mathias et 

al., 1996). As well, we identified a Cdc53-Skpl interaction in yeast lysates, supporting the yeast 

two-hybrid data (Figure 3-3A; lanes 2,3). The ~ d c 3 4 - ~ d c 5 3 ~ - ~ k ~ l - ~ d c 4  complex was intact in 

cdc34-3 mutants, but not in cdc4-1, skpl-II or skpl-1-3 mutants. In cdc4-l and skpl-I l  mutants, 

Cdc4 did not bind Cdc53, while the Cdc34-Cdc53-S kp 1 interactions remained intact (lane 4,7). 

However, low levels of Skplin cdc44, s@I-I l  o r  skpl-12 mutants makes interpretation of these 

experiments difficult (see below). 

Evidence for the direct binding of Cdc34 to Cdc53 is supported by Cdc34-Cdc53 binding 

in baculovirus ce11 lysates, and by the ability of Skpl  to bind Cdc53 and Cdc4, but not Cdc34 in 

ccic53-I mutant lysates (Skowyra et al., 1997; WiIIems et al.. 1996; Patton et al., 1998). Using 

the principles of gap-repair, 1 was able to determine the sequence of the cdc53-l and cdc.53-2 

mutants. The temperature sensitive cdc.53-1 mutation is a R488C substitution , and the cdc.53-2 

mutation is a G340D substitution. Both residues are highly conserved among the Cdc53 

homologues (Patton et al., 1998). I f ,  as the above data suggests, Cdc53 bridges the Cdc34-Skpl 

interaction, the R488C mutation might be an important residue required for the direct binding to 

Cdc34. 

Due to poor detection by anti-Cdc4 antibodies, it was uncIear if Cdc4 was produced in 

the skpl temperature sensitive mutants. In another set of expenments, I expressed a FLAG 

epitope tagged CDC4 ( c D c ~ ~ )  in wild type and skpl mutants at the nonpermissive temperature, 

and immunoprecipitated ~ d c 4 ~  (Figure 3-3B). Curiously, Cdc4 was undetectable in the skpl 
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Figure 3-3. Effects of SCF~"' temperature sensitive mutations on Cdc53 immune 

complexes. (A). C D C ~ ~ ~  was expressed under it's own promoter in wild type W Y 2 3 5 ) ,  cdc4- 

1 (MTY668)' cdc34-2 (MTY670), skpl-I I(MTY 1 166) and shpl-12 (MTY 1 167) strains which 

had been grown to log phase and shifted to the restrictive temperature (37OC) for 2 hours before 

harvesting. Cdc53 immune complexes were isolated with anti-MYC antibody, and to detect 

Cdc53 complexes, Western blots were probed with anti-MYC antibodies, anti-Cdc34 antibodies, 

anti-S kp 1 antibodies and anti-Cdc4 antibodies, The anti-Cdc4 antibodies could not reliably 

detect Cdc4 in the lysates, and hence these panels are omitted- (El). F-box Protein abundance in 

decreased in skp l  mutants. Wild type (MTY235), skpl-l l (MTY 1 166) and skpl-l2 (MTY 1 167) 

strains were transformed with an ernpty vector, C D C ~ ~  expressed from it's own promoter (pMT 

1567) or  MET^@* expressed from the ADHI promoter (pMTl707), grown to log phase and 

shifted to 37°C for 2 houn pnor to harvesting. ~ d c 4 ~  and ~ e t 3 0 ~ ~  were imrnunoprecipitated 

with anti-FLAG and anti-HA antibodies, and detected on Western blots with anti-Cdc4 and anti- 

HA anti bodies respective1 y. 



A anti-MYC IP lysate 
1 i- 



mutants. Similady, the F-box protein Met30 (expressed from the ADHI promoter and tagged 

with a HA epitope; ~ e t 3 0 ~ * )  was also undetectable in the skpl mutants. Because Cdc53 is also 

reduced in skpl mutants, it is conceivable that Skpl might function to stabilize Cdc53 and the F- 

box proteins. In all, either by disrupting a specific protein-protein interaction or by reducing 

protein abundance, the cdc3-1, skp 1-1 1 and skpl-12 mutations prevented proper Cdc53 complex 

formation at the restrictive temperature. 

3.3.4 Interactions of multiple F-box proteins with the Cdc53 complex 

Two-hybrid data had identified the two-F-box proteins, Cdc4 and Met30, as Cdc53 interacting 

proteins. 1 confimed that the F-box proteins were capable of Cdc53 binding by 

immunoprecipitating ~ e t 3 0 ~ ~  and ~ d c 4 ~  from yeast extncts and immunoblotting for CdcS3 and 

Skpl. Both Met30 HA and Cdc4 captured Cdc53-Skpl (Figure 3-4-A). Another F-box protein, 

Grrl couId also capture Cdc53-Skpl from yeast lysates (Li and Johnston, 1997; Patton et al., 

1998a). However, when the immunoblots were probed for other F-box proteins, none were 

detected (data not shown). This suggested that while Cdc53-Skpl could bind muItipIe F-box 

proteins in yeast, each Cdc53-S kp 1-F-box protein comptex contained only one type of F-box 

protein. Two-hybnd analysis supported these results, and demonstrated that ~ a l 4 ~ ' - ~ r r l  bound 

~ a 1 4 ~ ~ - ~ k ~  l ,  but none of the other ~ a l 4 " ~ - ~ - b o x  protein fusions, while ~ a l 4 ~ ~ - ~ d c 5 3  bound 

al1 three ~ a l 4 * ~ - ~ - b o x  protein fusions (Figure 3-4B). 

The ability of Cdc34-Cdc53-Skpl to bind multiple, independent F-box proteins, 

suggested that each F-box protein might cornpete for binding to a core Cdc34-Cdc53-Skpl 

complex. 1 tested this idea by overexpressing MET30 and GRRI in cdc34-2, cdc53-1 and cdc4-1 

temperature sensitive strains. Increased levels of MET30 was toxic in cdc34-2 and cdc.53-l 

mutants, while colony formation was only rnildly inhibited in a cdc4-1 mutant (Figure 34C,  left 
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Figure 3-4. F-box protein interactions. (A) Cdc53 interacts with Skpl,  Cdc4, Met30 and Grrl. 

Wild type cells (MTY235) were transforrned with an empty vector, ~ A D H I - M E T ~ ~ ~  

(MT1707), ~ ~ c . 5 3 ~  (pMT843) and ~ ~ ~ 4 ~ ( ~ M T 1 5 6 7 )  as indicated. ~ e t 3 0 ~ ~  and c d d F  were 

imrnunoprecipitated using anti-KA antibodies and anti-Flag respectively, and Western blots 

probed with antibodies against the HA, MYC, Skpl ,  Cdc4 and Cdc53 epitopes. The IgG Iight 

chain is indicated with an astensk. ~ r r l ~ ~  ais0 coirnmunoprecipitated Cdc53 and Skpl  (rniddle 

panel; experiment performed by Andrew WilIems and shown here with permission). (B) The F- 

box protein Grrl does not interact with other F-box proteins in the yeast two-hybnd system. 

~ a I 4 ~ ~ ~ - ~ r r l  was tested for interactions with Ga14 AD -Gd ,  Ga14 -Cdc4 and Gai4 * - ~ e t 3 0  

(A10) using the B-gaiactosidase filter assay. (C) Overexpression of F-box proteins in cdc34- 

scfldC4 mutants. ADHI-MET30 (pMT1707) and ADHI-GRRI (pBF494), dong  with a control 

empty vector (pBF339) were expressed in wild type (MTY235), cdc4-I (MTY668), cdc34-2 

(MTY670) and cdc.53-l W Y 8 7  1) mutants. Single colonies of the transforrned strains were 

streaked ont0 plates, grown for 3 days and photogaphed. 
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photo), and not at al1 in skpl mutants (data not shown). Overexpression of GRRI inhibited 

coIony formation in cdc34-2 and cdc53-I mutants (Figure 34C,  right photo). These data add to 

previous reports of GRRl induced toxicity in s @ l  mutants at the permissive temperature (Li and 

JO hnston, 1997), and the Iethali ty of overexpressed CDC4 in cdc34-2 and cdc.53-I temperature 

sensitive mutants at room temperature (Mathias et al., 1996). As suggested by these data, F-box 

proteins may compete for binding to a Cdc34-Cdc53-Skp l EYE3 core complex, and the relative 

stoichometry of the complex components can affect viability. 

3.3.5 S C F ~ ~ ~ O  regulates MET25 expression in high levels of methionine 

In response to high levels of methionine yeast cells shut down the MET gene network, which 

includes the genes required for sulfate assimilation, sulfur transport and suIfur amino acid 

biosynthesis, and uti lize the methionine available in their environment (see Chapter 4). 

Transcription of the LWET genes is dependent on a Met4 transcription complex, and methionine 

repression is mediated by Met30 (Thomas et al., 1995). MET30-l is unable to fully repress the 

METgenes in response to methionine (Thomas et al., 1995). As 1 had demonstrated that Cdc53, 

Skpl and Cdc34 could interact with Met30 in yeast, 1 wanted next to determine if the Cdc53 core 

complex was required for the regulation of the MET gene network. 1 grew wild type, cdc53-I, 

cdc34-2, skpl-Il ,  skpl-12, cdc4-1 and MET304 ceIIs in a low methionine based media (O. 1 mM 

B-media), shifted the cultures to the non-permissive temperature, and foilowed the expression of 

the MET25 gene mRNA transcript after addition of repressive levels of methionine (1m.M) to the 

medium. Expression of MET25 mRNA was rapidly reduced in wild type and càc4-l mutants 

(Figure 3-5). As expected, IMETS.5 M A  was not fulIy repressed in MET30-I mutants. 

Strikingly, MET75 rnRNA was inefficiently repressed in cdc53-1 mutants and completely 

derepressed in cdc34-2, skpl-ll and skpl-12 mutants. Derepression of ME725 mRNA in the 

cdc53-1, cdc34-2, skpl- l l  and skpl 12 was not a function of ce11 cycle arrest because MET35 
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Figure 3-5. The activity of core EYE3 cornplex members (Cdc34-Cdc53Skpl) is directed 

Met30 by specific F-box proteins. (A) SCF is required for repression of ME725 in hiph 

concentrations of methionine. The indicated strains were g o w n  in low sulfur B media (O-lmM . 

methionine) to induce expression of ME2-25, shifted to the restrictive temperature (37"C), 

folIowed with the addition of repressive levels of methionine (1 mM), and samples taken at the 

indicated times. RNA samples were analyzed by Northern analysis, and MET25 transcnpt levels 

were normalized against ACTI transcripts for quantitation by densitometry. (B) Grrl Specifically 

Mediates C h 2  Degradation. c1nzHA stability was measured by taking sarnples at the indicated 

time points afrer expression of G A L I - C W ~ ~ ~  was repressed with glucose in wild type 

(MTY235), MET30-I (CC786-LA), cdc4-l (MïY668) and g r I A  (LMTY1280). Western blots 

were probed with anti-HA and anti-Cdc28 antibodies (data not shown), and samples were 

quantitated by densitometry and normalized to the Cdc28 signais from the sarne blot. (C) cldHA 

stability was measured by [351 S methioninekysteine pulse-chase analysis in wild type 

(MTY235), MET30-I (CC786-l A), cdc4-l (MTY668), grrlA (MTY lXO), and CM-IgmlA 

(MTY1310) grown at 37°C for 2 hours. Samples were quantitated by Phosphohnager analysis, 

and normalized to total lysate signal for each samples. Values are expressed as a percentage of 

the signal at t=O. 
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expression was regulated correctly in cdc4-I mutants that arrest at the same cell cycle position 

as cdc34-2, cdc53-I and sel-l I mutants, Further, MET35 was also derepressed in a strain 

c a q i n g  the skp-12 ailele, which causes a GZphase specific arrest (Bai et al., 1996). Thus, the 

Cdc34-Cdc53-Skpl-Met30 complex specificaily functions in vivo to control expression of the 

sulfur gene network. 

3.3.6 Methionine does not regulate the Skpl-Met30 interaction 

The S kpl-Grrl interaction has been reported to be regulated by glucose (Li and Johnson, 1997). 

The authors of this report suggest that in glucose based medium, Cdc53, Skpl and Grrl function 

to target a repressor of the glucose induced gene expression for degradation. Upon a shift to 

raffinose, the S kpl-Grrl interaction is disassembled, and the glucose-induced genes repressed. 

Because Met30 is required for the repression of the sulfur gene network in response to high 

concentrations of methionine, 1 wanted to deterrnine if the Met30-Skpi interaction was also 

altered by nutrient status in the media. Irnmunoprecipitation of ~ e t 3 0 ~ ~  from rich, low and high 

methionine concentration based media al1 coimmunoprecipitated Skp 1 (Figure 3-6). Thus, 

regulation of Met4 activity does not appear to be at the level of -Met30-Skp I assembly (see 

Chapter 4). 

3.3.7 Specific F-box protein function in Gl  cyclin regulation 

Previous experiments showed that Cdc34, Cdc53, Skp 1 and Grrl are required for the degradation 

of Cln2 (Deshaies et al., 1995; Willerns et al., 1996; Bai et al., 1996; B a r d  et al., 1995; 

Schneider el al., 1998). Having determined Met30 was specificalIy required for MET gene 

regulation, we reasoned that the F-box protein Grrl rnight specifically target Ch2  for 

degradation. To test this idea, 1 measured the stability of cMHA in three different F-box mutants; 

MET30-1, cdc4-1, and grrlA (Figure 3-5 B, C). GALI-CLN~~~ was expressed in wild type and 
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Figure 3-6. Methionine does not regulate the Skpl-Met30 interaction. WiId type cells 

expressing  MET^@* under the ADHI promoter were grown to log phase in nch  media or  

synthetic media with 0.1 (non-repressive) or 1 rnM (repressive) methionine as the sole sulfur 

source. ~ e t 3 0 ~ *  was immunoprecipitated with anti-HA antibodies, and Western blots probed 

with anti-HA and anti-SkpL antibodies. 



uHA 

a Skp 1 
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mutant strains, repressed upon the addition of glucose, and sarnples collected at specific time 

intervals. clnzHA was rapidly d e p d e d  in wild type, MET30-I and cdc4-l mutant strains, but 

strongly stabilized in the gn-Id mutant (Figure 3-5B). Because Grrl is required for complete 

glucose repression. I performed the experiment using pulse-chase anaiysis of clnzHA expressed 

from the endogenous promoter. Once again, I observed that was highly unstable in wild 

type, METSO-I and cdc4-l  mutants, but stable in grrIA mutants (Figure 3-5C). Thus, Grrl 

specifically targets c1rQHA for degradation. This is consistent with a theme of nonoverlapping 

functions of F-box proteins and that F-box proteins determine substrate specificity of each Cdc53 

cornplex. 



3.4 DISCUSSION 

3.4.1 SCF complexes in vivo 

This Chapter describes the identification and function of Cdc53 complexes irz vivo. Using the 

yeast two-hybrid system, 1 identified S kpl, Met30 and Cdc4 as Cdc53 interacting proteins. 

Cdc53 and Skpl appear to function together in vivo because cdc53skpl double mutants are lethal 

at temperatures where the parental strains are viable. Combined with coimrnunoprecipitation 

experiments, my data indicates that Cdc53 forms a Cdc34-Cdc53-S kp l core complex that binds 

specific F-box proteins, such as ~Met30, Cdc4 or Grrl. In accord with other reports (Skowrya et 

al., 1997; Feldrnan er al., 1997), 1 cal1 these SCF complexes ml-Cdc53-E-box protein). 1 show 

Mer30 that the F-box protein dictates the function of each SCF complex; SCF specifically regulates 

methionine biosynthesis while  SC^^' specifically regulates C h 2  proteolysis. This data supports 

"The F-box hypothesis" presented by Elledge and colleagues (Bai et al., 1996; Patton et al., 

1998b), which predicts that different F-box proteins can bind Skpl, and that the F-box protein 

binds the substrate via specific protein-protein interaction domains. In this way, combinations of 

the core complex with different F-box proteins can regulate diverse ceIluIar functions. 

3.4.2 Structural organization of SCF complexes 

Clues to the architecture of SCF complexes were collected by two-hybrid andysis and 

imrnunoprecipitation expenments. First, the Cdc53 N-terminal deletion mutant  GALA*^- 

C D C ~ ~ * ' - ~ ~ ~ )  neither captured any positive clones, nor bound the isolated clones of Skpl, Met30 

and Cdc4. The N-terminal region of Cdc53 might therefore be important for binding to the F-box 

proteins via Skp 1. This notion is supported by the requirement of Cdc53 arnino acids 9-280 for 

binding to Skpl and the F-box proteins, but not Cdc34 (Patton et al., 1998). 

Second, Skpl recruits the F-box protein into the Cdc53 complex via the F-box motif. 1 

found that in the absence of Cdc4, a Cdc34-Cdc53-Skpl complex (core complex) can still 
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assemble (Figure 3-3A). Also, a small N-terminal region containing the Met30 F-box without the 

WD40 repeats was sumcient for binding Cdc53 in the two-hybrid system. A sirnilar construct 

was capable of binding Skpl, while just the WD40 repeats were not (Patton et al*, 1998). Indeed, 

S kp 1 has been shown to be sufficient for binding to F-box proteins via their F-box motif (Bai et 

al., 1996). Consistently, a Cdc4 two-hybrid construct deleted for the last 3 WD40 repeats can 

still bind Cdc53 (Figure 3-1). While WD40 repeats have been associated with protein-protein 

interactions, it appears that the WD40 repeats of Met30 and Cdc4 are not required for core 

complex assembly. However, 1 do note that the F-box proteins with WD40 repeats bound Cdc53 

more tightly in the two-hybrid system. Perhaps this reveds a stabilizing function for the WD40 

repeats in SCF assembly. Alternatively, the fourth cornponent of SCF complexes, Rbxl, (which 

binds Cdc53, Cdc34 and Cdc4, but not Skpl) might increase the affinity of Cdc53 for F-box 

protein isolates with C-terminal extensions (Seo1 et al., 1999; Skowyra et al., 1999). The pnmary 

function of the WD40 repeats of Cdc4 and Met30 may be to recruit the substrate into the SCF 

cornplex. As an example, a Cdc4 WD40 mutant purified from bacuiovims infected insect cells 

c m  assemble into Cdc34-SCF complexes, but does not bind the substrate phospho-Sic1 in vitro 

(Skowyra et al., 1998). 

Third, Cdc53 may act as a scûffold protein that can bridge the E2 Cdc34 to S kp 1. While 1 

was unable to detect a Cdc34-Cdc53 two-hybrid interaction, Cdc53 had been previously reported 

to bind Cdc34 in yeast and baculovirus lysates (Willems et al., 1996; Mathias et al., 1996). Other 

studies show that amino acids 170-209 of Cdc34 are required for binding to Cdc53 and Cdc4 

(Mathias et al., 1998). 1 found that small amounts of Cdc53 bound Cdc34, but not Skpl, in skpl- 

12 mutant lysates (Figure 3-3A). More convincing evidence for the scaffold function of Cdc53 

arises from the observation that Skpl is able to bind Cdc53, but not Cdc34, in cdc53-I yeast 

lysates (Patton et al., 1998). The R488C substitution in cdc53-I mutants might therefore disrupt 

a direct Cdc34-Cdc53 interaction. While Cdc53 may bind the Cdc34 E2 enzyme directly, it does 
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not appear to directly transfer ubiquitin to the substrate via thiolester bonds because it carries no 

essential cysteine residues (Patton et al-, 1998; Schnefier  et al., 1995). It is possible that the 

Rbxl component of the Cdc53 compIex performs ubiquitination of the substrate by a novel 

mechanism, involving the neutralization of the oxymion formed as ubiquitin is transferred from 

Cdc34 to the substrate (Seol et al., 1999). In dl ,  Cdc53 a t  Ieast functions as a scaffold protein 

with separate binding sites for Cdc34, S kpl and Rbxl (Seol et al., 1999), thereby linking E2 

function to the desired substrate. 

Finally, only one type of F-box protein is in each SCF complex. While Cdc53 binds 

multiple F-box proteins in yeast lysates (Patton et al., 1998; Willems et al., 1999), Met30 and 

Cdc4 do not coirnmunoprecipitate other F-box proteins. Also, Grrl did not bind itself, Cdc4 or 

Met30 in the yeast two-hybrid system. An exception to this has been reported in S. pombe where 

the F-box proteins pop1 and pop2 forrn hetero and homo-complexes in fission yeast SCF 

complexes (Jallepalli et al., 1998; Kominami et al,, 1998; Kominami and Toda, 1997). 

Furthermore, Cdc34 and Cdc53 can dimerïze (Mathias et  al., 1999; A. Willems, personal 

communication), and I have noted Cdc4-Cdc4 interactions in the yeast two-hybrid system (data 

not shown), Thus, while each SCF complex has at Ieast one F-box protein (that appears to dictate 

the function of the complex), the complex may function witli combinations of F-box proteins to 

expand the number of substrates under SCF regulation. 

3.4.3 The F-box protein confers substrate specificity 

If the function of each Cdc34-SCF complex is deterrnined by the F-box protein component, then 

it might be expected that the core complex members would be required for mdtiple functions- I 

demonstrate two examples of F-box protein substrate specificity. Met30 and the core complex 

components Cdc34, Cdc53, Skpl, but not the F-box protein Cdc4 are necessary for methionine 

dependent repression (Figure 3-5). Substrate specificity by F-box proteins is also seen in the 
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Figure 3-7. SCF complexes target an array of substrates for degradation. Cdc34, Cdc53, and 

Skpl, dong with Rbxl f o m  a cote E2E3 ubiquitination complex that targets phosphorylated 

substrates through specific F-box proteins for degradation by the 26s proteasorne. In some SCF 

pathways, Sgtl also functions with SCF to optimize function. F-box proteins function as the 

adapter molecules of SCF complexes, and recruit target substrates for ubiquitination by the F- 

box motif. Cdc53 contains a Cullin Homology (CH) domain (striped region) shared by Cdc53 

homologues, which is thought to bind the E2 Cdc34. 
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regdation of Cln2. Cdc53, Cdc34, Skpl, Rbxl and the F-box protein G n l  are required for the 

degradation of CInl and Cln3 (Willerns et al., 1996; Deshaies et al., 1995; Bai et al., 1996; Soel 

et al., 1999; Barra1 et al., 1995) while the F-box proteins Cdc4 and Met30 play no role in Cln 

degradation. (Figure 3-5). 

It is likely that the F-box proteins Cdc4, Grrl and Met30 target a wide range of substrates 

for degradation- The multiple, eiongated bud phenotype of cdc4-l mutants reflects the inability 

to degrade Sic 1 (Schwob et al., 1994), yet potentiaily masks other important phenotypes. To 

date, S C F ~ ~ ~ ~  has dso been shown to be required for the degradation of Cdc6 (Drury et al., 1997; 

Dniry et al., 2000; Elsasser et al., 1999; Elsasser et al,, 1996), Gcn4 (Kornitzer et al., 1994; 

Meimoun et al., 2000; Prendergast et al., 1996), Far1 menchoz et al., 1997) and Ctf 13 (Kaplan 

et al., 1997; Russell et al., 1999). cdc4-l mutants might also be delayed in bud emergence, like 

cdc34-2 and r h l A  mutants, indicating the accumulation of a potential bud inhibitor (Soel et al., 

dc4 - 1999; Schwob et al., 1994). There is also a potential role for  SC^ in G2 phase because 

cdcdsicl, cdc53sicl and cdc34sicI double mutants arrest in G2 phase (Schwob et al., 1994), and 

a new G2 allele of cdc4 has been identified (Goh and Surana, 1999). 

The pieotropic defects of grrlA mutants also reflect the inability to degrade multiple 

stibstrates. grrIA mutants have elongated buds due to the inability to degrade Clnl and C h 2  

(Barrai et al., 1995) and  SC^^' is responsible for the degradation of Clnl and C h 2  (Skowyra et 

al., 1997; Patton et al., 1998a), and Gicl and Gic2 (Jaquenoud et al., 1998). grrIA mutants are 

also sensitive to sulfite, a defect that is specifically suppressed by overexpression of FZFI, a 

reguIator of siroheme synthesis (Thomas and Surdin-Kerjan, 1997) . As well, grrlA mutants are 

unable to repress the glucose response repressor RgtL and are therefore sick on glucose media, 

are defective in aromatic amino acid and cation transport, and sensitive to nitrogen depletion 

(Conklin et al., 1993; Flick and Johnston, 1991; Ozcan et al., 1996). Li and Johnston (1997) 
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speculate that Rgtlis not the direct target of  SC^"' because Rgtl acts as a repressor of glucose 

induced genes in the absence of glucose and as a transcriptiond activator in the presence of 

glucose. Rather, Rgtl  rnight be modified by ubiquitin, a ubiquitin-like protein or proteolysis to 

alter its activity (Ozcan and Johnston, 1997). Aiternatively, a regulator of Rgtl might be targeted 

for degradation- For example, mutations in MTHI, which encodes for a protein that interacts 

with the glucose sensors Snf3 and Rgt2, are suppressed by rgtl mutations, providing genetic 

evidence for a Rgtl  regulation by Mthi (Ozcan and Johnston, 1997). 

MET30-I was first identified as a mutant that failed to repress the MET gene expression 

under high methionine concentration conditions (Thomas et al., 1995). Conditional met30A 

mutants arrest as large, unbudded cells with 1N DNA content due to unreguIated Met4 activity 

(Chapter 4; Patton et al., 2000; Kaiser et al., 2000). Met30 binds the MET gene transcription 

factor Met4, and in association with Cdc34, Cdc53 and Skpl, targets it for proteasorne dependent 

degradation (Rouillon er al., 2000; see also Kaiser er al., 2000). C ~ C ~ ~ - S C F ~ ~ " '  is also required 

for the degradation of the CDK inhibitor, Swel, in response to a morphogenesis checkpoint 

(Kaiser et al., 1998; Sia et al,, 1998). The inhibitory kinase Swelphosphoryhtes Cdc28 in 

response to high salt concentrations, thereby delaying mitosis and providing the ce11 with time to 

adjust bud growth to the osmotic shock (Sia et al., 1996). Interestingly, conditional met3OA 

mutants recover from osmotic shock and are viabIe on high salt media (data not shown), 

suggesting that degradation of Swel rnight proceed by parallel pathways, or that osmotic shock 

recovery does not depend on the degradation of Swel (Longtine et al., 2000). Met30 may also be 

responsible for the degradation of a substrate in the replication checkpcint patliway because 

conditional rnet30A mutants are h ypersensitive to hydroxyurea (see Chapter 5). Technological 

tools that allow for genome wide analysis of specific mutants, such as the cDNA microarrays and 

proteasome displays, promise to divulge more F-box protein targets (discussed in Chapters 4 and 



3.4.4. Regdation of F-box protein function 

Association and disassociation with multiple F-box proteins is required for the core complex to 

t q e t  the appropriate substrates for timeIy degradation. As the F-box proteins are key to 

substrate recruitment, what are the mechanisms that allow for the rapid alterations in SCF 

assembIy during the ce11 cycle and environmental changes? One rnechanism is to Vary gene 

expression. For example, the human F-box protein ShqQ peaks in S phase and is controlled both 

at the transcriptional and post-translationai levels. MET30 gene expression is regulated by the 

transcription factor Met4, such that S C F ~ ~ ' O  targets Met4 for degradation only when rnethionine 

concentrations are sufficient in the environment (Roullion er al., 2000). Thus far, it appears that 

expression levels of CDC4 and GRRl are constant throughout the cell cycle (Galan and Peter, 

1999; Spellman et al,, 1998). However, F-box protein expression Ievels are clearly important 

because overexpression of MET30, CDC4 or GRRI inhibits viability of SCF temperature 

sensitive strains (Figure 3-4; Li and Johnston, 1997; Mathias et al., 1996). Such mutants have 

multiple elongated buds, suggesting chat the overproduction of MET30 and GRRI are 

sequestenng the core SCF components away from the Cdc4 target, Sicl. It can be envisioned 

that specific F-box proteins compete for binding to the core E3 complex by binding to SkpL, and 

thereb y capture the target substrate for ubiquitination. Gene expression levels are aIso important 

for the accumulation of the F-box protein CTF13 mRNA transcript, which is dependent on Upfl, 

a protein normally involved in the rapid decay of nonsense mRNAs @ahIseid et al., 1998). 

Interestingly, mutation of UPFl  does not alter the half-Iife of CTF13 rnRNA, and it has been 

proposed Upfl indirectly alters Ctfl3 gene expression possibly by regulating the RNA transcript 

of gene involved in Ctfl3 gene expression (Dahlseid et al,, 1998)- 

Another mechanism of F-box protein regulation is proteolysis. Yeast proteins Cdc4, Grrl 

and Met30 and human Skp2 have been reported to be unstable proteins, and are degraded by an 
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autocataiytic mechanisrn in SCF complexes (Zhou and Howley, 1998; Gdan and Peter, 1999; 

Mathias et al-, 1999; Li and Johnston, 1997; Srnothers et al., 2000; Wirbelauer er al., 2000). 

Stable foms of Cdc4 inhibit ce11 growth, and interfere with SC$*'' and SCF~"' activity (Zhou 

and Howley, 1998). Short-lived F-box proteins may therefore be in a dynamic equilibriurn, and 

their degradation ensures the availability of the core complex for association with other F-box 

proteins as needed, I report the decrease in Cdc4 and Met30 in skpl temperature sensitive strains, 

perhaps indicating that Skpl plays a role in F-box protein stability (Figure 3-3). Similarly, Cdc4 

contains a R-motif adjacent to the F-box that is required for Cdc4 degradation (Mathias et al., 

1999). Binding to the F-box by Skpl protects Cdc4 from proteolysis by maskinz the R-motif 

from the ubiquitination machinery (Mathias et al., 1999). The conclusions from these data appear 

to contradict other reports that Skpl triggers Cdc4 degradation, perhaps reflecting different 

expenmental procedures (Galan and Peter, 1999; Zhou and Howley, 1998). In particular, 

Mathias et al. and 1 measured F-box protein abundance, while Galan and Peter, and Zhou and 

Howley measured F-box protein half-life, in skpl mutants. Perhaps the dramatic decrease in F- 

box protein abundance observed by Mathias et al. and myself reflects an abundant pool of F-box 

proteins that requires Skpl for stability. In contrast, Galan and Peter, and Zhou and Howley 

rnight be measuring the half-life of a remaining pooI of F-box proteins that is resistant to 

proteolysis in sApl mutants. Nonetheless, it is clear that the F-box proteins are intrinsically 

unstable and their stability is dependent on members of the core complex. Stable core complex 

components (Zhou and Howley, 1998; Mathias et al., 1999), combined with unstable F-box 

proteins allows for rapid change in substrate recognition and degradation. 

The Skpl-F-box protein interaction provides another Iayer of F-box protein regulation. 

When growing on glucose, Grrl is required for the inactivation of the repressor Rgtl, thereby 

derepressing the expression of glucose induced genes. Grrl binds to Skpl more tightly in 

glucose than raffinose conditions (Li and Johnston, 1997). While SCF"~' glucose dependent 
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assembly seems an appropriate rnechanism to reguIate the glucose-induced genes, it is not clear 

how this affects the stability of other scflml targets, such as the Clnll Cln2, and GiclfGic?. 1 

End that the Met30-Skpl interaction is not regulated by methionineconcentraticn (Figure 3-3C). 

Instead, as demonstrated for the degradation of Sicl, phosphorylation of Met4 (Roullion et al., 

2000; Kaiser et al., 2000) in high methionine concentrations may be a critical regulatory control 

iMet.30 mechanism that allows for targeting by SCF 

However, the protein Ievels of Met30 rnay aiso be reguIated by rnethionine concentration. 

Smothers et al., (2000) report that Met30 is highly unstable in the absence of methionine. My 

findings rnay differ from this report because 1 measured Met30 abundance after expression from 

a constitutive ADHI promoter in Iow methionine concentrations (0.1 m m ,  while Met30 

instability was observed after gene expression from a GALJ promoter and complete methionine 

withdrawal (Smothers er al., 2000). 

3.4.5. Far-reaching functions for F- box proteins 

A wide range of F-box proteins can be found throughout the eukaryotic kingdom (Bai et al., 

1996; Deshaies, 1999; Patton et al., 1998b). In budding yeast, 17 F-box containing genes can be 

found in the genorne, of which at least six bind Cdc53 Nz vivo (Mathias et al-, 1996; Patton et al., 

1998; Willems et al., 1999). Aside from the three well characterized F-box proteins, Cdc4, 

Met30 and Grrl, the F-box protein Ym1088w appears to direct the function of the core Cdc34- 

Cdc53-Skpl complex toward degradation of the Ho endonuclease involved in mating type 

switching (Kaplun et al., 2000). Multiple phenotypes have been associated with mutations in the 

uncharacterized F-box genes (WilIems et al., 1999; T. Goh and M. Tyers, unpublished data), and 

some are specifically expressed during spomlation and S-phase (Cho et al., 1998; Chu et al., 

1998) suggesting further SCF targets remain as of yet unidentified. For example, q l  (YJL204C) 

mutants are defective in endocytic membrane traficking and recycling (Cho et al., 1998), 
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suggesting RcyL may target an unidentified membrane traffkking regulator for degradation. 

However, not al1 F-box proteins are part of SCF complexes (T. Goh and M. Tyers, unpublished 

data); indeed the F-box protein Ctfl3 interacts with Skpl as a cornponent of the CBF3 

kinetochore cornplex and does not seem to be involved in a degradation pathway (Kaplan et aL, 

1997). 

The involvement of F-box proteins in ce11 cycle regulation appears to be a conserved 

process. In fission yeast, the F-box proteins popl and pop2 function with Pcul, a Cul1 

homologue, to degrade the replication protein cdc 18 and prevent genome rereplication (Jallepalli 

et al., 1998; Korninami et al., 1998; Komïnami and Toda, 1997). popl seems capable of 

targeting multiple proteins for degradation because the CKI Rurnl is also stable in popl-  mutants 

(Korninami and Toda, 1997). The Drosophila F-box protein Slimb is required for control of 

centrosome duplication and mitosis (Wojcik et al., 2000)- Over 50 mamrnalian F-box proteins 

exist in the gene database and as Skpl interacting proteins (Cenciarelli et al., 1999; Ilyin et al,, 

2000; Winston et al., 1999b), some with Xerzop~ls homo10,oues (Regan-Reimann et al., 1999). 

The mamrnalian F-box protein SKP2 functions to govern the ce11 cycle by targeting the CKI 

p27"P', GUS-phase transcription factor E2F, cyclin E and oncogene b-Myb for degradation 

(Amati and Vlach, 1999; Charrasse et al., 2000; Marti et al., 1999; Nakayama et al., 2000). 

Another F-box protein, NF'B42, is concentrated in neuronal cells and can induce ceil growth 

arrest in ce11 Iines (Erhardt et al., 1998). 

F-box proteins govern numerous developmental decisions. In C. elegans, the Cdc4 like 

protein SEL-10 binds the Notch receptor farnily member LIN-12, required for the latera. anchor / 

utenne ce11 fate decision in the hermaphrodite gonad, and rnay be responsible for targeting LIN- 

12 for degradation (Hubbard et al., 1997). In the amoebae Dic~osteliurn, mutants of the F-box- 

WD40 repeat protein ChtA (called Cheater A mutants) disproportionately fonn spores rather 

than stock cells (Ennis et al,, 2000), and F-box protein A mutants (fixA(-)) are deregulated for 
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stock formation, slug behavior and spatial patterning of the slug (Nelson et  al., 2000b). In 

snapdragon plants (Antirrhinzm majus), an F-box protein FIM binds three Skp 1 homologues and 

regulates the expression of the MADS-box transcription factor DEF required for petal and 

stamen developrnent (Ingram et al., 1997). In Arabidopsis thnliana, S C F ~ '  is involved in 

promoting the auxin response (Gray et al-, 1999; Ruegger el al., 1997) the F-box protein UFO 

functions in a similar fashion as FIM to regulate the proper developrnent of floral organs (Lee et 

al., 1997; Sarnach et al., 1999), and the F-box protein COI1 is required for the jasmonic acid 

dependent defense p n e  expression against specific fungai pathogens (Xie et al., 1998). 

Recently, an Arabidopsis F-box protein FKFl has been implicated in the regulation of the 

circadian clock by governing the wave expression pattern of clock controlled genes (Nelson et 

al., 2000a; Somers et al,, 2000). 

In zebrafish, the stripe pattern resutting from the organization of the three types of 

pi&g-nent cells, depends in part on the F-bo-40-repeat protein encoded by the hagoromo gene 

(Kawakami et al, 2000). The Izag gene ortholog in rnice is the Daczylin gene, which is mutated 

in the dactylaplasia (Dac) mutant mouse (Kawakarni et al,, 2000; Sidow et al., 1999). However, 

Dac rnice do not appear to have pi,gnent defects, but instead have a malformed single digit in 

place of hands or feet, and are models for split handfoot rnalformation (SHFM) diseases 

(Kawakarni et al., 2000; Sidow et al., 1999). 

F-box proteins also function in signaling pathways. The Met30 homologues Slimb 

(Drosophila) and B-TRCP (human) are required for the phosphorylation dependent degradation 

or processing of transcriptional regulatory proteins, Cubitus interruptus (Ci), B-catenin/Armadillo 

(6-cat/Ann) and NF-KB in response to an upstream signal (Maniatis, 1999). Interestingly, an F- 

box protein exists in Dictyostelium, called MEKK-a, which functions as a protein kinase in a 

sigaling cascade required for spore development (Chung et al., 1998). ~ ~ ~ ~ ~ ~ ~ f u n c t i o n  can 

also be misdirected by the Vpu protein of the human irnmunodeficiency virus (HIV) to target the 
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CD4 protein for proteolysis (Margottin et al., 1998). Finally, conserved in f o m  and function, the 

Met30 homologues, Scon-2 (N,  crassa) and SconB (A- nidnlans) function to regulate sulfur 

metabolism (Kumar and Paietta, 1998; Natorff et al., 1998). 

3.4.6 Conservation of the SCF theme is revealed in other E3 ligase complexes 

The multi-subunit nature of SCF complexes is observed in other E3 ligase complexes (Tyers and 

Willerns, 1999). The Anaphase Promoting Complex (APC)  contains a Cullin homologue, Apc2 

and a RING-H3 protein, Apc i. 1 (Yu et al., 1998; Zachariae et al., 1998b). And like SCF 

complexes, WD-40 repeat rich adapter proteins recruit APC subunits to the E3 complex for 

ubiquitination (see introduction). Rbxl stimulates SCF ubiquitination activity and Rubl 

conjugation to Cull family members, while the also A p c l l  catalyzes poly-ubiquitin chain 

formation (Gmachl et al., 2000; Karnura et al., 1999a; Leverson et al., 2000). In marnmals, the 

RING-H2 protein Rbxl (which binds Cdc53 in yeast), also binds the mctmmaiian cuIIins (Cull, 

Cul2, Cu13, Cul4A, Cul4B and CUIS; Kmura et al., 1999b; Ohta et al., 1999), susgesting many 

E3 ligases may be conserved for a Cullin-RING interaction. 

Cul2 forms a complex with the von-Hippel-Lindau tumor suppressor protein (VHL), the 

Skpl homologue Elongin C, and the ubiquitin homologue Elongin B (Tyers and Willems, 1999). 

VHL is a multi-domain protein, containing both a SOCS-box (suppressor cytokine sipaling) 

which binds an Elongin BC subcomplex and a B-domain (Kaelin et al., 1998). Structural analysis 

of the VCB complex suggests that the Elongin C-VHL interface can be used as a template for 

Skpl-F-box protein interactions complexes, and that other SOCS-box proteins may interact with 

the Elongin BC subcomplex in a similar manner (Stebbins et al., 1999). Different protein-protein 

interaction domains of the many SOCS proteins may therefore recruit specific proteins to the 

CuIIin-RING based Cul3-Rbx 1 -ElonginBC complex for ubiqui tination. This has been 
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demonstrated for VHL by the ability to directly recmit the hypoxia-inducible factor-1 alpha 

(HF-a) via the B-domains to the ubiquitination machinery (Kmura et al., 2000; Ohh et al., 

2000; Tanimoto et al., 2000)- In addition, the SOCS-box protein, Socs l uses a S N 2  domain to 

recmit the hematopoietic specific guanine nucleotide exchange factor Vav for ubiquitination and 

proteasomal degradation (De Sepulveda et aL, 2000). Thus, a comrnon Cullin-RING core 

complex combined with modular substrate recruitment factors of SCF, M C  and VCB-like 

complexes hold the promise of targeting a wide range of yet to be identified substrates for 

ubiquitination, 



CEFAPTER 4: 

PrlE~30 1s REQU-IRED FOR PASSAGE THROUGH G1-PHASE 

Data in this chapter were previousIy published in Patton et al., (2000). 



MET30 IS REQULRED FOR PASSAGE THICOUGH G1-PEUSE 

4.1 ABSTRACT 

In response to hi& levels of methionine, S C F ~ ~ "  is required for inhibition of the MET gene 

transcription factor, Met4. Celk deficient for MET4 are viable in the presence of methionine, 

however, MET30 is an essential gene in a11 nutrient conditions. The Thomas laboratory 

(C.N.RS., France) found that deletion of MET4 bypassed the lethality of the met3OA mutant. 

Expression of an active f o m  of Met4 that is unable to bind Met30 is sufficient to cause a G1- 

phase ce11 cycle arrest, while a inactivate Met4 mutant is unable to induce an arrest even in the 

absence of Met30 (Thomas laboratory data described in Patton et al., 2000). Using a conditional 

met4::GALI-MET4 rnet30::LEUZ mutant, 1 performed a detailed analysis of the large, unbudded 

met30A G1-phase arrest phenotype. 1 propose that the essential function of Met30 is to regulate 

Met4, and that an "inhibitorY' gene(s) under Met4 transcriptional regulation prevents Start entry. 

Consistent uith this hypothesis, I found that overexpression of MET4 and a viable MET30-I 

mutant are delayed for passage into S-phase. Genetic interactions suggest that Met30 dependent 

regulation of Met4 G1-phase fiinction is most likely mediated as part of an SCF complex. One 

possible explanation for the met30A G 1 -phase arrest phenotype is that the "inhibitor" gene(s) 

prevents the accumulation of critical ce11 cycle &VA transcripts. Using different promoters, 1 

found that CLNI, CLN2 and PCL2 were unable to accumulate in met30A cells, while other 

transcripts remained unaffected. As a means to identie genes under the regulation of Met4, T 

perfomed cDNA microarray analysis to achieve a genome wide transcriptional profile of GALI- 

MET4met30A cells. While the microarrays have not yet pointed to a specific candidate 
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"inhibitor" gene, the experiments have demonstrated that Met4 is potent transcriptional activator 

of methionine biosynthesis genes and other gene networks. 



4.2 MATERIALS AND ~ T H O D S  

4.2.1 Yeast strains and culture 

Yeast strains are Iisted in TabIe 4-1 and are of W303 background udess othenvise stated, 

MTY 1750 and MTY 1751 were generated by crossing CC933-6D (nzet4::GAL1-MET4) with 

MTY 1592 (sgtl-3) and MTYl594 (sgtl-5) respectively. Yeast strains were cuItured according to 

standard rnethods (WiIiems et al., 1996) and carbon sources were used at 2% w/v. 

4.2.2 Plasmids 

Plasmids used in this study are listed in Table 4-2. 

42.3 Protein analysis and kinase assays 

For Western analysis, ce11 Iysates were prepared and proteins detected as described in Chapter 

32.4. Antibody concentrations used to detect proteins tagged with the influenza hemagglutinin 

(HA) peptide was 1: 1000 for anti-HA (12CA5) after the non-specific proteins on the blot were 

first blocked by incubation with 5% skim milk. Immunoprecipitation experiments were 

performed as described in Chapter 3.2.4 and Patton et al. (1998). 

Protein kinase assays were perforrned as described in Tyers et al. (1992). To surnmarize, 

cells were prepared as for an irnrnunoprecipitation. Norrnalized to the same concentration with 

Buffer 3 plus protease inhibitors, 10 mg of protein was incubated with 0.25p1 of 12CA5 antibody 

for 1 h on ice, and rocked at 4°C in the presence of protein A beads for 1 h. Beads were collected 

by centrifugation (cl000 g) for 5 seconds and washed three tirnes with Buffer 3. Sarnples were 

transferred to a fresh tube, and washed twice with I X kinase buffer (50 rnM Tris-HC1 pH 7.5, 10 

rnM MgCI2, ImM DTT). Samples were then spun down, aspirated dry and preincubated at 37OC 

for 10 min. Kinase assays were performed by adding 5p1 of kinase buffer containing lOp Ci [y- 

3 2 ~ ]  ATP and lpg bovine histone Hl, and incubating at 37OC for 15 min. To terminate the 
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reaction, 10 pl of 2 x sarnple buffer was added, and sarnples were incubated at 95°C for 2 min 

before loading ont0 an acrylarnide gel for electrophoresis. 

4.2.4 RNA analysis 

Northern analysis was performed as descnbed in Chapter 2 - 2 5  CLNI, CLN3, CLN3, PCL2, 

WH13, WH14, ACT] transcripts were detected by oligolabelling probes made from PCR products 

of the ORF of each gene supplied by the Microarray Center, Ontario Cancer Institute. 

4.2.5 Polysome analysis 

Polysome andysis was performed as described (Zhong and Arndt, 1993). Cells were grown to 

early log phase and 60 pg /ml cyclohexirnide was added for 5 min. before harvesting. Cells were 

lysed by vortexing in the presence of glass beads and a Tris-based buffer with heparin (10 mM 

Tris, pH 7.4, lOOrnM NaCI, 30 rnM MgC12, 60 p g m l  cyclohexirnide, 200 pgml  heparin). 

Extracts were loaded ont0 a linear 7%-47% sucrose gradient prepared in a buffer consisting of 50 

mM Tris pH 7.0, 50 mM m C 1 ,  13 mM MgC12, 1 mM dithiothreitol. Gradients were spun at 35 

000 r.p.m. in a SV41 rotor for 3 h, and read via continuous drip at AX4. 

4.2.6 Flow Cytometry 

Cells were prepared for fIow c ytometry as described (Mann et al., 1992). Cells were harvested at 

4"C, resuspended in 4°C water, pelleted, and resuspended in 4 ml of 4OC water followed by the 

addition of 2 ml of 95% ethanol. Cells were collected, resuspended in 5 ml of 5OrnM sodium 

citrate (pH 7.4), sonicated to disrupt ce11 aggregates, and washed again in 50 rxiiM sodium citrate. 

CeIIs were resuspended in 1 ml 0.25mg / ml N a s e  and incubated for 1-5 h at 50°C, &ter which 

1 ml of 16 ug / u1 propidium iodide was added for 30 min. at room temperature or sarnples were 
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stored at 4°C. Sarnples were treated with proteinase K (0.1 mg / ml) was added for 1 h- at 50°C 

and sonicated pnor to analysis. 

4.2.7 cDNA microarray analysis 

Cells were grown to early log phase (0 .25~  107 tells/ ml) in synthetic media (SC)-URA 

(experiments 1,2) or rich media (XY; experiment 3,4,5) plus 2% raffinose followed by the 

addition of 3% galactose for the indicated tirne- Samples were peileted at 4*C, and frozen in 

liquid nitrogen. RNA was extracted as described for Northern analysis (Section 22.5). The 

following protocol for RNA preparation is surnmarized from http://www.oci.utoronto,ca/ 

services/microarray/index.htrnl. From 10 -20 ug of total RNA, the 0.1 - 0.5 ug mRNA was 

isoIated and used in a 40 ul reverse transcription reaction (8.0 pl 5X First Strand reaction buffer 

(Superscript II, Life Technologies), 1.5 pl AncT mRNA primer (100 pmol/pl), 3.0 pl 6.67 mM 

each dATP, dGTP, dTïP, 1.0 pl 3 mM dCTP, 1.0 pl 1 mM Cyanine 3 or Cyanine 5 dCTP 

(NEN), 4.0 pl 0.1 M DTT, 0.1 -0.4 ug rnRNA, 1.0 ng control Arabidopsis RNA, 40 pl distilled 

water). The reaction mixture was first incubated in the dark at 65OC for 5 min and then 42°C for 5 

min, prior to adding 2 ul of reverse transcriptase (Superscript XI, Life Technologies). The 

labeling reaction was then incubated at 42°C for 2 - 3 h in the dark. Reactions were stored at - 

30°C overnight or directly used for hybridization to the microarray slide. The appropriate Cy3 

and Cy5 labeled cDNAs were pooled, and 60 ul of hybridization buffer (5 pl of yeast tRNA (Life 

Technologies; 10 mg/ml) and 5 pl of calf thymus DNA (Sigma; 10 mgrnl) was added to each 

100 p1 of DIG Easy Hyb solution (Roche)) added, and the solution incubated at 65OC for 3 min. 

The solution was cooied to room temperature, pipetted directly to the slide and covered with a 

cover-slip. Slides were placed in hybridization chambers, the lid wrapped with paraflm and 

incubated 37°C overnight (up to 18 h.). Slides were dipped in 1 X SSC to remove the cover slip, 

and placed in staining rack dish (Evergreen Scientific through Diamed cat# WS258-4100-000) of 
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fresh 1X S S C ,  0.1% SDS for IO minutes at 50°C. Washing was repeated two more tirnes, with 

rnild, occasionai agitation. The slides were rinsed in fresh I X S S C ,  and spun dry at 500 rpm for 

5 min, Slides were scanned as described for the GSI Lurnonics ScanArrayO 4000 Ontario Cancer 

Institute (htt~://www.oci.utoronto.ca/services/~cromav/index~h~). A value reflecting the Cy3 

and Cy5 fluorescence intensity of each spot was measured, and background 1500 units was 

subtracted from intensity values using the program Microsoft Excel. As an expression of which 

genes were increased or decreased for expression in the mutant cells, the Cy5 values of the 

mutant were divided by the Cy3 values of the wild type, to generate a redlgreen expression ratio 

for each gene. As each gene was spotted ont0 the slide twice, the values of the two 

corresponding spots were compared, and only those signal intensities (data spot 1 Cy 

intensity/data spot 2 Cy intensity) between 1.5 and 0.5 were considered relevant. Corresponding 

data points were averaged, and those genes in the mutant that were increased > 2 fold or 

decreased < O S  fold were included in Table A-1. 
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Table 4-1. Yeast strains (Chapter4) 

Strain Relevant Genotype Source 

CC932-6D MATa adeî his3leri2 riru3 met4::GAL.I -MET4 D, Thomas 

CC932-8B MiTa adeî Izr's3 leu2 rira3 rnet4::GALI-MET4 D. Thomas 

CC954-10A MATa leri2 tira3 cdc7-l D. Thomas 

CC954-1OC MATa leu3 cira3 cdc7-l rnet4::GALl-MET4 D- Thomas 

nzet30::LEU2 

CC970- 1 A AUTa leu2 tira3 cdc7-I rnet4::GALI-MET4 D. Thomas 

CC786-IA ade2 Izis3 lezr? rira3 trpl iMET30-l D. Thomas 

CD 106 Il'tATa ade2 Jzis3 leu3 ura3 rnet4::TRPI D. Thomas 

K699 MXTa ade3-l canI-100 Izis3-1,15 led-3,112 K. Nasmyth 
trpl-l lira3 

MTL593* sgtl-3 Kitagawa et al., 1999 

MT 1594* sgtl-5 Kitagawa et al., 1999 

MT1750 nzet4::GAL.l -MET4 sgtl-3 This study 

MT1751 met4::GALJ -MET4 sgtl-5 This study 

not W303 main background 



Table 4-2. Lisr of Plusrnids (Chapter 4) 

Plasrnid Relevant Characteristics Source 

pMT29 1 cmHA LEU2 CEN M Tyers 

pMT485 pGALI -CLNI URA3 2pm Willems er al-, 1996 

pMT634 p G A t I - C M  LEU2 UR43 2pnz Willems et al., 1996 

pMTL341 CL NI^^ LEU2 CEN M. Tyers 

pCB 13 17 S C - ~ A D H - C W ~ ~ ~  LEU2 CEN K. Arndt 

pGalMet4- 1 p ~ a ~   MET^'^^^^^ LIRA3 CEN D. Thomas 

pGaiMet4. 47 pGall -MET#' r60-221 URA3 CEN D. Thomas 



s CFMrr30 is required for repression of MET gene transcripts in response to high levels of 

methionine by targeting Met4, a MET gene transcription factor, for ubiquitin mediated 

proteolysis (Thomas et al-, 1995; Patton et al., 2000; Rouillon, et al., 2000; see dso Kaiser et al., 

2000). Met4 is also responsible for the transcriptional activation of the MET30 gene, and so 

Met4 activity is govemed by an autoregulatory loop; in response to high methionine 

concentrations, Met4 induces expression of the MET genes, including MET30, which in t m  

functions to shut down Met4 activity (Roullion et al,, 2000). 

While in the presence of methionine the MET pathway is not essential, MET30 is an 

essentiai gene in al1 nutrient conditions (Thomas et al., 1995). Genetic analysis by Caroline 

Peyraud (Thomas laboratory, C.N.R.S., France) revealed that deletion of MET4 bypasses the 

essential function of MET30 (Patton et al., 2000). Furthemore, she constructed a yeast strain in 

which MET4 was conditionally expressed from the GALl promoter, and that was deleted for 

MET30. On glucose, these cells are deficient for MET4 and MET30, and viable. On galactose, 

MET4 is expressed from the GALl promoter and the cells arrest in G1-phase (Patton et al., 

2000). Since 1 was interested in regulation of passage through G1-phase, 1 perfomed a detailed 

ana1ysis of the G1-phase arrest phenotype, and found the conditionai met30A mutant ceils arrest 

at Start, as Iarge, unbudded cells, and unable to accumulate G1-phase mRNA transcripts such as 

C M  and CLN2 transcnpts. 

4.3.1 The essential function of MET30 is at or after the pheromone arrest point 

Conditional inet30A mutants (Le. rnet4::GALI-MET4 rnet30::LEU2) accumulated as unbudded 

cells after being shifted to galactose for 3 to 6 h. Bud count analysis indicated that the cells were 

over 90% unbudded at 6 h (data not shown). The ce11 cycle arrest was most likely not an artifact 
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Figure 4-1. The essentiai functîon of MET30 îs at or after the pheromone arrest point, but 

before the cdc7-l mutant arrest position. (A). Wild type W Y 2 3 5 ) ,  met4 ::GALI-MET4 

(CC932-6D) and nzet4::GALI-MET4rner3O::LEU2 (CC932-8B) were grown in a raffinose based 

rich media until log phase, at which point pheromone was added to synchronize and arrest the 

cells in G1-phase. After 2 hr. of pheromone treatment, galactose was added for 20 minutes to 

induce the expression of MET4- At this point, the cells were washed free of pheromone and 

released into galactose based rich media, and samples were taken for Flow cytometry and (B) 

microscopie analysis at the indicated times. (C) Sirnilar to the experiment in (A), strains were 

grown to early log phase, shifted to 37°C for 2.5 hr, to synchonize the cdc7-I and cdc7-l 

rnet4::GALJ-MET4rnet3O::LEU2 mutants, and galactose added for 20 minutes to induce GALI- 

MET4 expression. Cultures were then shifted to X°C, and samples taken at the indicated time 

points for flow cytometry analysis. 
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of the overexpression of MET4 from the GALI promoter because cells spotted onto medium 

containing 0.1% to 3% galactose died at al1 concentrations of galactose (data nmt shown). 

To gain insight into the mechanism behind the Gi-phase arrest phenoty-pe, 1 used 

synchronized ce11 cultures to map the positioning of the met30A arrest. Wild t m e ,  met4::GALl- 

MET3, and rnet4::GALJ-MET4 rnet30::LEU2 cells were grown to early log phase in a raffinose 

based medium and arrested with pheromone. The cultures were divided and raFfinose was added 

to one culture and galactose to the oîher- After 20 minutes, the cells were washaed free of 

pheromone, and sampIes were taken at specific time intervals to examine buddiing and DNA 

content. Wild type, met4::GAL.I-MET$, and nzet4::GALI-MET4 rnet30::LEU2 celIs grown in 

raffinose progressed through the ce11 cycle with sirnilar kinetics (Figure 4-IA), demonstrating 

that the absence of MET4, or MET4 and MET30 together, has little effect on prmgression through 

the ce11 cycle in rich media. In contrast, nzet4::GALI-MET4 cells treated with g:afactose were 

deIayed approximately 20 minutes through the Gl-to-S phase transition, and nzeet4::GAL;I-MET4 

met30::LEU2 cells failed to initiate DNA replication (Figure 4-lA) or budding (Figure 4-iB). 

Unregulated Met4 appears therefore to function at or shortly after the pheromone arrest position. 

Consistent with this, a viable MET30-I mutant is partially defective for Met4 imhibition, and is 

also delayed in passage into S-phase by 10 min. (data not shown). 

Given that unregulated Met4 was deleterious, and prevented cells releas~ed from 

pheromone from initiating Start, 1 attempted the inverse experiment to determime if nzet4::GALI- 

MET4nzet30::LEU2could be released from a galactose dependent G1-phase arrest and 

subsequently arrested with pheromone. In such experiments, 1 was unable to recover cells from 

the conditional met30A arrest position. As an aiternative, 1 used a cdc7-I rnet4:.-GALI-MET4 

rnet30::LEU2 mutant to determine where the essential function of Met30 was irn relation to the 

cdc7-I arrest position. Cdc7 is a kinase that functions in the initiation of DNA r;-eplication, but is 

not required for budding (Yoon and Campbell, 1991). Cells deficient in CDC7 anes t  as budded 



130 

cells with IN DNA content, but will undergo DNA replication when Cdc7 function is restored 

(Figure 4-1C). By cornparison, cdc7-lrnet4::GALI-Mm4 rnet30::LEU2 cells in galactose also 

progressed through the ce11 cycle, undergoing DNA replication and budding, when released from 

a cdc7-l arrest position (Figure 4-LC). These experiments place the essential function of Met30 

at or shortly after the pheromone West position, but before the Cdc7 requirement in the ce11 

cycle- 

4.3.2 Overexpression of MET4 decreases the restrictive temperature of SCF mutants, and 

met4d partially bypasses the G1-phase arrest of sgtl mutants. 

SCF complexes are responsible for targeting multiple proteins for ubiquitin mediated 

degradation. Overexpression of various substrates in temperature sensitive Cdc34-SCF mutants 

frequentIy lowers the restrictive temperature, and produces c e k  with an elongated bud 

morphology (for example Deshaies et al., 1995; Bai et al., 1996; Willerns et al., 1996). This may 

mean that the overproduced substrate recruits the comprornised core Cdc34-Cdc53-Skpl-Rbxl- 

Sgtl cornplex away from other cntical tasets  such as Sic 1 and the G1 cychs .  MET4 was 

overexpressed from the GALJ promoter in a collection of SCF mutants, and lowered the 

restrictive temperature of cd&-I, cdc34-2, cdc53-1, skpl-I l and skpl-12 mutants from 37°C to 

30°C (Figure 4-2A). Microscopic analysis showed live cells with elongated buds, suggesting 

overproduction of Met4 rnight inappropriateIy sequester the core SCF compIex away from other 

targets. 

Sgtl is an essential cornponent of the kinetochore, and is required for the ubiquitination 

and degradation of Clnl and Sicl (Kitagawa et al., 1999). Five different aIleles of sgtI have been 

characterized, four of which accumulate with 1N DNA content (Kitagawa er al., 1999). These 

alleles are distinct from multiple budded G1-phase alleles of cdc34, however, as the cells arrest 

predominantly unbudded. Because a nondegradable form of Met4 also induces a similar 



13 1 

Figure 4-2. Genetic interactions between MET4 and SCF cornponents. (A) Overexpression 

of MET4 in SCF temperature sensitive mutants. GALI -MET4 ( p G ~ ~ e t 4 - 1 )  was expressed in 

wild type (MTY235), cdc4- I (MTY680), cdc34-2 (MTY670), cdc53- I (MTY87 1 ), skp 1-1 l 

(MTY 1166) or  s k p l - /  (MTY 1167) by growing on rich media plates containing galactose. Yeast 

were grown for 3 days at the semipermissive temperature (30°C) and photographed. (B) Genetic 

interactions between met4A and sgtl  mutants. met4Asgtl-3 mutants are viable at the restrictive 

temperature of 35°C- CoIonies from a representative tetratype tetrad from a met4::GALl-MET4 

(CC932-6D) x sgtl-3 (MTY1592) cross were streaked ont0 glucose based rich media plates, 

grown for 3 days at 35"C, and photographed. (C) DeIetion of met4 shifts the DNA profile of a 

sgtl-5 strains. Cells from a tetratype tetrad of a met4::GALI-MET4 (CC932-6D) x sgt l -5  

(MTY1594) cross were grown to early log phase and shifted to 37°C for 3 hr. prior to collection 

for FACS andysis. (D) sgt l-5 mutants are viable on low methionine media. Wild type, 

met#::GAL1-MET4, and sgt l -5  mutants were streaked ont0 B media plates supplemented with 

non-repressive (0.lm.M) and repressive (1m.M) methionine concentrations. Yeast was grown at 

35°C for 3 days, and photographed. 
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unbudded, IN DNA content phenotype (C. Peyraud, Patton et al., 2000), 1 created sgtlmet4A 

double mutants to determine if deletion of met4 might alter the sgtl phenotype. The temperature 

sensitivity of the G1 alleles of sgtl (sgtl-I.2,4,5) remained unaltered when crossed to a 

met4A strain (data not shown). In contrast, while the haploid sgtl-3 mutant arrests at 35°C with 

both 1N and 2N DNA content, a sgtl-3met4A double mutant was viable, yet grew slowly at 35°C 

(Figure 4-2B). Further analysis of the sgtl-5met4A double rnütant by flow cytometry revealed 

more subtle changes in the arrest position. When combined with a met44 mutation, the sgtl-5 

allele shifted from accumulating in G1-phase to accumulating in G2-phase- These results suggest 

that Met4 may be an important degradation target of Sgtl in G1-phase, but may be only one of 

multiple essential functions of Sgt 1.. 

In low concentrations of methionine, MET30 transcnpts are low and Met4 is stable 

(RouiIlon et al., 2000; see also Kaiser et al., 2000). By streaking SCF mutants ont0 minimal 

media plates lacking methionine at the restrictive temperature of 35"C, I found that sgtl-5 

mutants formed small, slow growing colonies (Figure 4-2D). Addition of methionine to the 

plates restored sgtl-5 temperature sensitivity. Low methionine concentrations, by decreasing the 

need to target Met4 and perhaps other proteins for degradation, might allow sufficient levels of 

the compromised Sgtl-5 to target the necessary ce11 cycle regulators-for degradation, and 

emphasizes the importance of SCF protein complex stoichiometry in vivo, 

4.3.3 Growth and translation are compromised in rnet3OA mutants 

Mutants that arrest in Gl-phase can be generally divided into two categories; those that arrest as 

non-growing cells in G1-phase (a ce11 cycle position sometimes referred to as Start II; Martegani 

et al., 1984), and those that arrest as growing cells in G1-phase ma-twell, 1994). Mutants that 

affect the CAMP pathway, or the TOR pathway are often associated with defects in both growth 
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Figure 4-3. met3OA mutants accumulate mass while arrested in G1-phase and are only 

mildly defective for translation. ~~.~~::GAL~-MET~~~I~O::LEU~ cells were grown in a 

raffinose based rich medium, and the small, unbudded cells collected by centrifugal elutn'ation. 

The synchronized cells were then split into two cultures, and fresh raffrnose added to one and 

galactose to the other to induce MET4 expression. Samples were then taken at the indicated time 

points and analyzed (A) ce11 size, (B) budding index and (C) DNA content by FACS analysis. 

@) Polysome profiles of met30A mutants indicate onIy a rnild translation defect. Wild type and 

rnet4::GAL1-MET4rnet3O::LEU2 mutants were Gown in a raffinose based rich media, and the 

small unbudded cells were collected by centrifuga1 ehtriation. Samples were then collected for 

polysome anaiysis, DNA content and budding index at the indicated time points. 
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and division, while mutants that specifically affect the G l f  S-phase ceII division machinery (such 

as cdc28 mutants) often arrest as large, unbudded cells. Ta determine which pathway in G1 

phase required the function of Met30,I collected synchrornized small G1-phase rner4::GALJ- 

MET4 nzet30::LEUL, cells by centrifugal elutriation and measured their growth in raffinose and 

galactose. Initially, both cultures accumulated mass at the same rate, but the cells in galactose 

slowed for growth d e r  approximately 100 min (Figure 4-3A). The decreased growth rate of the 

culture in galactose corresponded with the time when the culture in raffinose initiated budding 

(Figure 4-3B) and DNA replication (Figure 4-3C). Thus, i t  appears that the G U I - M E T 4  mer3OA 

cells are capable of growth, at least until a parallel ce11 culture reaches the size required for Start. 

To determine if the conditional met30A cells were arresting because of a defect in 

translation, I measured the incorporation of [%] methionine/cysteine into total protein, and 

examined the profiles of the polysomes. Incorporation of 13's] methionine/cysteine into cellular 

protein was decreased by 20% after 2.5 h in galactose (data not shown). As well, polysomes 

decreased and the 80s ribosome peak accumulated in the c onditiond met30A mutants after 2.5h. 

As part of a more detailed analysis of the polysome profiles over time, 1 collected small, G1- 

phase cells by centrifuga1 elutriation and examined the po1ysome profiles of conditional rnet30A 

mutants and wild type cells at O, 1 and 3-5 h after addition lof galactose. Wild type cells had a 

higher nurnber of discrete polysome peaks and a lower 8 0 s  peak by 2.5 h than the conditional 

rnet30A ceIIs (Figure 4-3D). At this time point, wild type cells had initiated Start. while the 

rnef3OA mutants remained unbudded, and had not initiated D N A  replication. OveraiI, it appears 

that rnet30d mutants can accumulate mass, and are only sonnewhat deficient for translation. 

4.3.4 G1 cyclin transcripts are altered in conditional med30A mutants at Start. 
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Figure 4-4. CLNI and C M 2  transcript levels are specifically reduced in conditional met304 

mutants at Start. (A) Northem analysis of CLN2 and ACT1 RNA transaipts indicates a specific 

reduction of CLN3 transcrïpt in the conditional met3UA mutants (CC932-8B) when expressed 

from the endogenous promoter (pMT29 1) or the constitutive ADHI promoter (pCB 13 17). (B) 

CLNl and CLW, but not CWV3 RNA transcripts are undetectable in small, G1 rnet4::GALI- 

MET'rnerSO::LEU2 (CC932-8B) celIs in galactose based media. Synchronized, small G l  cells 

growing in rich raffinose based medium were collected by centrifuga1 eIutriation, split into two 

cultures, and raffinose added to one and galactose to the other culture, and sarnples taken at the 

indicated tirne points for Northern analysis and (C) flow cytometry and bud count. 
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While defects in translation c m  affect the ce11 divisimn machinery (Polyrnenis and Schmidt, 

1999), the only slightly compromised translation defect observed in the conditional 

met30A mutant lead us to speculate that a component of the ce11 division machinery might be 

affected in these ceIIs. Overexpression of the G1 cyclins c m  overcome a G1-phase arrest 

induced by a variety of conditions (Cross et al., 1995). Therefore, 1 first overexpressed the G1 

cyclins CLNI, C W ,  CLN3, CLN3-1, PCLl and PCL2, as well as the S and GZphase cyclins 

CLBS and CLB2 from the GACI promoter to determine if they could rescue the met30A 

phenotype. None of the tested cyclins could overcorne the met30A induced Iethality (data not 

shown). As well, 1 was unable to detect CInl-Cdc28 and Cln2-Cdc28 kinase activity when C M  

or CLN2 was expressed from the GALl promoter for 3 h (data not shown). Further, Clnl and 

C h 2  protein levels were undetectable despite CLNl and CLN2 expression from endogenous, 

GALl and the U H l  promoters (data not shown). Surprisingly, 1 was unable to detect the mRNA 

transcripts of CLNl, CLN2, and PCL2 in inet4::GAL.Z-MET3 rrtet30::LEU2 cells that had been in 

galactose for 2.5 h, while CLN3, WHZ3, WH14 and ACT1 transcripts were clearly detectable 

(Figure 4-4A; data not shown). 

Our growth curve and polysome profiles had indicated that nt 2.5 h the cells were reduced 

for growth and translation. Therefore, it was possible that the Iack of G1 cyclin transcripts was 

the result of the cells general decrease in rnetabolic processes, and not a specific ce11 cycle 

defect. To distinguish between the two possibilities, 1 collected small met4::GALI-MET4 

metSO::LEU2 G1-phase cells by centrifuga1 elutriatiom, added raffinose to one half of the culture 

and galactose to the other, and monitored the transcriptional profile of CLNI, CLN2 and CLN3, 

budding and flow cytometry profiIes. Cells in raffinose (functiondly met4het30A)  progressed 

through Start norrnally; the cells budded, initiated DNA replication and expressed a wave of 

CLM and C M  transcription (Figure 443 ,  C). In contrast, cells in galactose (functiondly 
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met30A) failed to initiate budding, DNA replication o r  the expression of CLNl or  CM2.  Both 

cultures were able to s-ynthesize C m 3  and ACT1 rnRNA transcripts. Thus, a mechanism that 

leads to the decrease of G1-phase transcripts might contribute to the Gl-phase arrest of the 

met30A mutants. 

4.3.5 Genome wide cDNA microarray analysis of the conditional mef30A mutants. 

Met4 associates with multiple cofactors to activate transcription: the basic helix-loop-helix 

(bHLH) factor Cbfl ,  the basic leucine zipper (bZIP) protein Met28, and the genetically 

redundant factors Met3 1 and Met32 (Thomas and S urdin-Ke rjan, 1997). One hypothesis to 

account for the above data is that Met4 is required for the transcription of a gene(s) that inhibits 

passage through Start, perhaps by interfering with the accumulation of G1-phase specific 

transcripts. met37A mutants also bypass the essential function of rnet30A (Patton et al., 2000), 

suggesting that a gene(s) under the regulation of a Met4-Met32 complex rnight prevent S tart. 

Two approaches were used to identify the potential "inhibitor" gene under the regulation 

of Met4. First, 1 performed a suppressor screen for mutants that bypassed the rnet4::GALI-MET4 

met30::LEU3 lethality on galactose (referred to as GALI-MET4mer30A). G U I -  

MET4rnetSUA ceils grown in gllicose were treated with the mutagen EMS, and over 20 mutants 

isolated that were d ive  and MET+ on galactose. The test for methionine prototrophy was used as 

a means to eliminate those mutants that simply disrupted G U - M E T 4  expression, thereby 

suppressing the met30A lethality. Surprisingly, despite their methionine prototrophy, the mutants 

were rescued by a MET4 containing plasmid recovered from a genomic library. This suggests 

that different levels of Met4 activity or different alleles of Met4 may be capable of specific 

functions, such that comprornised Met4 is sufficient to activate MET gene expression but fails to 

induce a GI-phase arrest phenotype. 
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To generate a genome-wide expression profile of Met4 regulated genes, 1 used cDNA 

rnicroarray technology, combined wiùi analysis of prornoter sequences, to compare those genes 

altered by forced Met4 production with wild type cells. Microarray technology involves the 

differential hybndization of cDNA transcripts made from expressed mRNA of different ce11 

cultures to known and predicted genes in S. cerevisiae (DeRisi et al-, 1996) Differential 

hybndization of the changes in mRNA levels was accessed for hown or predicted genes in S. 

cerevisiae. Purified mRNA was isolated from wild type and mutant cultures, cDNA generated, 

Iabeled with the fluorescent dyes Cy5 or Cy3, and competitively hybridized to the rnicroarray. 

Color images were produced that represented the Cy5 fluorescent image as red and the Cy3 

image as green. Differences in gene expression could be visualized by merging the imases, and 

measured by a generating a redgreen expression ratio for each gene. 

Changes in gene expression of GALI-MET4met30A were compared with wiId type cells, 

and are summarized in Figure 4-5 and Table A-1. Wild type and rnet4::G;LLl- 

MET4rnet30::LEU2 cells were grown to eariy log phase in raffinose, foIlowed by the addition of 

gaIactose to the medium for 1 h 10 minutes. Of 6216 different cDNA spot sets of yeast ORFs 

5608 spot sets had a fluorescent intensity for Cy3 or Cy5 of above or equal to 1500 units. Of 

these, 4874 twin data spots gave comparable signa1 intensities (data spot 1 Cy intensity / data 

spot2 Cy intensity) between < 1.5 to > 0.5. Of 4874 data entries, 306 genes increased in intensity 

in the mutant ~ 2 . 0  fold, 185 genes >3 fold and 118 genes decreased in intensity of <OS 

compared with wild type. VaIues for genes (>2 and <OS fold) from two other experiments that 

monitored gene expression of GALI-MET4dlR cells in galactose for I h are also listed in Table 

A-1. Experiments are comparable because Met30 binds and inhibits Met4 function through an 

inhibitory region (IR), deletion of which is sufflcient to induce a G1-phase arrest in the presence 

of Met30 (Thomas et al., 1995, Patton et al., 2000). Plotting experimental values against each 

other indicates that most genes are reguiated in a similar manner in GALI - 
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Figure 4-5. The transcription program of GALI-MET4met30A cells as measured by cDNA 

microarray analysis. Genes aitered for expression in the GALI-MET4nret30A mutants were 

grouped into classes based on function according to the Yeast Protein Database (YPD), and the 

fold induction for each gene (solid triangle) graphed as a point on a horizontai axis. Only 

selected functional classes are presented. Complete data are presented in Appendix A (Table A- 

l). 
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MET4::rnet4A rnet30::LEU2 and G U I - M E T 4 N R  cells (Figure 4-7). 

When the genes in the array data set were sorted in order of the ORF identification 

number, it became apparent that many of the genes were clustered side by side in the genome 

(data not shown). One of the largest gene clusters spans YUOSSW to YLLU64C (first noticed by 

D. Thomas, C.N. R-S). A11 the genes in  the YLL05SW cluster are increased for expression, 

although not al1 have Cbfl and/ or Met3 1/Met32 binding sites in their promoters. Other gene 

clusters increased for expression include YILI63C-YIL166C, and YZR017C-YIR019C. Some gene 

clusters, such as YNL066W-YNL068C are decreased for expression, whiIe a few gene clusters 

contain genes that are both increased and decreased for expression. 

The genes dtered in KNA leveIs were grouped in classes based on function (Figure 4-5; 

Table A-1), and some of the more prominent gene sets presented below. Met4 is recruited to 

upstream binding sites in the promoters of MET genes by the cofactors Cbfl and Met3 1/Met32 

which bind the DNA consensus sequences TCACGTG and AAACTGTGG respectively 

(Blaiseau et al., 1997). Using the Yeast Genome Pattern Matching program (http://genome- 

www2stanford. edukgi-bin/SGD/PATMATCWnph-patmatch) 666 genes and 300 genes were 

identified with the Cbf 1 and Met3 1/Met32 consensus binding sites upstream of the gene ATG 

site respective1 y. Interestingly, many of these genes were not altered in the GALI-MET4rner30. 

mutant (data not shown), perhaps suggesting that transcription factors other than Met4 function 

with Cbf l  and Met3 1/Met32 for transcription of these genes. Likewise, many of the genes 

identified in the rnicroarray do not contain Cbfl  and/or Met3 1/Met33 upstream binding sites, 

suggesting Met4 may be recruited to DNA by several binding factors, or  some of the effects may 

be indirect (Table A-1). 

Amino acrd syntjzesis genes: Rewardingly, expression of genes invoIved in sulfur 

transport, assimilation, and amino acid biosynthesis increased in GAL1-MET4dmet30A cells 

(Figure 4-5, Figure 4-6, Table A-1). This indudes the genes required for sulfur transport, 
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Figure 4-6: Genes involved in suIfur transport, assimilation, and amino acid biosynthesis 

are unregulated in GULMET4met30A cells. In response to sulfur starvation numerous genes 

are increased for expression. Most of such genes were upregulated in the GALl-MET4metSOA 

cells, and the function of their protein products shown. The proposed funciion of three ORF gene 

products proposed to be under the control of Met4 transcriptional activity have been included- 
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Figure 4-7. Scatter plots of GALI-MET4 cDNA rnicroarray data. cDNA microarray values 

(expressed as a function of log2) from Exp. l ,2  and 3 were plotted against each other to visuaiize 

experimentai similarity and differences- Most experimental values appear to be similar between 

the three experirnents, dernonstrating that GUI-MET4mer3OA and GALI-MET4dlR cells have a 

similar transcriptional response in galactose based media, Differences between Exp. 1 (GALI- 

MET41net30A) and Exp. 2 and 3 (GUI-MET4AIR ) may reflect genes that are specifically 

altered by the deletion of MET30. Mternatively, because changes are also observed between 

Exp. 2 and 3, which used the same cDNA (wild type cDNA was Iabeled with CyS and the GALI- 

MET4dlR cDNA with Cy3 in Exp. 2, and inversely labeled in Exp. 3), such differences might 

represent irreproducible values. 



exp 2 



sulfate assimilation, sulfur amino acid biosynthesis, siroheme biosynthesis and some of the MET 

regdatory genes (Figure 4-6). Many, but not d l ,  of these genes have a Cbf l andor  a 

Met3 L/Met33 upstream binding site in the promoter regïons (Table A-1). Interestingly, some 

regulatory genes (e-g. CBFI and MET3I) and other genes that are required for methionine 

prototrophy were unaffected (e.g. MET18 and ME728) suggesting these genes might be under a 

different f o m  of regulation. Consistent with this idea, such genes lacked Met4 cofactor upstream 

binding sites. 

In yeast, the sulfur containing amino acids methionine and cysteine, are synthesized by 

many cornrnon enzymes (Thomas and Surdin-Ke dan, 1997). The conversion of hornocysteine to 

cysteine is performed by STR3 and STR4, both of whose expression levels increased in the 

rnicroarrays (Figure 4-6). In contrast, genes involved in leucine, isoleucine, lysine and arginine 

biosynthesis were decreased in the mutant cells. WhiIe it remains a possibility that the 

differences in gene expression are not a direct effect of Met4 regulation, some of genes that are 

decreased in expression contain Cbfl  andor  Met3 1/Met32 binding sites in their upstream 

regïons, hinting at the possibility that Met4 cofactors can function as negative regulators of gene 

expression. 

Al1 of the "MET cluster" genes, a g o u p  of genes that increase in S-phase (Spellman er 

al., 199S), were expressed to high levels in the GALI-MET4met30A cells. Of the 20 "MET 

cluster" genes, 15 have the Met3 1Met33 consensus site in their promoter (Blaiseau et al., 1997; 

Spellman et al., 1998). The increase of these genes in the GUI-MET4mer30A (and GALI- 

MET4AIR) cells suggests they are regulated by Met4-Met3 UMet32 complex. 

Four new genes involved in sulfate assimilation and sulfur arnino acid synthesis are 

strongly expressed in the GALI-MET4met30A mutants (Figure 4-6, Table A-1). YHRI I2C shows 

homology to cystathionine synthase enzymes that catalyze the formation of homocysteine to 
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cystathionine, YHRI I2C has both Cbf 1 and Met3 1/Met32 upstream binding sites, suggesting 

regulation by the Cbfl-Met4-Met3 1/Met32 complex. YGL184C, YGRIXW and YLLO58w show 

homology to an alkyl sulfatase, the sulfate pemease families, and O-succinyIhomoserine 

thiolyase respectively. While YLL058i.v has an upstream Cbfl binding site, neither YGLl84C or 

YGR125Wexhibit Cbfl or Met3 1/Met32 binding sites in their promoters, suggesting that these 

genes might be regulated by Met4 with as of yet unidentifîed cofactor complexes. 

Cell cycle and DNA repair genes: An inherent problem in interpreting the ce11 cycle 

genes is that the GUI-MET4met30A mutants begin to accumulate in Gl-phase after over an 

hour in galactose culture. Hence, the accumulation of, for exarnple, CLN3 and PCLS rnay reflect 

the normal accumuIation of these genes in late G1-phase- Likewise, seven histone genes that are 

reduced in gene expression, normally only peak in S-phase. Conversely, some ce11 cycle genes 

are clearly expressed at an inappropriate time. For example, APCI and ASEI normally expressed 

in rnitosis are increased in expression, while GiN4,  a gene that normally peaks in Iate G1-phase, 

is repressed. Of note, the cdc25 suppressor gene TFSl and a TFSI-like gene YLRI79C, are 

increased in expression and contain Met3 llMet32 ilpstrearn binding sites. 

A similar predicament arises with the DNA repair and replication genes DHSI,  RNRS, 

and RNR4, which are norrnally increased in Gl-phase (SpeIlman et ai., 1998). A striking 

exception is a large increase in expression of RAD59, a gene involved in DNA repair and 

recombination, which is normally not expressed in a ce11 cycle reguIated manner. In concordance 

with the increased expression, the promoter of RAD59 contains both a Cbfl and Met3 lMet32 

binding site, suggesting RAD59 is a transcriptional target of a Met4-Cbfl-Met3 1Met32 

complex. 

Oxidative stress: Many known and putative genes involved in the oxidative stress are 

increased in expression, some of which contain Cbf 1 binding sites in their promoter sequences. 

Four genes are involved in the metabolism of glutathione, which functions as an antioxidant 
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moIecule to protect cells against free radicals and toxic electrophiles (Jamieson, 1998)- 

Transcription of GSHl has recently been shown to require Met4, Met3 1 and Met32 (Donner et 

al., 2000). Thus, the increase of glutathione biosynthesis genes coupled with genes involved the 

oxidative stress suggests that Met4 plays a significmt role in the oxidative stress response. 

Transporter genes: Many transporter and transporter regulatory gene expressions were 

altered following MET4 induction (Fisure 4-5, Table A-1). Transporter systems facilitate the 

uptake of nutrients and ions, provide a mechanism to excrete the metabolic end products and 

toxic substances, as well as allow for communication between cells and the environment (Pao et 

al., 1998). Thirty-two known or predicted transporter genes increase and 12 decrease in 

expression in the GALI-MET4nzet30A mutant, of which 13 have Cbfl  and'or Met31Met32 

binding sites in the promoter. Methionine and cysteine permeases are increased, as expected, 

including the branched-chain arnino acid permease B A B ,  which increases cysteine uptake. As 

well, the hexose transporter genes, HXT3 and KXT13 are elevated, as is the HXT-like inositol 

transporter gene ITRI, 

Szcgar metabolisin and Energy Production: Apart from the increase in hexose 

transporter genes, many of the altered genes in the GilLI-MET4rnet30A mutants are required for 

glycolysis and gIuconeogenesis (Figure 4-5, Table A-1). While gene expression varies in these 

pathways, the overall trend seems to suggest an increase in genes involved in glycolysis and the 

pentose phosphate pathway, and a decrease in gluconeogenesis and alcohol fermentation enzyme 

encoding genes. Similarly, oxidative phosphorylation genes are decreased- The increased 

expressiori of glycolysis genes may reflect an alternative means of generating precursors, such as 

pyruvate, in amino acids biosynthesis. 

Transcription: Twenty genes that function in transcription were altered in the G U I -  

MET4 mutants, half of which increase in expression. YAPS, like Met4 and Met28, has a basic 

leucine zipper motif, and both Cbfl and Met3 1lMet32 binding sequences in the promoter, and 
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may be responsible for the observed increase in FRE4 gene expression (Fernandes et al., 1997). 

Other transcriptional regulators increased in expression include GATI, which is induced by 

npamycin, and MSN4, which is shuttled to the nucleus to activate transcription after rapamycin 

treatment, 



4.4 Drscussro~ 

4.4.1 is required for passage through G1-phase 

Different types of mutations and environmental signais can alter the molecular decision to 

initiate the mitotic ce11 cycle. Mutations of genes in the Ras-CAMP pathway or nutrient 

withdrawal arrest the ce11 pnor to Start and without ce11 growth. Conversely, mutations in the ce11 

division machinery and pheromone treatment cause arrest as large, unbudded cells with 

unreplicated DNA. In colIaboration with the Thomas lab, we have demonstrated that Met30 is 

required for Start through the inhibition of the Met4 transcription factor. SCF"~~'  is required for 

repression of the MET genes by targeting the Met4 transcriptional activator for ubiquitination 

(Patton et al., 1998; Roullion et al., 2000; see also Kaiser et al., 2000). MET30 is an essential 

gene, but this function is bypassed by the deletion of MET4. This genetic bypass of met30A 

specifically requires the inactivation of the transcriptional activity of Met4, or of a Met4 cofactor 

Met32 (Patton et al., 2000). 

Expressing MET4 from the GALJ promoter in a rnet4Amet30d mutant (met4::GA.H- 

MET4nzet30::LEU2) created a conditional nzet30d mutant, such that the cells were alive on 

glucose (functionaily rnet4Amet30A) and dead on galactose (functionally GALl-MET4rnet3OA; 

created by the Thomas laboratory; Patton et al., 2000). 1 used the mer4::GAL.I- 

MET4rnet30::LEU2 strain to analyze the rnet30A phenotype. Cell synchrony experiments 

showed Met30 function to be at or slightly after the pheromone arrest point, but before DNA 

replication or budding have been initiated. Growth and translation continues in the conditional 

rnet30A cells, but as the cells reach what would be their critical ce11 size for Start, growth and 

translation are slowed 

Repression of GL-phase function of Met4 most likely involves the entire SCF McOO 

complex because overexpression of MET4 is toxic in cdc4, cdc34, c&53 and skpl mutants. One 
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probable explanation for this effect is that high levels of Met4 sequester scFdc4 away frorn other 

important cellular targets, such as Sicl. Indeed, MET4 overexpression in these mutants causes a 

multiple elongated bud phenotype at the permissive temperature, suggesting a defect in Sic1 

degradation. 

Sgt 1 has been identified as an additional component of the SCF complexes, required for 

Sic1 and Clnl ubiquitination in vitro (Kitagawa et al., L999)- Unlike other scf mutants, sgtl 

mutants arrest with either an accumulation of budded, 2N DNA content cells or unbudded, 1N 

DNA content c e k  Deletion of FARI or SlCl does not by-pass the G1-phase arrest phenotype of 

certain sgti alleles (EGtagawa er al., 1999). 1 have found that deietion of MET4 shifts the G1- 

phase accumulation mutant sgtl-5 to accumulate with 2N DNA content. Viability of sgtl-5 is not 

altered by the deletion of MET$, suggesting that sgtl-5 is defective for the degradation of other 

substrates. Surprisingly, deletion of MET4 in a sgtl-3 background allowed for growth at the 

restrictive temperature, suggesting Met4 is an important target of Sgtl. Findly, sgtl-5 is viabIe 

on media lacking methionine at the restrictive temperature, again ernphasizing a link between 

Sgtl function and regulation of the methionine biosynthesis pathway. While these data suggest 

Sgtl functions in the regulation of Met4, preliminary rnicroarray data of sgtl-3, unlike cdc53-1, 

does not show an increase of the MET gene cluster expression (P. Jorgensen and M. Tyers, 

unpublished data). Sgtl aiso functions as a component of the kinetochore, and perhaps met4 and 

sgtl genetic interactions reflect disruption of kinetochore function. 

4.4.2 Mode1 for the function of Met4 at Start 

One mode1 to explain the conditional rnet30A phenotype proposes that Met30 inhibits a Met4- 

Met32 protein compIex responsible for the transcriptional expression of a G1-phase "inhibitor" 

gene(s). Consistent with this hypothesis, GALl-MET4 alone can alter progression into S-phase, 

delaying DNA replication by 30 minutes (Figure 4-1). Likewise, the MET30-l mutants, which 
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are sornewhat deficient for repression of MET genes in high methionine concentrations, are 

slowed for passage through Start (data not shown). The Met4Met33 complex rnight not 

assemble on known Met3 regulated promoters because Cbfl and Met28 are not required for the 

rnet30A G1-arrest phenotype. Furthemore, the met30het32A mutants are methionine 

prototrophs suggesting that the "inhibitor" gene may not be involved in methionine biosynthesis, 

Thus, the current vision of Met4 may need to be extended to incfude the possibility that Met4 

and cofactors form multiple transcriptional activation complexes to regulate a variety of gene 

networks. 

The function of the "inhibitor" gene may be to specifically prevent G1-phase mRNA 

transcript accumulation, perhaps by a degradation mechanism. CLNI, C'LN3 and PCL2 mRNA 

transcripts failed to accumulate in conditional met30A mutants while CLN3, WH13, WHi4 and 

ACTI were relatively unaffected- G1-phase transcript accumulation is cntical for entry into Start, 

notably, Ioss of CLNI, CLAC?, PCLI, and PCL2 is Lethai (Measday et al., 1994; Espinoza et al., 

1994J. CLNl and CLN2 failed to accumulate in the nzet3UA mutants even when they were 

expressed from various promoters, suggesting rnRNA stability, and not transcription, is affected. 

Altenng the stability of cyclin rnRNAs is one mechanism used to regulate ce11 cycle progression. 

For example, cyclzh DI mRNA becomes unstable in rapamycin treated or prostaglandin A(2) 

ceIIs (Hashernolhosseini et al., 1998; Lin et al., 2000). Also, reduction of the RNA binding 

protein HUR in colorectal carcinoma cells slows prdiferation, in part due to a significantly 

reduced half-life of cyclilz A and cyclin BI rnRNAs (Wang et al., 2000). In yeast, degradation of 

specific rnRNAs is used as a mechanism to establish glucose repression (Cereghino and 

Scheffler, 1996; Lombardo et al., 1992). In parailel to S C F ~ ~ "  function, a SCF-like complex 

called VCB-CUL2 has been proposed to target a potential protein for degradation that regulates 

the accumulation of hypoxia-inducible mRNAs under hypoxic conditions (Kaelin et al., 1998; 

Tyers and Rottapel, 1999). Interestingly, in response to methionine Arabidopsis cystathionine 
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gamma-synthase (CGS) mRNA transcript is degraded, a process dependent on the first exon of 

its own transcript (Chiba et aL, 1999). The MET4 dependent loss of Gl-phase mRNA transcripts 

may explain the G1-phase arrest phenotype, and provide a novel means to regdate cyclin 

abundance in response to environmental conditions (Figure 4-8). 

An alternative rnodel proposes that the increased levels of Met4 protein inappropriately 

seques ter proteins away from important ce1 lular processes. The speci ficity of the met32A to 

bypass the met30A arrest, g d  the specific lack of CLNI, C M 2  but not C'LN3 transcripts argues 

for more than a simple Met4 interference model. However, the two models need not be mutually 

exclusive of one another. Genetic interactions between MET4 and SGTI, accompanied by the 

lack of MET gene expression in the sgrl-3 microarray profiles (P. Jorgensen and M. Tyers, 

unpublished data), suggests Met4 may function with Sgtl in alternative pathways. 

4.4.3 Met4 is responsible for the transcription of sulfur metabolism gene networks and 

possibly numerous other genes. 

If indeed a gene under the regulation of MET4 is responsible for the Gl-phase ce11 cycle arrest 

phenotype, it might be detected in cDNA microarray analysis. The RNA expression levels of 

78.4% of the genome were accurately measured and compared between wild type and GALI- 

MET4 nzet30A cells. Over 300 genes increased and 118 genes decreased in expression in the 

mutant compared with wild type. The large number of genes altered for expression was 

somewhat expected because Met4 is recruited to multiple promoter sequences by at least three 

DNA binding factors; Cbf 1, Met3 1 and Met32 Over 600 genes have Cbfl and over 200 have 

Met3 1/Met32 upstream binding sites in their upstream sequences. Surprisingly, only a subset of 

these genes was altered for expression in the GALl-MET4rnet30A cells. Likewise, while most 

genes involved in sulfur amino acid biosynthesis have Cbfl and/or Met3 1Met32 binding sites in 
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Figure 4-8. Mode1 for Met4 function at Start. In response to high levels of methionine, 

ScFMeco down regulates Met4 dependent MET gene expression via ubiquitination. Unregulated 

Met4 activity not only activates transcription of the MET genes, but also induces a G1-phase 

arrest phenotype, possibly through the expression of a Start inhibitor gene(s) that targets ce11 

cycle RNA transcripts, such as CLM,  2, for degradation- If this mode1 is correct, RNA 

degradation of CLNI, 2 transcripts joins a growing List of mechanisms that control Start by 

regulating Cln synthesis and activity, including transcriptional, translational, proteolytic and 

inhibitory mechanisms. 
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the prornoter, only a subset of genes riltered in expression have these sites upstream. 

Furthemore, those genes that do have Cbfl andor Met3 1/Met32 sites do not al1 increase in 

expression, but rather, some decrease. These observations suggest that Met4 may 

be recruited to a variety of DNA binding sites to induce or repress many genes. As well, Cbfl 

and Met3 1/Met32 might have functions independent of Met4, and hence many genes with Cbfl 

or MetWMet32 consensus sequences are not affected by the overexpression of MET4 For 

exarnple, two-hybnd analysis indicates that Met3 1 interacts with the general arnino acid 

biosynthesis transcription factor, Gcn4 OJetz et al., 2000). 

Importantly, some genes might be altered as a result of the absence MET30. An 

expenment that measured gene expression of GUI-MET4AIR in a MET30f background 

compared with GUI-MET4met3OA cells does not reveal an obvious met30A footprint arnong the 

GUI-MET4 data (Figure 4-7). Many of the genes upregulated in the mutants overlap, and at 

least some of each functional class are represented in each experiment. 

WhiIe the deletion of MET30 and the ce11 cycle accumulation of the G U I - M E T '  

met3OA mutants add further layers of complication to the interpretation of the rnicroarray data, 

promoter analysis for Cbfl and Met3 lMet32 binding sites provide a means to identify probable 

genes under Met4 regulation. In addition, many genes that were altered for expression in the 

G A L J - M E T ~ ~ ~ ~ ~ O A  mutants were clustered in the genome. MET gene clustering in  the genome 

had been observed based on promoter analysis @. Thomas, C.N.R.S.; personal co~nmrinication). 

This data provides further evidence for the clustering of genes under Met4 regulation, as well as 

strengthens the probability that genes ordered within a gene cluster or pair are true Met4 targets. 

Genes increased or  decreased in expression fell into functional classes (Figure 4-5, Table 

A-1). The largest of these classes is the amino acid biosynthesis class, which contains the sulfur 

amino acid genes, as well as four novel and probable genes involved in sulfur arnino acid 

metabolism, YHRIIX, YGR125W, YLL058W, and YOLI64W. Three of these genes, YGRIXW, 
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YGLI84C and YOLI64W do not contain Cbfl or Met3 11Met32 binding sites in their 3' UTR 

regions, suggesting that if they are tme Met4 targets, Met4 may be recmited to the promoter by 

novel bindinp factors. The mostly highly expressed gene in this class is the newly characterized 

gene, STR3, required for the conversion of cysteine into homocysteine (Hansen and Johannesen, 

2000). Deletion of STR3, which prevents production of methionine from cysteine, allows MET 

oene repression in response to cysteine, thereby suggesting an alternative cysteine-dependent 
V 

role in MET gene repression (Hansen and Johannesen, 2000). STRI and STR4, required for the 

generation of cysteine from homocysteine, as well as METgeene repression (Hansen and 

Johannesen, 3000), are also elevated in the GUI-MET4mer30A mutants. Also elevated in gene 

expression are S M  and SAM3, p n e s  necessary for the production of S-adosylmethionine. an 

organic sulfur compound required for MET geene repression. Thus, the cDNA rnicroarray data 

provides evidence for how Met4 transcriptional activity is controlled; Met4 increases the 

expression of the sulfur gene network, generating those sulfur compounds, such as cysteine and 

S-adenoslymethionine that in tum shutdown Met4-dependent transcriptional activity. 

Numerous oxidative stress response genes are increased in expression in the G M I -  

METlnzer30A mutants, including those involved in glutathione synthesis and possibIy taurine 

utilization (YLL057C), both of which can be used as a sulfur source. Met4, with Met3 1 and 

Met32, have recently been shown to be required for the expression of GSHI,  garnma- 

glutamylcysteine synthase, as part of the oxidative stress and heavy metal response pathway 

(Donner et al., 2000). The genome wide changes in gene expression in response to hydrogen 

peroxide have been measured by two-dimensional gel electrophoresis of total ce11 protein 

(Godon et al., 1998). Many genes expressed in response to HzOr are also increased in the GALI- 

MET4rnet30d cells, including GLRI, YCL035C, YLRIO9 W, KSP26, PREI,  CDC48, RNX4, 

TFSI, YLR179C7 ZWFI, ALD6, and GLKI. MET19 (ZWFI) i s  expressed in the G U I -  

MET4met30A cells, and encodes for glucose 6-phosphate dehydrogenase, the first and rate 
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limiting enzyme of the pentose phosphate pathway, One of the products of the pentose phosphate 

pathway is the production of NADPH, which serve as a reductant to protect against oxidative 

stress. Accordingly, MET19 ( Z W 1 )  mutants are sensitive to oxidative stress, but are also 

methionine auxotrophs, possibly because the Iow availability of NADPH in rnetl9A mutants 

prevents cntical NADPH-dependent steps in methionine biosynthesis (Thomas and Surdin- 

Ke jan, 1997). 

An important player in the oxidative stress response pathway is the transcription factor 

Yapl, a b-ZIP DNA-binding transcription factor (increased 4.2 fold in the GUI-MET4AIR 

microarray experiment; data not shown; Lee et al., 1999). Overexpression of YAPI confers 

resistance to Hz02 and heavy metals (Hirata et al., 1994)- and results in the increased 

transcription of 17 genes incIuding YAPI, of which seven (AADI4, AADO, G m ,  AADI.5, AAD3, 

AADIO, YMLI31) are also increased in the GALI-MET4met30A data set (Table A-1; DeRisi et 

al., 1997). Some of the Yap 1 and Hr02 stimulon genes have Cbf l DNA binding consensus sites 

upstream of the target genes (AADI.5, AAD6, GTTU) possibility indicating that Met4 could 

regulate part of the Hz02 gene expression response with Yapl. AlternativeIy, Met4 may regulate 

YAPI gene expression, which in turn transcribes a subset of genes independently of Met4. It is 

also conceivable that Yapl is a t q e t  of Met30 dependent degradation. Similady, the 

transcription factor gene MSN4, involved in various stress responses, is increased in expression 

in the GALI -MET41net30A cells. Notwithstanding Yapl and Msn4 regulated genes, this 

microarray data clearly links Met4 to the regulation of oxidative and heavy metal response 

genes. Indeed, met4A celki have recently been found to be sensitive to cadmium (D. Thomas, 

The trend of a decline in translational apparatus and increase in protein degradation 

machinery in HzOz treated cells are paralleled in the GALI-MET4rnet30A cells (Godon et al., 
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1998), and some specific genes, such as ADHI,  ILV3 and ILV5, are similady decreased. Met4 

could play a role in the recovery from oxidative darnage by initiating expression of genes 

involved in the degradation of damaged proteins and postponing the generation of new proteins. 

As with the transcriptional response to hydrogen peroxide, parallels between the 

transcnptiond programme of cells activated by MMS treatrnent and with GALJ-MET4rner30A 

cells are seen by the increase of genes such as YAPI, PCLS, METIO, glutathione biosynthesis 

genes, DNA repair genes, protein degradation genes and a decrease in ribosomal genes (Jelinsky 

and Samson, 1999). The apparent similarity of the Met4 dependent transcriptional programme to 

hydrogen peroxide and MMS treatment suggests Met4 might link the ce11 cycIe to muItiple 

cellular stress response pathways. 

In contrast to the metabolic reprogarnming that occurs when glucose is depleted frorn the 

environment, GALI-MET4rrrer30A cells increase the expression of sugar metabolism genes 

involved in glycoIysis. The increase in these genes allows for an increase in pymvate, which rnay 

then be channeled toward arnino acid biosynthesis. In part, the increase in glucose metabolic 

genes may be due to the increase of SIP3 expression, which encodes for a transcriptional 

activator of SUC2 and other glucose repressed genes, and contains an upstrearn Cbfl binding site 

upstream- Some of the genes expressed in the sugar metabolism functional class might therefore 

be the result of a transcriptional activator cascade, in that Met4 transcnbes SIP3, which in turn 

functions to derepress a subset of glucose repressed genes. 

Genes involved in ce11 waII biosynthesis, such as ECMl7(MET5) are elevated in 

expression in the GALI-MET4mer30A mutants. ECMI(MET5) mutants are sensitive to caicofluor 

white (Lussier et al., 1997), a fluorescent white dye that interferes with the ce11 waII 

superstructure. ECMI 7(MET5) has been noted as part of the MET gene cluster, and seems to 

function with Met10 as a sulfite reductase (Spellman er al., 1998; Thomas and Surdin-Kerjan, 

1997). Other ce11 wall biosynthesis genes are aitered for gene expression, some with upstream 
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Cbfl  binding sites, suggesting Met4 gene expression rnight contribute to the formation of the ce11 

wall. While met4 and cbfl mutants did not surface in a screen for cdcofluor white sensitive cells 

(Lussier er al., 1997), this could be easily tested (see Chapter 5). 

Other functional classes of genes were altered for expression in the GALI- 

MET4rnet30A mutants, including those involved in phospholipid metabolism, oxidative 

phosphorylation and transport. Only one gene, LPPI, involved in phospholipid metabolism has a 

Cbfl  upstrearn binding site, giving rise to the possibility that Met4-Cbfl complexes do not 

regulate these genes. Their expression seems important for entry into stationary phase (Lamping 

et al., 1994) and therefore may be the result G1-phase accumulation. Alternatively, these genes 

could be expressed as a result of the failure of Met30 to target the transcriptional activator, Depl 

for degradation, or Met4 recmitment to a Dep I transcriptionai cornplex. Dep 1 is required for the 

expression of INOI, OP13, PSDl,CN02 and CHO1 (Lamping er al., 1994), al1 of which increase 

in the GAU-MET4mer3OA mutant. Interestingly, while many transporters are increased for 

expression, including sulfur compound transporters such as SUL2 and MUP3, the sulfate 

transporter SULI is not expressed in a similar manner, perhaps reflecting subtle differences in 

suIfur transporter gene regulation. 

The specific loss of the CLNI, CLN2 and PCL2 RNA from heterologous promoters 

suggests that cyclin transcripts might be regulated by RNA degradation. Genes required for RNA 

processing are both increased and decreased in the GUI-MET4nzet30A mutants. Of particular 

interest, S m ,  a component of the RNA degradation machinery called the exosome (Carpousis et 

al., 1999; Decker, 1998; van Hoof and Parker, 1999) is represented to a higher extent in the 

GALI-MET4ïnet30A polysomes compared with expression at the mRNA level (data not shown). 

While CLN3 was increased for expression in the GALI-MET4met30A mutants, the rnicroarray 

showed only a mild decrease in CLNI, CLN2 and PCL2 expression. It may be that CLN decrease 
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in transcript accumulation can occur only at a specific point in the cell cycle, and &ter 70 

minutes only a small percentage of the cells are in that position. 

Notable genes induced in the ceIl cycle functional class include TFSl and a TFSI-like 

protein, both with Met3 1/Met32 upstream binding sites and part of a genomic gene cluster 

(YLN78C-YLR180W). The absence of Cbfl upstrearn binding sites suggests that Cbfl is not 

required for their expression, in keeping with the notion that Met32 but not Cbfl  is required for 

the Met4 dependent ce11 cycle arrest phenotype. Overexpression of TFSI can bypass the cdc25-I 

mutation, and is required for the phosphoryiation of two ceIl cycle phosphoproteins (Robinson 

and Tatchell, 1991). Tfsl  is homoIogous to 2 1-23-kDa lipid binding proteins and may inhibit 

carboxypeptidase Y @ruun et al., 1998). While interesting candidates, initial experiments 

indicate that deletion of the TFS1-like gene, YIL079C, cannot bypass the G1-phase arrest 

phenotype (data not shown)- 

4.4.4 Methionine and passage through Start 

Met4 appears to be a potent transcriptional activator of methionine biosynthesis and stress 

response genes. As part of the Met4 dependent transcription programme, ceIls arrest in G1-phase 

as large, unbudded cells. A link between methionine and the ce11 cycle was observed in yeast 

strains deficient for MET biosynthesis genes (Unger and Hartwell, 1976). It was postulated that a 

rnethionine dependent "signal" functioned to regulate Start at the level of protein synthesis, such 

that mer mutants withdrawn for methionine arrested in G1-phase of the ce11 cycle. It will be 

interesting to determine if the G1-phase arrest phenotype observed in met mutants in methionine 

deficient medium is functionaily the same as the conditional met30A arrest phenotype (discussed 

further in Chapter 5). 

This work emphasizes the need for exploration of the link between Met4, rnethionine and 

cell cycle regulation. In high levels of methionine, small Gl-phase cells delay passage through 
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Start and reset their critical ce11 size to a Iarger volume (data not s h o w ) .  This is a seerningly 

opposite result of what would be expected if Met4 regulation of a Start inhibitor gene were 

regulated by methionine. However, because met30A iethality can be rescued by deletion of 

MET32, and the double mutant is a methionine prototroph, the Met4-Met32 transcriptional 

complex that regdates passage through Start might respond to  a signal other than methionine. 

FinaIly, study of methionine and ce11 cycIe regulation is important for cancer biology. 

Sorne human tumors are methionine dependent; they have the specific inability to grow in the 

absence of methionine (Hoffman, 1997). Normd tissues depleted of methionine can use 

hornocysteine as a sulfur source, while in contrast, methionine-dependent tumor cells are unable 

to use homocysteine and will arrest in G1-phase in the absence of methionine (Hoffman, 1997). 

Methionine may therefore be used as a chemotheraputic target, and current studies demonstrate 

that withdrawal of methionine from the diet or  by biochemical means can reduce the burden of 

human tumors in mice (Koffman, 1997). 
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THESIS S ~ R Y  AND FUTURE DIRECTIONS 

5.1 Thesis summary 

The molecular decision to initiate a round of mitotic division occurs at a transition point called 

Start (Cross, 1995). Passage through Start requires the genes CDC34, CDC.53, CDC4, SKPI, 

RBXl and SGTI, mutations in which cause the ce11 to arrest with unrepkated DNA and multiple 

elongated buds (Jorgenson and Tyers, 1999). M y  work with budding yeast has contributed to the 

finding that Cdc53 is required for the ubiquitin mediated degradation of the G1 cyclins (Willems 

et al., 1996), and that Cdc53 acts as a scaffold protein for multi-protein ESE3 ligase complexes 

consisting of Cdc34, Skp1 and - b o x  proteins (Cdc34-SCF complexes) in vivo (Patton et al., 

1998 a, b). We also demonstrated that the G l  cyclins are constitutively unstable proteins, whose 

degradation is dependent on Cdc34 and Cdc53, but not Cdc4, and is independent of ce11 cycle 

position or B-type cyclin activity (Schneider et al., 1998; Patton et al., 1998). 

Three Cdc34-SCF complexes exist in vivo;  SC$'^',  SC^^' and SCF~~" '  (Patton et al., 

1998). 1 have shown that the F-box protein functions as the substrate specific recruitment factor 

that links the target protein to the core E2E3 Cdc34-Cdc53-Skpl complex for degradation 

(Patton et aL, 1998). in this way, scFdC4 is specifically required for degradation of the B-type 

cyclin inhibitor Sic 1 (Skowyra et al., 1997; Feldman et al., 1997),  SC^^' is specifically 

Met30 required for degradation of C M ,  and SCF' is specificaily required for repression of the 

MET biosynthesis genes (Patton et al., 1998) by the targeting the MET transcription factor, Met4, 

for degradation (Rouilion et al,, 2000; see also Kaiser et al., 2000). 

While a role for  SC^^'' and  SC^^' in regulation of G1-phase have been clearly 

Met30 defîned, we have found that SCF is also required for progression &ough Start (Patton et al., 

2000). DereguIated Met4 activity, such as in a met30A mutant causes a large, unbudded Cl- 
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phase arrest- 1 have found that conditionai met30A cells are unable to accumulate specific G1- 

phase transcripts necessary for Start, even when expressed from heterologous promoters. We 

propose that a gene under Met4 regulation inhibits entry into Start, perhaps by targeting specific 

G1-phase transcripts for degradation (Patton et al,, 2000). 

We reasoned that using cDNA rnicroarray anaiysis would provide a genome-wide 

transcriptional profile of genes govemed by Met4 and possibly provide insight into the 

mechanism behind the loss of GI-phase transcripts and met30A arrest phenotype. While a 

specific gene that bypasses the arrest has not yet been identified, the GAL1-MET4met30A 

transcriptional profile suggests Met4 may possibly govern other gene networks, including the 

oxidative stress response pathway. 

5.2 Future directions 

Genetic screening rnethods are powerful tooki to identify genes within a particular pathway, and 

because of their feasibility in budding yeast, I propose a variety of different genetic screens be 

utilized in the Future Directions of this research. From this thesis work, three areas of research 

remain of particular interest to me for future study: 

Part 1 of Future Directions aims to identify additional SCF target for ubiquitination. 

Notably, SCF alleles have been identified that arrest in G2-phase of the ceIl cycle, yet the reason 

for this ce11 cycle arrest remains obscure. Genetic screens coupled with direct testing for specific 

protein-protein interactions may uncover the purpose of SCF in a novel pathway. 

Part II examines how S C F ~ ~ "  function is regulated, and how specific SCF Met30 

iMet30 substrates are recognized. SCF function is thought to be regulated by methionine 

concentration, and 1 propose a series of genetic screens to identify the cornponents of the 

s Cplet30 regulatory pathway. Also, a detailed analysis of the Met30 binding site in Met4 and 
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Met30 Swel is proposed to identify a potential degron sequence recognized by SCF , which rnay be 

used to identify other potential SCF~~"' targets in the database. 

The completion of the yeast genome sequence in 1996 has given rise to the development 

of tools which, among others, allow for the genome-wide transcnptiond profiling of yeast cells 

in specific conditions, and systematic, automated genetic screens. For Part 111 of the future 

directions of this work, 1 propose thar. some of these new tools be harnessed to assist in 

understanding the biologicd function of Met30 and Met4 complexes. First, cornplete analysis of 

the conditionai met30A mutant coutd be performed, including an automated synthetic- 

enhancement screen for deletion mutants that by-pass the conditional met30A Gl-phase arrest 

phenotype. Second, cDNA rnicroarray technology could be used to gain a genome-wide 

transcriptional profile of met mutants, and generate an index of genes under control of Met30 and 

Met4 complex regulation. In addition to a role in methionine biosynthesis, the microarray data 

rnay point to Met4 and Met4-cofactor function in novel gene networks. Specific phenotypic 

analysis could be performed to discover if Met30 and Met4 complex mernbers function in these 

pathways N2 vivo. Finally, 1 propose the use of automated synthetic-lethal screening to identify 

possible Met4 regulatory proteins. 

Part I r  (5.2.1) Novel functions for SCF'~~' in G2-phase of the cell cycle. 

The ~ d c 3 4 - s d d C 4  complex (including Sgtl and Rbxl) is required for the degradation of the B- 

type cyclin inhibitor Sicl. Canonical alleles of cdc34, cdc53, and cdc4 arrest at the GUS-phase 

transition with high levels of the Sicl, unreplicated DNA and multiple elongated buds (Schwob 

et al., 1994). However, alleles of cdc4, sXpl and sgtl have been identified that arrest 

predominantly in G2-phase of the ce11 cycle (Bai et al., 1996; Goh and Surana, 1999; Kitagawa 

et al., 1999; Schwob et al., 1994). Indeed, deletion of SICI in cdc34, cdc.53 or cdc4 Gl-phase 
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alleles causes a shift in the terminal arrest position to GZphase, as large budded cells, with 

replicated but unseparated DNA (Schwob er al., 1994). 

Evidence that SCF may function with the metaphase-to-anaphase transition proteolytic 

machinery, A P C ~ ~ ~ " ,  to govern mitosis includes the identification of a G2-phase allele of Cdc4 

as a second site suppressor of the mutant APC regulatory gene, cdc20 (Goh and Surana, 1999). 

PLPCCd~ZO targets the anaphase inhibitor Pds 1 for degradation, and importantly the G2-phase 

allele of CDC4, cdc4-12, is bypassed by deletion of PDSI, and cells exit mitosis (Goh and 

Surana, 1999). As well, 1 have identified two-hybrïd interactions between Cdc4 and the APC 

components Cdc23 and Cdc27 (data not shown), and interactions between Cdc53 and APC 

components in yeast extracts have also been detected (A. Willems, E. Patton and M. Tyers, 

unpublished data), Determining the function of Cdc4 in Ga-phase may further Our understandin; 

of SCF function in mitosis, or in pathways that regulate rnitotic entry. 

To continue the pursuit of possible SCF and APC interactions, 1 propose a simple genetic 

screen to isolate suppressors of the SCF G2-phase temperature sensitive alleles such as cdc4-12, 

cdc4-IsiclA and cdc.53-lsicld. Cells would be treated with the mutagen ethyl methanesulfonate 

(EMS) to generate single site mutations in the yeast genome. Cells would be screened for those 

that are viable at the restrictive temperature of 37°C- Suppressor mutants (slip) would be 

separated into complementation groups to determine the number of different genes that have 

been mutated. Corresponding genes to the recessive s ~ t p  mutants would be cloned by 

transforming the original scf sup double mutants with a genomic Iibrary on a CEN based vector, 

and plasmids retrieved from those cells that were no longer viable at 37°C. 

Genes expected to be recovered from this screen include mutations in CDC20 and PDSI. 

Mutations in other components of the APC rnight also suppress the scf defect, and can be directly 

Cdc20 tested in genetic crosses. If SCF does inhibit APC function, it may be specific toward the 

APCCd~20 ubiquitination of Pdsl, but not other Cdc2O substrates such as CIb5. The fact that cdc4- 
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12pdslA mutants exit mitosis, while cdc30-lpdslA and cdc23-lpdsld mutants arrest in 

telophase suggests cdc4-12 is not defective for al1 Cdc2O funciion. 

The szip mutant should be examined carefully for phenotypes that might serve as a 

marker for the mutation (such as temperature sensitivity or resistance) and phenotypes that may 

hint at gene function (such as ce11 cycle defects). szip mutants could be crossed to other cdc34-scf 

alleles (Gl- and G2-phase mutants) to determine if slip genetically interacts with other Cdc34- 

SCF cornponents. Recovering the slip allele and determining the mutation might provide insight 

into the nature of the interaction. For example, if the mutation resides in a specific protein- 

protein interaction motif, it may suggest disruption of specific protein-protein interactions. Wild 

type and slip alleles could be epitope tagged, and tested directly for binding to SCF components. 

if indeed, Sup mutant proteins disrupted specific interactions with SCF, new SCF dleles couId 

be generated to identify specific binding sites and regions required for Sup protein interactions. 

If components of the APC are recovered from this screen, APC substrates could be 

measured for stability as a means to identify which and when APC function is aItered by SCF 

(G2-phase) activity. As well, the APC complex formation and phosphoryIation status could be 

tested in the G2-phase scf mutants and apc mutants, perhaps revealing a function for SCF in 

APC assembly or activation. It is also possible that cdc34-scfdçJ G2 alleles reflect the activation 

of a Pds 1 dependent S-phase checkpoint due to defective S-phase progression (Clarke et al., 

1999). In this situation, the szip mutants might be expected to be sensitive to hydroxyurea 0, 

a DNA replication inhibitor dmg. Importantly, because SCF is involved in targeting substrates 

for degradation, wild type and mutant Sup proteins stability could be rneasured in cdc34-scfdc4 

mutants alleles, perhaps revealing a novel substrate for  SC^?". 

Part II: S C I ; " ~ ~ * ~  regulation andfinction 

5.2.2 ~Methiortine regdafion of SCF Me130 
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How AdoMet levels ultimately regulate SCF~'"' mediated inhibition of Met4 transcriptional 

activity rernains an important question. Met30 stability has been reported to be sensitive to 

methionine concentration, such that low concentrations of methionine trigger Met30 degradation 

(Smothers et  al,, 2000). A Met30 deletion mutant (AL85-277) is stable in low methionine 

concentration, suggesting this region contains a methionine responsive element (MRE; Smothers 

et al., 2000). Interestingly, Met30(185-277) encompasses the F-box motif, as well as regions 

conserved among Met30 homologues (Smothers et al., 2000). Skpl binding to the F-box region 

of Cdc4 heips to protect Cdc3 from degradation (Mathias et al,, 1999), and Skpl may also help 

stabilize Met30 (Patton et al., 1998; Smothers et al., 2000). To learn more about the regulation of 

Met30 in response to methionine, 1 propose the creation of Met30 chirnera proteins that 

substitute the Met30 MRE with sirnilar regions from other yeast F-box proteins, as well as a 

genetic screen for intra- and extragenic iMet30 stabilization mutants. Experiments such as these, 

will contribute to our understanding of the first exarnple of a F-box regulatory sequence through 

which external stimuli govern SCF function- 

5.2.2.i Deterrnirzing if the Met30 methionine responsive elernent (MRE) is transferable. 

To demonstrate the validity and function of the (MRE), this region can be replaced with a similar 

region of other yeast F-box proteins, such as Cdc4 and Grrl. ~ e t 3 0 ~ ~ ' '  and ~ e t 3 0 ~ ~ '  chimera F- 

box proteins rnight be stable and insensitive to methionine concentration. Similar swap 

experiments have been perforrned between just the F-box domains of Ne~irospora crassa 

MET SCON2, and budding yeast Met30 and Candida albicans Cdc4 to generate SCON2 and 

~ ~ 0 ~ ~ ~ ~ c h i m e r a  mutants (Kumar and Paietta, 1998). SC ON^^^ and SC ON'^' retained some 

sensitivity to methionine-mediated repression of the sulfur pathway, suggesting not only that F- 

box domains are conserved in function, but also, that the region outside of the F-box domain is 

important for the methionine response (Kumar and Paietta, 1998). The Met30 MRE could also be 

replaced with a sirnilar region of SCON2 (Smothers et al., 2000), and the resulting chimera 
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SCON2 protein, Met30 , tested for methionine sensitivity. As well, the MRE couid be transferred to 

MRE a functionaliy foreign F-box protein, such as Cdc4. Cdc4 stability could be tested in the 

presence and absence of methionine, and if ~ d ~ 4 ~ ~ ~  stability is controlled by methionine, cells 

expressing C D C ~ ~ ~ ~  may accumulate at the Start with multiple elongated buds due to defective 

degradation of Sic 1. These domain-swapping types of experiments are important to demonstrate 

that the MRE is a discrete, functioning and transferable element through which a signal, such as 

methionine, c m  control SCF function, 

5.3-2. ii Screens for stable Met30 mutants 

Met30 has been reported by several groups to be an unstable protein (Galan and Peter, 1999; 

Roullion et al., 3000; Smothers et al,, 2000). Prior to embarking on genetic screens for Met30 

idstability mutants, 1 propose Met30 stability be measured in various methionine concentrations. 

In my initial experiments, 1 did not detect a difference in ~ e t 3 0 ~ *  abundance when expressed 

from the constitutive ADHI prornoter in O. 1m.M and 1 .O mM methionine (Figure 3-6). In 

contrast, Smothers et al. (2000) detect a noticeable change in Gst-Met30 abundance when 

expressed from the GALI promoter in the absence of methionine. This discrepancy may reflect 

the different methionine concentration used in the two experiments. While O. LmM methionine is 

a low enough concentration to activate the MET biosynthetic pathway, perhaps noticeable 

changes in Met30 stability are detected only in the complete absence of methionine. Another 

possibility is that Met30 is unstable only in Gl-phase. Smothers et al., (2000) report that 

expression of GUI-GST-MET30 causes the celIs to arrest in G1-phase of the cell cycle upon 

methionine withdrawal. As Gst-Met30 stability is measured in the absence of methionine, it is 

possible that Met30 instability reflects the G1-phase arrest and not methionine withdrawai. 

To determine which genes regulate the stability of Met30,I propose to exploit the Lac2 

reporter construct in a colour-based screen for yeasr mutants that alter Met30 stability. The Lac2 

gene encodes the B-galactosidase enzyme, which can cleave the substrate X-gal (5-bromo-4- 
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chloro-3-indol yl-B-D-galactoside) generating a visible blue colored product (Sherman, 1998). 

The METS0 gene would be fused to the h c Z  gene and placed under the control of the GALl 

promoter, As a control, GUI-MET30-Luc2 colonies should be blue (and Met30-B-gdctosidase 

stable) in the presence of methionine, and white (and MeUO- 8-galactosidase unstable) in the 

MRE absence of methionine (Figure 5-1). As well, GALI- MET^@ -Lac2 mutated for the 

methionine responsive element should turn colonies blue, regardless of methionine 

concentration. 

Assuming the controis behave as expected, two screens could be initiated- For both 

screens, yeast cells carrying the construct GALI-MET30-Lac2 would be mutagenized with EMS, 

and plated onto glucose rich media (Figure W B ) .  To identify Met30 instabiIity mutants, 

colonies are replica plated to dextrose based methionine-free media and the blue colonies 

selected. (Dextrose is used to express MET30 to a low level onIy, which wil1 not induce a G1- 

phase arrest; Smothers et al., 2000). To identify Met30 stability mutants, colonies are replica- 

plated to a galactose based methionine-rich media, and white colonies selected (Figure 5-1B). 

Colonies could also be screened at both room temperature and 37°C to include those mutants that 

might be temperature sensitive. If the G1-phase of the ce11 cycle is an important factor in Met30 

instability, the screen could be modified to hunt for blue colonies (Met30-B-galctosidase stable) 

in Gl-phase arrested cells (eg. a ch- strain kept dive by a CLN gene under an inducible 

promoter), and white colonies (and Met30- B-galactosidase unstable) in cycling cells. These 

experimental screens have precedent; Barre1 el al. (1995) used a B-galactosidase fusion construct 

to identify Grrl as required for the degradation of C M ,  and Irniger et al., (1995) used a B- 

galactosidase fusion product to identify Anaphase Promoting Complex components required for 

the degradation of the B-type cyclins. 

Met30 stability genes expected to arise from these screens include components of the 

AdoMet sensing pathway. Genes required for Met30 instability might include CDC34, 
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Figure 5-1. Using a color based assay to monitor Met30 stabüity. (A). Met30-B-gai fusion 

proteins are expressed under different methionine conditions. In high methionine conditions, 

Met30-B-gal proteins should accumulate to form a blue color in the presence of X-galactosidase- 

In contrast, in the absence of methionine, Met30-B-gal should be unstable and colonies white- A 

Met30 (AMRE)-B-gal mutant protein deleted for the MRE (which includes the F-box) is stable, 

and should confer a blue colored colony. If these controls perform as expected, this color based 

assay can be exploited to screen for mutants that are defective in Met30 degradation in response 

to methionine (B). Cells expressing GALI-MET30-Lac2 are mutagenized, and plated ont0 rich 

media. Colonies are then replica plated ont0 plates supplemented with or without methionine, 

and colonies that have the opposite behavior to the controls are selected (gray lettering). 

Dextrose is used in methionine free conditions to reduce to expression of MET30-LQcZ and 

thereby potentially intedering G1-phase effects. 
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CDC53and SKPl as previously suggested (Gaian and Peter, 1999; Smothers et al., 2000). Some 

of the mutations that result in Met30 stability in the absence of methionine could be intragenic 

mutations within the Met30 coding region. Site-directed mutations within the F-box region of the 

Met30 homologue SCON2 in Neurospora crassa constitutively repress the sulfur biosynthesis 

pathway, consistent with the mode1 that the Met30 F-box is important for instability. Skp 1 

binding to Met30 seems to be important in stabilizing Met30 (Patton et al., 1998; Mathias et al., 

1999; Smothers et al., 2000). Thus, some stable Met30 mutants recovered from the screen (or 

generated by site-directed mutagenesis based on SCON2 mutations) rnight bind Skpl more 

tightly. To determine if Met30 stability is used as a means to regulate Swel activity, stabIe 

Met30 mutants could be tested in their ability to properly regulate the morphopenesis checkpoint. 

These expenments will expand Our knowiedge of how and why F-box proteins are unstable, and 

provide a potential mechanism through which SCF activity can be experirnentally contro11ed. 

5.2.3 Identification of a Met30 substrate destruction motif 

How SCF E3 ligases selectively recogize their substrates for degradation is an important 

process chat is only beginning to be elucidated. In contrast to the APC, which recognizes the 

destruction or KEN box motif (Pfleger and Kirchner, 2000) within substrates to target them for 

degradation, phosphorylation is the most common SCF recognition signal. In yeast, detailed 

analysis of the phosphorylation sites on Sic1 reveals that while phosphorylation by Cln-Cdc28 

kinases is a prerequisite for Cdc34-dependent degradation, no single phosphorylation site is 

sufficient or necessary for ubiquitination (Verma et al., 1997; X. Tang and M. Tyers, 

unpublished data). Similarly, mutation of ail seven Cdc28 phosphorylation consensus sites is 

sufficient to prevent Ch2  degradation (Lanker er: al., 1996). However, a clearly defined SCF 

recognition signal has been identified in human SCF B-TRCP substrates B-cantenin , IKBa, and the 
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HIV protein Vpu ( Laney and Hochstrasser, 1999). Phosphorylation of the two serine residues 

within the DSGvXS (v symbolizes a hydrophobic residue) consensus sequence is necessary for 

re~o~gnition by B-TRCP. Like othen degron sequences, this motif is transferable to heterologous 

proteins and can confer s i p a l  dependent destruction (Wulczyn et al., 1998). Remarkably a 21 

amino acid phosphopeptide containing the DSGvXS motif c m  act as an affinity ligand and bind 

SCFa-TRCP from lysates, as well as block IKBa ubiquitination (Winston et al., 1999; Yaron et al., 

1998; Laney and Hochstrasser, 1999). 

As the closest yeast homologue to B-TRCP, 1: propose that the Met30 recognition element 

in Met4 and Swel be pursued. As phosphorylation plays an important role in SCF recognition of 

Met30 other substrates, the role of phosphorylation in SCF binding to Met4 and Swel should f m t  

be detennined. Met4 and Swel are phosphoproteins (Roullion et al,, 2000; Kaiser et al., 2000; 

Sia et al., 1998), and Swel phosphlorylation is a prerequisite for degradation (Sia et al,, 1998). 

Phosphorylation sites couId be identified by searching for potential phosphorylation consensus 

sites in the protein sequence, two-dimensional phosphopeptide mapping and multidimensional 

electrospray mass spectrometry (ESMS) techniques. Once in vitro data for the phosphorylation 

sites were known, these sites could- be mutated to alanine to test for their in vivo significance. If 

phosphorylation is essential for Met4 ubiquitination, expression of a Met4 phosphorylation 

mutant rnay cause a G1-phase arrest. As well, it rnight be expected that a Swel phosphorylation 

site mutant would induce a G2-phase delay and an elongated bud phenotype. 

The WD40 repeats of Met310 are responsible for binding the Inhibitory Region (IR) of 

Met4 (Thomas et al., 1995; Blaiseau et al., 1998; Patton et al., 2000). Deletion of the IR prevents 

Met30 binding to Met4, and confers a G1-phase arrest (Patton et al., 2000)- If this IR region acts 

Met30 as a degron, it may be transferable to other proteins and promote SCF dependent 

degradation. For exarnple, the IR region could be fused to a LacZ reporter constmct, expressed in 

cells, and tested in a color filter assay in the presence of methionine. Yeast cdc34-SCF' net30 
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mutants might specifically turn blue because of their inability to degrade the IR-Lac2 fusion 

protein. Alternately, the IR domain could be fused to the 3' end of a stable Cln2 mutant (CM-1) 

to determine if it can confer methionine-dependent degradation. Clnl-1 mutants are hyperactive 

for Start, which is easily measured by a small ce11 size phenotype and insensitivity to pheromone 

(Cross, 1995). In high levels of methionine, a Cln2-1-IR fusion protein ( ~ l n 2 - l m )  may be 

degraded, and slow for Start progression. This eKect might be reversed in Iow levels of 

methionine, or in conditional met30A mutants, demonstrating that the IR degron is sufficient for 

Met30 dependent degradation. Also, overexpression of Met30, which is sufficient to inhibit Met4 

function in methionine-free media, rnight prevent accumulation of ~ l n 2 - l R  protein and slow 

passage through S tart. 

The Met4 IR domain was initiaily found through two-hybrid interactions with Met30 

(Thomas et al., 1995; Kuras et ai., 1998). A similar testing system could be initiated to define the 

Swel-Met30 interaction domain. Regions of similmity within the Met4- and Swel-Met30 

binding sites would be of particular interest. In a normal ce11 cycle, Swel is stable in G1-phase 

and unstable in G2-phase in a Clb-Cdc28 activity dependent manner (Sia et al., 1998). Swei is 

stabilized after actin perturbations producing a G2-phase delay until ce11 recovery (Sia et aL, 

1998). Degradation of Swel depends on localization within a Hsll-Hsl7-Swel module to the 

daughter side of the bud neck, thereby ensuring that Swel degradation (and hence ce11 cycle 

progression) continues only when a bud has been formed (Longtine et al., 2000). Once a Swel- 

Met30 binding site in determïned, deletion mutants can be generated to test for Swel stability, 

checkpoint response and localization. The Swel  IR region could also be fused to heterologous 

proteins to test for stability throughout the cell cycle, and in the presence of osmotic stress. 

Importantly, as Met30 is regulated by methionine, Swel and Swe 1- mutants could be tested for 

stability in different methionine concentrations, to determine if the methionine signal that 

ultimately affects Met4 function also affects Swel function. 
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Lf a Met30 binding domain of S we 1 and Met4 is identified, specific point mutations in 

this domain may identify a discrete Met30 binding motif. A screen for nondegradable Met4 

mutants that induce a G1-phase arrest could identify specific Met30-Met4 disniption mutants. 

Such a screen would involve mutagenizing GUI-MET4 plasmid DNA, transforniing the 

plasrnid into a met4A strain, and hunting for colonies that are d ive  on glucose-based media, but 

arrest in G1-phase on galactose-based media, Recovered Met4 mutants can be tested for MET 

gene hyperactivation by monitoring expression of MET25p-Lac2 gene fusion or MET35 RNA, 

which is nonnally repressed in methionine, Met4 mutants can be directly tested for binding to 

Met30 and Met4-complex members (eg. Met32) in yeast lysates or in the yeast two-hybrid 

system. Collection of a pool of stable Met mutants that specifically disnipt the Met4-Met30 may 

reveal a discrete Met30 binding motif. 

Once a Met30 binding motif has been recognized in Met4 or Swel, testing with a SPOTS 

array could identify critical Met30 binding residues (Frank, 1992). This method involves 

generating arrays of short peptides spotted ont0 a membrane, incubating with purified Met30- 

Skpl, and probing with anti-Skpl antibody. The peptides would contain the Met30 binding 

motif, as well as various combinations of the amino acid substitutions within the motif. Met30- 

Skpl would bind the degron motif peptide, but not peptides with incompatible amino acid 

substitutions, demonstrating which residues within the motif are essential for Met30 binding and 

potentially revealing a Met30 consensus binding site. With a Met30 substrate degron motif or 

domain in hand, peptides can be generated that specifically interfere with S C F ~ ~ ~ O  function. As 

well, protein database searches for proteins that contain this consensus motif might identify other 

SCFM&O substrates, 

These studies would help elucidate how S C F ~ ~ "  functions to repress the methionine 

biosynthetic pathway, and how Swel stability is regulated, Knowledge of how to experimentdiy 
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block or activate SCF complexes in yeast may provide insight into sirnilx SCF control 

mechanisms in yeast and other organisms. 

Part III: Technology based studies of Met30 and Mef4firnction 

5.2.4 Characterization of the conditional met30A G1-phase arrest phenotype 

5.2.4.i GI-phase transcripts characrerization itz the conditional met30A mutants. 

Unregulated expression of Met4 causes cells to arrest in G1-phase of the ce11 cycle, without the 

accumulation of specific G1-phase transcripts. Characterization of this mest phenotype remains 

incomplete. Loss of CLNI, CLJE, and P C L  transcripts is not suffrcient to induce a GL-phase 

arrest, but combinations of mutations of these genes, such as clnlA cln2A pclIA pclM and clnlA 

cln3A clb5A clb64 cause a similar ce11 cycle arrest phenotype (Measday et al., 1994; Espinoza et 

al., 1994). 1 propose multiple SCF and MBF regulated G1-phase transcripts such as PCLI ,  CLB5 

and CLB6 be measured for expression from naturd and heterologous promoters to gain a more 

complete picture of the G 1-phase arrest phenotype. 

To account for the finding that G1-phase mRNA transcnpts were unable to accumulate 

when expressed from their natural and heterologous promoters in the conditional GALI- 

MET4met30. mutants, we hypothesize that a mRNA degradation mechanism rnight b e  

upregulated by Met4. While CLN RNA half-life is extremely short lived, 1 propose that the half- 

life of CLNl and C M  transcripts be cornpared in wild type, GALAMET4 and GALL 

MET4met30A mutants to deterrnine if CL& transcripts Vary in stability. RNA stabiIity could be 

tested in mutants of the exosorne, a large multi-protein complex that degrades rnRNA transcripts 

(van Hoof and Parker, 1999). RNA stability could also be measured in mutants of RNA binding 

proteins, Cbp land Merl, whose gene expression was increased in the conditional G1 arrest 

mutant, as well as in mutants of the 5 ' 3  3' exoribonucleases Rat1 and Xrnl. Rat 1 and h l  are 



182 

inhibited by high IeveIs of adenosine 3', 5' bisphosphate, a product that is converted to 5' AMP 

and Pi by Met22 (Dichtl et aL, 1997). MET33 is expressed 8.5 fold higher in the GALI- 

MET4met3OA mutants compared with wild type. Although M m 2  has only a Cbfl upstream 

binding site, rnet22A might be a candidate bypass suppressor of the met30A phenotype. Finally, 1 

propose that the C M  RNA transcript be analyzed for potential instability elements. For 

example, the transcripts of genes A-T rich in the 3'UTR are often unstable. Deletion of the 

3'UTR of CLN3 may be sufficient to stabilize CLN:! RNA and bypass the met30A arrest 

phenotype. 

3.l$. iL A screen for bypass suppressors of the conditional met30A mutant 

Using the mutagen EMS, a screen for bypass suppressors of the ntet30d mutant yieIded o d y  

mutations in MET$. 1 propose a more systematic and automated approach to identify bypass 

suppressor mutants of the conditional met30A phenotype, narnely using a novel screening 

method developed by Dr. Charlie Boone (University of Toronto) that makes use of replica 

pinning of the yeast genome deletion mutants to met30A mutants. A starter strain would be 

generated with the phenotype MATa rrra3A0 lecr2AO his3Al lys2A0 MEAlpr-HIS3 canlAO 

rnet4::GALI-MET4 nzet30:: LEU3. Nonessential genes in the yeast genome have been 

systematically deleted by PCR fragments containing the kanamycin gene (IL&), which confers 

resistance to the antibiotic G418, and placed in an ordered grid array. Deletion array strains have 

the genotype MATa rrra3AO Zen2A0 his3Al metl5A0 O $ A : : ~ .  The starter strain is mated to 

each of the deletion strains using a multi-blot replicator composed of 96 floating pins (V&P 

Scientific Inc.), such that over 5000 matings occur simultaneously. Dipliods with the genotype 

met30::LEE orfd::KANR are selected on plates lacking leucine (which selects against the 

deletion set strain) and lacking lysine (which selects against the starter strain). The arrayer is then 

used to transfer the diploids to sporulation media. After sporuIation, haploid cells are selected by 
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transfemng spores to media plates supplemented with canavanine, a toxic argïnine analogue 

taken up by the Canl arginine permease, and deficient for arginine (to maximize canavanine 

uptake). Diploids and half of the haploids have the CANl gene, will take up canavanine and die 

in these conditions. Surviving haploid Mat a spores, which carry the ca~zlAO mutation, are 

selected for by withdrawing histidine from the media to induce NIS3 expression from the MFAI 

promoter. MFAlp-HIS3 wiIl only be expressed in Mat a cells, thereby selecting against diploids 

and Mat a cells. Those Mat a coIonies that are met30::LEUZ orfd::KANR are selected for using 

a galactose based media lacking leucine and supplemented with G418- The addition of galactose 

to the media will activate GUI-MET4 gene expression, and eliminate the nzet4A allele of the 

original starter strain frorn contributing to viable colony formation. Finally, methyiene blue, 

which is rapidly absorbed by dead and dying cells, is added to the media to help identify true 

double viable mutants. Because placement of each ORF deletion in the grid is known, bypass 

mutants are easily deterrnined. Expected o@A mutants include met4A and ntet32A because met4A 

rner30A and rnet32A met30A double mutants are viable (Patton et  al., 2000). This type of screen 

may also identify the potential "inhibitor7' gene under Met4 regulation that induces a G1-phase 

arrest phenotype. While the strength of this procedure lies in the rapid and systematic approach 

to screening, if the potentia1 "inhibitor" gene(s) is essential for viability, mating or sporulation, it 

wou1d not be identified by this method. A more thorough genomic mutation screen of the one 1 

performed previously may therefore be necessary. Altematively, genome-wide transcriptional 

profiles of the conditional rnet30d mutants or a GALI-MET4 synthetic-dosage lethality screen 

may help solve this biological problem (see below). 

5.2.5 Determining the gene networks governed by Met4 complexes 

5.2.5. i D i s s e c h g  the transcriprional activity of the MET gene regulatory cornplex using cDNA 



The initial cDNA microarrays performed (Chapter 4.4) demonstrate that the microarray system is 

a powerful method with which to identify genes under Met4 regulation. To acquire a genome 

wide overview of genes governed by Met4 and cofactors, and to create an index of Met regulated 

genes, 1 propose the microarray andysis be extended to encompass the transcriptional profiles 

governed by Met4 and cofactors, as well as gene expression profiles in different methionine 

based media. This would include transcriptional profiles of met4A, rnet28A, ntet3lA, rner32A and 

cbflA, as well as wiId type and met4A cells in methionine nonrepressive and repressive 

conditions. Such a dissection of the transcriptional profiles of the MET gene regulatory 

components will provide a thorough overview of Met4 and Met4 cofactor function in the MET 

gene pathways, and may possibly illuminate their functioning in other gene networks. For 

example, as a rneans to understand which genes under Met4-Met32 regulation are important for 

the ce11 cycle, the transcriptional profile of nret32Al met4A and rnet4A met32A compared with 

wild type cells rnight indicate which genes are specifically under Met4-Met32 regulation. 

Deletion mutants of these potential cell cycle genes can then be directly tested as bypass 

suppressors of the met30A G1-phase arrest phenotype. 

One advantage of these expenments over the experiments performed in Chapter 4 is that 

MET4 and cofactor genes are not essential, and therefore the data w o d d  not be layered with 

genes that are altered due to a ce11 cycle position effect. MET transcriptional components could 

also be overexpressed, as in Chapter 4 and as described for GALI-YAPI microarrays (DeRisi et 

al-, 1997). However, because MET30 is under Met4-Cbfl-Met3 1/Met32 regulation, 

overexpression of Met4 and cofactor components may simply increase MET30 expression and 

darnper Met4 transcriptional activity. Overexpression experiments may therefore require the 

deletion of MET30 or controlled MET30 expression from a different promoter. 
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An index of genes under Met4 and cofactor regulation cm be compared with the list of 

genes that have predicted upstream binding sequences for DNA binding factors Cbfl and 

Met3 l/Met32. Such upstream sites can be found before many more genes than are expressed in 

GALI-MET4met30A mutants. If such genes are altered in cbflA, met31A7 or met32A cells (or in 

cells with forced expression of CBFI, MET31, MET32) and not in nzet4A (or GALI-MET4) cells, 

this provides evidence for the Met4 independent function of known DNA binding factors. 

A barrage of questions cm begin to be answered with the assembly of an index of Met4 

and Met4-cofactor regulated genes. For exarnple, are al1 the genes under Met4 regulation 

similarly altered in cdc.53 mutants? Or, are there a subset of genes that are unaffected by changes 

in SCF composition? Does the generation of new met30 temperature sensitive alleles provide the 

sarne transcriptional profile as the GALI-MET4met30A cells? What are the transcriptional 

differences between a met4A and a rner4A met30A ceIl? In what manner are the met310 and 

met33. transcription profiIes the same or different? Which genes are aitered by methionine, and 

further, are there genes altered by methionine in rnet4A cells? 

FinaIly, the Met4 and cofactor gene index might provide insight into the formation of the 

genomic gene clusters observed in the GAL1-MET4rnet30A rnicroarray experiments. Perhaps, a 

Met4-complex rnember can induce a polar transcriptionai expression effect, which is lost when 

mutated. Overall, the creation of a methionine, Met4 and Met4-cofactor gene expression index 

will provide a detailed insight into the transcriptional complexities of gene regulation by a multi- 

protein cornplex, as well as into the trafiscriptional rewiring that occurs under different nutrient 

conditions. In particular, the index will hopefully contribute to the discemment of how 

methionine and the Met4-complex potentially regulate the ce11 cycle. 

5.2.5. ii Met4: a plzt n'potent transcriptional activator linking environmental changes to gene 

regzilation ? 
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Many different types of genes were aitered for expression in the GALI -MET#met3ûA microarray 

experiments (Table A-1; Figure 5-2). While microarray data alone cannot provide definitive 

answers as to Met4 function, it can shape the nature of subsequent questions. For example, 

mdysis of microarray data indicates that Met4 can tngger the expression of genes involved in 

the oxidative and heavy metal stress response pathway. 1 propose further characterization of the 

role of Met4 in the oxidative stress response pathway, and the ability of Met4 to function with 

the stress transcription factor Yapl to be directly tested. Met4, Met3 1, and Met32 have recently 

been shown to be required for expression of GSHI, a gene that encodes for the first enzyme in 

the production of the cellular reducing agent glutathione @ormer et al., 2000). Aside from anti- 

oxidant properties, glutathione c m  also serve as a sulfur reservoir. Yapl, a transcription factor 

involved in the oxidative stress response, is also required for the expression of GSHI, as well as 

other genes similarly increased in expression by GALl-MET4met30A. To confirm and extend the 

microarray data, Northern analysis should be performed to determine if oxidative stress response 

genes are elevated in GUI-MET4met30A and met4A mutants in response to &O2. AS well, 

oxidative stress response gene expression could be examined after methionine treatment to 

determine if the signais that govem Met4 MET gene expression overlap with the signais that 

regulate Met4 dependent transcriptional activity of oxidative stress response genes. 

Like yaplA,  rnet4A ceIls are sensitive to the heavy metal cadmium 0. Thomas, personal 

communication). In contrast to the roIe played in MET gene transcription, Cbfl seems to play a 

negative role in GSHl expression because a cbfld mutant is somewhat resistant to cadmium 

@ormer ei al., 2000). Met3 1 and Met32, genetically redundant in MET gene regulation, function 

independently in the Met4 regdation of the ce11 cycle (Patton et al., 2000). Thus, testing of 

which rnet3lA or rnet32A mutant is sensitive to cadmium may shed light on the composition of 

the Met4 oxidative stress response complex. As well if the MET30-I mutants, which are unable 
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Figure 5-2. Met4: a pluripotent transcription factor? Evidence is mounting that Met4 is 

involved in much more than transcription of methionine biosynîhesis genes. While Met4 

function is inhibited by SCF~~" '  in response to high concentrations of methionine, how 

Met30 methionine concentration affects SCF dependent degradation of Swel remains unknown. 

S C F ~ ~ " '  function is also required for the inhibition of Met4 ce11 cycle functions, aithough the 

signals that govern this pathway are unknown. The oxidative stress response pathway appears to 

need Met4 activity, and cDNA microarray andysis suggests 1Meet4 may govern many other gene 

Met30 networks. It will be of great interest to determine if SCF regulates Met4 activity in al1 or 

simply a subset of these potential gene networks, which proteins link Met4 to upstream 

regulatory sequences, and under what conditions. 
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to fully repress Met4 dependent MET35 expression, are somewhat resistant to oxidative stress 

this may suggest that Met4 oxidative stress transcriptional activity is under S C F ~ ~ ~ O  replation. 

Met4, Met3 1 and Met32 binding to Yapl can be tested by two-hybrid analysis or 

coimmunoprecipitation experiments. Two-hybnd deletion mutants of Met4 are currently 

available (Patton et al., 2000), and could be used to easily determine if and which area of Met4 is 

required for Yapl binding. Large-scale irnmunoprecipitation experiments of Met4 may provide a 

series of Met4 binding proteins that c m  be identified by mass spectrometry. 

Importantly, Met4 binding partners may change in different methionine concentrations or 

when under oxidative stress. Both Yap 1 and Met3 lBMet32 binding sites are within the GSHI 

promoter region, and GSHI expression seems to require both consensus sequences for regulation 

@ormer et al., 3000). Using a pGSHI-Lac2 reporter constnict to judge expression (Dorrner et 

al., 2000), alleles of Met4 (or Met3 1, Met32) might be generated that specifically lack GSHl 

expression but not MET gene expression. Such analysis might indicate particular regions of Met4 

that bind oxidative stress specific cofactors. These types of experirnents will assist in 

deterrnining if Met4 functions with and in other transcription complexes, and rnay reveal Met4 to 

be a transcription factor that can serve to link multiple environmental stimuli to a specific gene 

expression profile. 

Continuing the pursuit of Met4 complex function in other cellular processes, rnet4A, 

rnet3IA, rner32A, cbfld, met4A met30A and MET30-I mutants could be tested for a variety of 

phenotypes. For exarnple, genes involved in ce11 wall biosynthesis are elevated in the GALI- 

METimet3OA microarray, and sensitivity of metA mutants or resistance of MET30-I to 

calcoflour, a disruptive florescent ce11 walI protein, would suggest an involvement of Met4 in 

ce11 wall formation. Testing for similar phenotypes in various methionine concentrations might 

reveal if novel pathways regulated by Met4 complex members are affected by sulfur 
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concentrations. ExtrapoIating frorn the rnicroarray data, other phenotype tests might include 

sensitivity to the agent MMS because of the parallels in gene expression profiles between cells 

treated with MMS and GUI-MET4met30A cells. As well, mer mutants couid be tested for 

sensitivity to ionizing radiation because of the large increase in RAD59 expression, a Rad53 

homologue that functions in repair of ionizing DNA damage. 

5.2.5.iii Nuvel Roles for Met30 

Phenotypes specific to met30 mutants, and not seen in mer4 and Met4 cofactor mutants, may 

reveal a Met4 independent Met30 function. It is already known that Met30 is required for Swel 

degradation in response to osmotic stress (Kaiser et al., 1998). As part of the ce11 cycle 

characterization of met4A and m e t 4 h e t 3 0 A 7  1 found mer4Arnet30A to be specifically sensitive to 

the DNA replication inhibitory dmg hydroxyurea (Figure 5-3). 

Potential Met30 targets could be screened for using the automated deIetion array 

screening procedure descnbed above- Screening for met4het30Ao@A triple mutants that are 

viable on hydroxyurea, rnay point to a novel SCF~~" '  target in the hydroxyurea checkpoint 

response. If the Met30 target is essential, a screen for second site suppressors of the met30A 

phenotype generated by EMS mutagenesis could be performed. Once identified, stability of the 

potential substrate couId be measured in various SCF mutants, and in vitro ubiquitination of the 

~Mec30 substrate by SCF could be directly tested (J. Tang and M. Tyers, unpubIished reagents and 

technique). 

5.2.6 Synthetic dosage lethality screen to identify Met4 regulating factors 

In response to amino acid starvation, the transcription factor Gcn4 initiates the expression of 

arnino acid biosynthetic genes. Under starvation conditions, translation of Gcn4 is increased after 

Gcn2 phosphorylates the general transIation initiation factor eIF-2a ~ n n e b u s c h  e t  al., 1997). 
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Figure 5-3. met304 mutants are sensitive to hydroxyurea. Senal dilutions of yeast cultures, 

wild type, rnet4.-:GALI-MET4 and rnet#::GALI-MET4 rnetSO::LEU2 were spotted onto rich, 

glucose, gdactose, and glucose plus 300 mM hydroxyurea based media, and incubated at 30°C 

for 3 days. 
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However, in the presence of nutrients, Gcn4 is phosphorylated by the cyclin-CDK complex Pcl- 

Pho85, and targeted for degradation by scFdc4 (Meimoun et al., 2000). As an indication that 

Ph085 might be the kinase responsible for Gcn4 phosphorylation, pho85A mutants were sensitive 

to GALI-GCN4 expression (Meimoun et al., 2000), a genetic interaction referred to as synthetic 

dosage lethality (Kr011 et al., 1996). Met4 is also a phosphoprotein and phosphorylation may be 

important in regdating Met4 transcriptional activity. 1 propose to use the automated, 

genome-wide Iethal screening method to find deletion mutants that are syntheticdly lethal with 

rnet4::GALl-MET3 on galactose as a means to identify possible Met4 regulatory proteins. 

Double mutants, orfdmet4::GALl-MET4, would be alive on glucose-based medium, but dead 

galactose-based medium upon GALI -MET4 expression. Once the deletion mutants were 

identified, Met4 stabiIity and post-translation modifications couId be measured. Novel 

components could be expressed in bacuIovirus, or immunopurified from yeas: extracts, and 

added to a Met4 in vitro ubiquitination system to determine stimulation of Met4 ubiquitination 

(J. Tang and M. Tyers, unpublished data). If a Met4 kinase is recovered from the screening 

methods, it will be important to determine if Met4 phosphorylation sites are altered by 

methionine and oxidative stress responses. 

Deletion mutants of negative regulators of the putative "inhibitor" gene might also be 

found in this screen. In this situation, GUI-MET4ofA double mutants are expected to arrest in 

G 1-phase without accumulation of G1 -phase RNA transcrîpts. Sequence anaiysis of the ORF 

may reveal insight into the rnechanism behind the G1-phase arrest phenotype. Because this 

screening method eliminates essential genes from the screen, GALI-MET4 lethality could be 

tested in mutations of known essential kinases such as cdc28- Alternatively, a synthetic lethality 

screen could be perfonned for mutants generated by EMS that specifically die upon MET4 

expression. 
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5.2.vii Concluding remarks 

The research presented in this thesis has identified SCF ubiquitin ligase complexes that govern 

the stability of various substrates, as determined by their F-box protein component. In particular, 

this work points to the F-box protein Met30 and the transcriptional activator Met4 as important 

players in multiple cellular processes, including G1-phase of the ce11 cycIe. These proposed 

future studies may unearth new substrates for SCF complexes, as well as reveal Met4 to be a 

pivotal transcription factor that functions in multi-protein complexes to receive and process 

diverse environmental signais, and thereby govern appropriate gene expression. 
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YAL012W .STRI X 11.89193 6.898603 cysicinc biosyiitliesis cystathionine gamma-lyase 
YHR112C X 10.46099 sulfur amino acid synihcsis similar to cystathioriine garnina-synthase, STR2 

(possi blc) 
YFR030W MET10 X 9.073679 35.80996 22.05577 sulfate assimilalion sulfite reductasc subunit 
YGR155W STR4 X lr 8.553279 14.68 143 '6.3 1309 cysteinc biosynihesis cystatliionine beta-syrithase 
YOL064C MET22 X 8,514709 8.585733 sut fur amino acid synthesis 3'(2')5'-bisphosphatc nucleotidase 
YJRI 37C ECM17/ x 8,O 16326 20.75689 7.452125 s u h  amino acid syntlicsis sulfide reductasc; possible role in cell wall 

h4E T5 biogenesis 
YLRl8OW SAM1 p 6,54107 9.130657 3,741 107 sulfur anlino acid synthcsis S-adeiiosylmethionine synthctase 
YJR 139C HOM6 X 5.5 15599 4.5 17201 6.79633 suifur amino acid synthcsis homoserine dehydrogenasc 

& thrconinc biosynthcsis 
' ~ 0 ~ 1 3 0 ~  'ARGII  3.095065 4.462723 arginine biosynthcsis amino acid transporter 

l YAL062W GDH3 2.876249 2.087473 glutamate biosynthcsis NADP-glutamale dehydrogenase 

YER043C SAHl X 2.845982 su] fur amino acid synihesis S-adcnosyl-L-homocysteine hydrolase 
YKL218C ,SRYl 2.778725 amino acid synthcsis putative threoiiine dehydratase 

X :  Cbfl consensus binding site in upstream rcgion of ORF; p: Met3 1, Met32 concensus binding site in upstream region of ORF; 
Exp, 1 CyS (GALI-MET4trte/30A)/Cy3 (wild type); Exp.2 Cy5 (CALI-MET#AIR)/Cy3 (wild îypc); Exp. 3 Cy3 (CALI-MET4AIR)ICyS (wild type) 



YBR052C 
YDRl l1C 
YCLO18W 
YFL030W 
YLR438W 
YLR355C 

YJROI6C 

YNR050C 
YPR035W 
YPLl l lW 
YNL104C 
YOR 1 O8 W 
YOR375C 
YLR142W 
YDRO19C 
YGL009C 
YCLO64C 

HOM3 

LEU2 

CAR2 
IL V.5 

IL v3 

L YS9 
G L N l  
CAR1 
LEU4 
LEU9 
GDHI 
PU TI 
G C V l  
LEU1 
CHA 1 

sulfur amino acid synthesis 
aniino acid nictabolism 
lcucinc biosynthesis 
amino acid nietabolism 
argininc mctabolism 
isolcucinc and valinc 
biosynihcsis 
isolcucinc and valine 
biosyntlicsis 
lyscine biosyntliesis 
amino acid nietabolism 
argininc metabolism 
leucinc biosynthcsis 
amino acid mctabolism 
glutainutc biosynthcsis 
proline utilizntion 
amino acid mctabolism 
lcucinc biosynthcsis 
ainino acid biosyncthsis 

aspartate kinase 
similrir to alanine aminotransferase 
beta-isopropyl-nialate deliydrogenasc 
seriiie pyruvate aminotransferase 
omithinc aminotransferase 
ketol-acid rcductoisomerase 

dihydroxyacid dehydratase 

saccharopine dehydrogciiasc 
glutainine syntlietase 
arginase 
2-isopropylinalalate synthasc 
alplia-isopropylmalalatc synthase 
glutamate dehydrogenase 
proline oxidase 
glycine decarboxylase T subunit 
3-isopropylmalate dehydralasc 
L-serineIl-threonine deaminase 

Ce11 cycle & Y PLO54W 
brrddirrg 

YWR07IW 
Y LR 1 79C 
YOR230W 
YMR276W 
YNLl72W 
YAL040C 
YGU l8OC 
YJL026W 
YHRl02W 
YJL030W 
YOR058C 
YDR254W 
YLR178C 
YNL210W 
YLR182W 

LEE1 

PCLS 

WTMl 
DSK2 
APCI 
CLN3 
RNR4 
RNR2 
NRKl  
MA02 
ASEI 
CHL4 
TFSI 
MER1 
S W16 

35.88589 6.650567 ccll cycle (potential) 

6.5 13227 3.1 14472 2.159748 ceIl cycle cycliii (Pho85p) 
5.289773 3.8 14645 3.380476 cc11 cycle (possible) sim. to Tfs I 

5.546872 2.75477 1 tneiosis 
ccll cyclc 

5.222008 ceIl cyclc 
0.161 934 8.707535 ceIl cycle 

DNA rcplication 
DNA rcplication 
ccll cyclc 
ccll cyclc 
ccll cyclc 
ccll cyclc 

8.79 1 144 ccll cycle 
riieiosis 
ccll cyclc 

transcription factor 
ubiquitin-like protcin; spindlc pole body duplication 
anaphase-promoting complex subunit 
GUS cyclin 
ribonucleotide reductase 
ribonucleotidc rcductase 
protein kinase; interacts with Cdc3 l p 
spindle-assembly checkpoint 
spindle midzone component 
mitosis, cliromosomc scgrcgation 
suppresses cdc25 mutations 
RNA binding protein, MER2 mRNA splicing , 
transcription factor 





AAD6 
HSP26 
AAD3 
A TXl 
AADlO 
GHE3 

DDR48 

SMlr3 
G M 2  

AADl4 
G7-7'1 
HlGl 
PEX2 
YHB 1 
YR02 

oxidativc strcss 
diauxic sliifl 
oxidativc strcss 
strcss rcsponsc, oxidativc 
oxidntivc stress 
strcss rcsponsc, osniotic 
slrcss responsc, tical 
strcss rcsponsc 

strcss rcsponsc, oxidativc 
strcss rcsponsc, oxidativc 
strcss rcsponsc, oxidativc 
oxidativc strcss 
strcss rcsponsc, oxidativc 
strcss rcsporisc, licat 
pcroxisoinc biogcncsis 
strcss rcsponsc, oxidativc 
strcss rcsponsc, heat 

putative aryl-alcohol debydrogenase 
stress-induced protein 
putative aryl-alcoliol dehydrogenasc 
oxidativc strcss rcsponsc 
putative aryl-alcohol dchydrogenasc 
induccd by osmotic stress 
siniilar to Drosophila melanogaster heat shock 
indiiced by DNA damage, heat shock, 
or osmotic stress 
indiiced by hydrogen peroxide 
glutaredoxin; glutathione reductase 
similar to Yer174p, probable thioredoxin 
putative aryl-alcohol dehydrogenase 
glutathione transferase 
Iicat-induced protein 
intcgral membrane protcin 
oxidativc strcss rcsponsc (putative); flavohemoglobin 
putative Iieat shock protein 

Ce11 wall Y KL096W CWPl 4.128426 3.418146 3.757434 ccll wall protcin bcta- l,6-glucan acccptor 

ccll wall biogcncsis 1 $3-bcta-D-glucan synthase subunit 
YDR261C EXG2 3.587623 3,09503 1 ccll wall biogenesis exo-beta-1,3-glucanase 
YBR065C ECM2 X 2.159267 2.087039 ccll wnll biogcncsis and 

mRNA splicing 
YGL028C SCWIl X 0,376141 ccll wall protcin soluablc ccll wall protcin 

Cytoskeletori Y PL250C 1 CY2 X 29,67404 cytoskcletori interacts with cytoskelcton 
YDR171 W HSP42 4,571238 3,117598 cytoskclcton asscmbly hcat shock protein, siinilar to HSP26 
YCROS8W ABPI X 2.41 1392 cytoskelcton actin binding protein 
YGR098C ESPI 0.498752 cytoskclcton spindle pole body duplication 
Y MR 1 1 7C SPC24 0.390358 cytoskelctori spindle pole body component 

DNA rcpair YDL059C RAD59 X CI 2 1,21076 DNA rcpair and 
rccoinbination 

YGL127C SOHI X 7.426073 3.108054 DNA rcpair (putative) similar to RNA polymerases, binds Rad5 
YOR033C DHSI 2.678596 DNA rcpair exonuclease: also reco~nbination 
YMLOGOW 'OGGI 0.433765 DNA rcpair 8-oxoguanine DNA glycosylase 
Y LR383 W RHCIB 0.40403 1 DNA repair, rccombination 



w Devebmenral Y O R03 2C HMSl 5.973876 p ~ ~ ~ d ~ l i y p l i i i l  growtli similar to myc family of transcription factors 

FLOI 1 

KAR3 

DIA3 
KA R5 
MFA2 
SPSI 00 
SMKI 
SPS4 
SPO21 

flocculatioii and invasive 
growlli 
sporulntion 
iiiating; nuclcar fusion; 
initosis 
flocculation (potcntial) 
pscudohyphal growth 
niating; riuclcar fusion 
niating 
sporulation 
sporulaiion 
sponilation 
sporulation 

expresscd dtiring sponilation 
kincsin-likc protein 

simi1ar to Flol p family of proteins 
digs into agar 
coiled-coi1 nieinbrane protcin 
a-factor precursor 
spore wall maturation protcin 
MAP kinase 
putative cell wall coinpoiierit 

YKL043W PHDl O, 163799 pscudoliyplial growth transcription factor 
Nideutide ,YGR204W ADE3 X 2,458 18 1 7,293062 6.0 18704 piirinc biosyrithcsis CI -5,6,7,8-tetrahydrofolate synthase 
biusyn tir a i s  

YDR399W NPTf 0,45686 1 
YHR216W PUR5 0,482 176 
YBR252W DUT1 0.46 1877 

purine biosyntliesis hypoxanthine guanine phosphoribosyl transfcrase 
purine biosyntliesis IMP dehydrogenasc 
pyriinidiiic mctabolisni dUTP pyrophosphatase 

YHR128W FUR1 0,4837 14 0.48024 1 pyriiiiidinc salvagc paihway uracil phosplioribosyitransferase 
Sugar YJL153C IN01 X 22,21851 inositol biosyntlicsis L-rnyo-inositol- I -phosphate synthase 

10.44669 5.457376 '6.249963 unknowti similar to Glklp 
X 7,62680 1 6.67392 1 pcntosc phosphate cycle glucose-6-phosphate dehydrogcnase 

6.965456 slycolysis 
5.019056 sugar nictabolism 

4.338588 glucaneogciicsis 
2.843035 glucosc rcprcssion 
0.447992 inaltose nictabolism 

glycolysis 
2-dcoxyglucosc rcsisturice 
2-deoxyglucose resislaticc 

2,348276 glycolysis 
4,580652 2,82 1392 glycolysis 

pyruvate decarboxylase 3 

putative aryl-alcohol reductuse 
serine dehydratase 
(putative) Glc7p rcgulatory subunit 
regulator of maltose metabolic genes 
hexokinase I I  
2-deoxyglucose-6-phosphate phosphatase 
2-deoxyglucose-6-phosphate phosphatasc 
phosphoglyceratc mutase 
phosphoglucomutase 



YCL040W 
YIL162W 
YLR354C 
Y KL 152C 
YDR009W 
YPL276W 
Y AL06 1 W 
YEL07lW 

YNL257C 
YFRO I SC 
Y BR 1 77C 
YPRl84W 
YBROO6W 
YJL2lGC 
Y LR377C 
YOR047C 
YOR095C 
YGL062W 
Y ER073 W 
YILO53W 
YCRIO5W 
Y KL l48C 
YHR210C 
Y KLOGOC 
YFLO14W 
YMR303C 
YOLO86C 
YLR134W 
YPLOGl W 
Y LR044C 

GLKI 
SUC2 
TALI 
GPMl 
CAL3 

SIP3 
GSYl 
EHTI 

FBPI 
STDI 
RKI 1 
PYCl 
ALDS 
RHR2 

SDN1 

FBA 1 
HSP12 
ADH2 
ADHl 
PDCS 
ALD6 
PDCI 

glycolysis 
sucrose utilization 
pcntosc pliospliatc cyclc 
glycolysis 
galactosc nietabolisin 
unknown 
unkiiown 
unknowii 

glucosc dercprcssioii 
glycogcn nictabolisni 
unknown 
unknown 
uiiknown 
unknown 
gluconcogciiesis 
glucosc rcprcssion 
pcntosc phospliatc cyclc 
TCA cyclc 
fcmicnlation 
glyccrol iiictnbolisiti 
unkiiown 
K A  cyclc 
unknown 
glycolysis 
glucose and lipid utilization 
fcnticnlalion 
fcmicnation 
glycolysis 
cthanol utilization 

glucokinase 
invertase 
transaldolase 
phosphoglycerate rnutasc 
galactokinase 
simi lar to formate dehydrogenases 
siinilar to alcohollsorbitol dehydrogcnasc 
siiriilar to D-lactate dehydrogenase DldI p 
(putative) transcriptional activator 
glycogen synthasc 
alcohol acyl transferase 
similar to glycogen debranching enzyme 
similar to aldehyde dchydrogenase 
similar to Ma162p (glucosidase Pl)  
fructose- l,6-bisphospliatase 
inodulator of glucose rcpression 
ribose-5-phosphate kctol-isoincrase 
pyruvatc carboxylase 1 
mitochondrial aldehyde dehydrogenase 
DL-glycerol-3-pliosphatiise 
siniilar to bovine alcoIiol dehydrogenase 
succinatc dehydrogenase flavoprotein subunit 
siinilar to Ga1 1 Op 
aldolase 
heat shock protcin 
alcohol dehydrogenasc II  
alcohol dehydrogcnasc 1 
pyruvatc decarboxylase 
acetaldehyde dehydrogenase 

O. 1572 1 glycolysis pyruvate decarboxylase 

ATP YAL039C CYC3 2.046943 ATP production cytochrome c h e m  lyase 
productiotl Y LR395C ' ~ 0 x 8  0,49865 1 oxidativc pliospliorylatioii cytochrome-c oxidase chain VI11 

YPR020W ATP20 0.4478 12 0.396602 ATP synthcsis mitochondrial ATP synthasc subunit 
YMR145C 0,446565 ATP synthesis similar to rotenone-inscnsitivc NADH-ubiquinone 
YBL045C COR/ 0.443233 oxidativc pliospliorylation ubiquinol cytochromc-c reductase 



YCR024C-A PMPI 
YGL008C PMAI 
YDLOO4W ATPIG 
YLR153C ACS2 
YJR048W CYCl 
YNL052W 'COXSA 
YOR065W CYTl 
YBL099W ATPl 
YBLOISW ACHI 
YPLO36W PMA2 
YKL120W 

ATP production 
ATP production 
ATP synlhcsis 
ATP production 
oxidativc phospliorylation 
oxidativc phospliorylation 
oxidativc phosphorylation 
ATP synthcsis 
ATP production 
ATP production 
ATP production (yotcntial) 

regulates plasma membrane H+-ATPase 
plasma membrane W-ATPase 
F1 FO-ATPasc subunit 
acetyl-coenzyme A synthetase 
cytochroinc-c isoform 1 
cytoclirome-c oxidase subunit Va 
cytochrome cl  
mitochondrial FI FO-ATPase subunit 
acctyl-CoA biosynthcsis; acetyl-CoA hydrolase 
plasma membrane H+-ATPase 
similar to members of the mitochondrial carrier 

YRROI lC 
YBR026C 
YBR029C 
Y m o 2 0 c  
IYNL130C 
YDR503C 
YNL l69C 
YGL 126W 
YPL057C 

YNLl l lC 
Y MROO6C 

OP13 
CHO2 
EPTI 

IPPl 
CHO1 
CDS1 
OPIl 
CPT1 
LPPl 
PSDI 
SCS3 
SURI 
C YB5 
PLB2 

phospholipid mctnbolism methylcnc-fatty-acyl-phospholipid synthasc 
pliospliolipid me~nbolism 
phospliolipid metabolisin 

phosphate nictabolism 
phospholipid inctabolisrn 
lipid inctabolisni 
phospliolipid mctabolism 
phospliolipid mctabolisiii 
phospliolipid nietaboiisiii 
phospholipid rnctabolisiii 
phospliolipid mctnbolism 
sphingolipid mctabolism 
lipid mctnbolism 

phosphatidylethanolamine N-rnethyltransfcrase 
sn- I ,2-diacylglyccrol ethanolamine- and 
cholinephosphotranferase 
inorganic pyrophosphatase, cytoplasmic 
phosphatidy lscrine synthase 
CDP-diacylglycerol synthasc 
negativc regulator of phospholipid biosynthesis 
diacylglycerol cholincphosphotransferasc 
lipid phosphate phosphatase 

phosphatidylserine dectlrboxylase 
iiiositol phospholipid biosynthesis 
suppresses çls2-2and rvs 16 1 
cytochrome b5 

phospliolipid mctabolism phospholipasc H 

Proteiri YELO6OC PRBI 10.94205 6.860 132 protcin degradation vacuolar protease B 
YJLO3 1C 
YNLO 15W 
YPLO53C 
Y KL003C 
YCL043C 
Y KL20 1 C 
YDLOISC 
Y EL059C-A 

protcin proccssing 
Protcin dcgradation 
protcin glycosylation 

2.35754 protcin syntliesis 
5.2 1 1044 '2.064203 protein folding 
3.158886 '5.055005 protein glycosylation 
2.07006 1 protcin glycoslyation 

protcin proccssing 

geranylgcranyl transferasc subunit 
protease inhibitor 
mannosylphospliate transferase 
ribosotnal protein, mitochondrial srnail subunit 
protein disulfidc isomerasc 
phosphatidylinositol kinase Iiomolg 
similar to rat synaptic glycoprotein SC2 
mitochondrial inner mcmbrarle protein 



Y DRO59C 
YDR5 IOW 
YDL126C 

Y FROSOC 
YERO12W 
YBR173C 
YGR048W 
YOLl1 l C  
YER02I W 
Y LR2 16C 
Y LR 120C 
YJL172W 
YJLl97W 
YJR143C 

YPLO8IW 
YLR249W 
YMR257C 
YKL006W 
YMR116C 
YOLO23W 
YGL103W 
YNL l63C 
YMR143W 
YMRl94W 
Y FR03 1 C-A 
YOR335C 
YMR274C 
YNL067W 

UBC.5 
SM T3 
CDC48 
PRE4 
PREI 
UMPI 
UFDI 

KPN3 
CPR6 
YPSl 
CPSI 
UBPI2  
PMT4 

RPS9A 
YEF3 
PET1 1 1 
RPL I JA 
ASCl 
IFMI 
KPL28 

RPSI 6A 
H PL3rFA 

ALA 1 
RCEI 
RPL9B 

protcin degradation 
protcin degmdatiori 
protcin dcgriidation 
protcin dcgradation 
protcin degradation 
protcin dcgrridation 
protein dcgrridation 
protein degrndation 
protcin degrndation 
protein folding 
protcin proccssing 
protcin dcgrndation 
protein dcgradation 
protcin glycosylatiori 

protcin synthcsis 
protcin synthcsis 
protcin synthcsis 
protein synthcsis 
protein synthcsis 
protein synthcsis 
protcin syntliesis 
protcin syntticsis 
protcin synthcsis 
proteiti synthcsis 
protcin synthcsis 
protcin synthesis 

protcin proccssing 
protein synthesis 

E2 ub.-conjugating enzyme 
ubiquitin-like protein 
microsomal AAA ATPase faniily; ubiquitin pathway 
protcasonie subunit, B type 
20s  proteasome subuiiit C l  l(bcta4) 
20s  proteasome maturation factor 
ubiquitin fusion degradation 

sitnilar to hurnan ubiquitin-likc protcin GDX 

26s  proteasome regulatory subunit 
peptidyl-prolyI cus-trans isornerase 
GPI-anchored aspartic proteiise 
vacuolar carboxypeptidase yscS 
ubiquitin-specific protease 
dolichyl phosphate-D-mannose:protein O-D- 
niannosyltransferase 
ribosomal protein S9A 
translation elongatioii factor eEF3 
COX2 translational activator 
ribosomal protcin LI 4A 
G-bcta likc protcin 
translation initiation factor 2, mitochondrial 
ribosomal protein L28 
translation elongation factor eEF4 
ribosoind protcin SI GA 
ribosornal protein L36A 
ribosomal protein L2A 
alanyl-tRNA synthetase 
protease, acts on Ras and a-fiictor C-termini 
ribosomal protcin L9B 
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YBR049C REDI X 2.534345 transcription transcription factor 
YDR169C STB3 X 2.525879 transcription binds Sin3p 
YBR030W 2.132766 transcription similar to Sin3p 
YMR280C CAT8 0.487449 gluconeogcticsis transcription factor 
YOLO28C YAP7 0.485443 transcription basic leucine zipper transcription factor 
YML043C RRNI 1 0.464275 transcription component of rDNA transcription factor 
YJL176C SWZ3 0.450466 transcription component of SWI/SNF global activator cornplex 
YNR063 W 0.446 15 transcription similar to transcription factors, has Zn[2]-Cys[6] 
Y PR065W ROXl 0.42 143 transcription transcriptional rcpressor; oxygen depcndent 
YNLO39W TFC5 0,3987 17 transcription TFIIIB 90 kD subunit 
YFR034C P H 0 4  X 0,39008 phosphate signaling transcription factor 
YCL066W ALPHAI 0.282582 transcription silenced copy at HML; see YCR040W 
YALOOlC TFC3 0.237 14 1 transcription TFIIIC 138 kD subunit 

X 46.25634 337.28896 20.59526 traiisport major facilitator superfrimily 

YDR277C MTHl 
YDR046C BAP3 
YDL198C 
YOR378W 
YMR301C ATM1 
YCR098C GZTI 

CI 37.35928 62.25809 10.5001 1 transport, aniino acid 
29.8 1847 transport 

13.92825 trailsport 
49.32765 drug rcsistnncc 
47.1 1994 transport 

10.94003 transport 
25,67542 15.1599 transport, aniino acid 

transport 
.4.57 1345 '5.844 172 transport 

transport 
transport 

8,969443 transport 
X 8.96375 1 12.34206 ' 10.3976 transport 

8.038873 transport 
6.4101 O6 j7.892502 4.3094 transport 

C 5.5321 67 9.062594 '3.5 15642 transport 
X 5.328527 '3.935514 ' transport 
X 3.667083 4.385132 ' transport 

3.563746 ' transport 

high affinity S-methylmethionine permease 
similar to Pseudomonos 
phthalate transporter 
general amino acid permease 
suppressor of sulfoxyde ethionine 
major facilitator superfamily 
oligopeptidetransporter 
high affinity S-adenosylmethionine permease 
methionine permease 
major facilitator superfoniily 
methionine perniease 
hexose permease 
inositol permease 
sulfate pcmease 
Hexose transcriptional repressor 
branched-chain amino acid permease 
mitochondrial carrier family 
major facilitotor superfamily 
regulator of m k  iron transporter 
similar to phosphate transporter 



YGR065C 
YIL171W 
YHR175W 
YIL088C 
Y LW4 1 W 
YJLO94C 
YJLO62W 
YBRI25C 
Y DR039C 
Y JROR W 
Y LLO28W 
YER060W 
YOR153W 
YDR 135C 
YJR077C 
YKR106W 
YPR138C 
YKR039W 
YNL055C 
YBL004W 
YOR348C 
YBL030C 
Y PL265 W 

Unknown % YJL060W 
Miscellaneous YLR327C 
genes 

YNL276C 
YDL124W 
YMR009W 
YGR161C 
YLLO56C 

PTR2 

P m 9  

CTR2 

LAS21 

ENA2 
SFCl 
TPOl 
FCY2I 
PDHS 
YCFI 
MIR 1 

MEP3 
GAP1 
PORI 

PUT4 
PET9 
DlP5 

transport 
transport 
transport 

transport 
transport 
transport 
t ransport 
transport 
traiisport 
transport 
transport 
transport 

transport 
transport 
lransport 
transport 
transport 
transport 
lransport 
tra~isport 
transport 

transport 

lransport 
transport 
transport 
transport 

unknown 
unknown 

unkiiown 
unknown 
unknown 
unknown 
iinknown 

small peptide pcrmeasc 
sulfate permeasc family 
similar to phosphate-reprcssiblc phosphate 
permcase 
allantoate permease family 
hexose permease 
copper trtiiisporter 
major facilitator superfamily 
major facilitator superfarnily 
similar to Eiiterococcus Na+N+-antiporter 

major facilitator superfamily 
similar to Gap I p 
plasma membrane ATPase 

rnitochondrial carrier 
major facilitator superfami ly 
purine-cytosine pcrmcase 
drue resistancc 
vacuolar glutathione S-conjugate transporter 
mitochondriril phosphate transporter 
major facilitator superfamily 
aminonia perincase 
general amino acid permease 
mitochondrial outer membraiie porin 

major facilitator superfamily 
proline and ganirna-amitiobu@ratc pcrmeasc 
mitochondrial ADPIATP translocator 
dicarboxylic amino acid permcase 

similar to kynurenine aminoiransferase 
similar to Stf2p 

similar to MMSAB 9 operon regulatory protein 

sirnilar to Y. pseudotuberculosis CDP-3, 
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YPL 174C 
Y LR093C 
Y ER078C 
Y DR 1 54C 
YML131 W 
YCL002C 
YCRX2IC 
Y PL278C 
YNL296W 
YBRl O5C 
Y DL 180W 
YOR338W 
YGR237C 
YJR161C 
YFL062W 
YIL03 1 W 
YOR300W 
YPL149W 
YNL279W 
YOR163W 
YGR2 13C 
Y ILO76W 
YCR099C 
YGR093 W 
YLR414C 
YHRl l l W  
YNL 168C 
YNL256W 
YOR284W 
YALO 14C 
YNL2 17W 
YOR220W 
YDR214W 
YFRO 17C 

APGS 

nuclcar protein targcting large subunit of dynactin complex 
vacuolar proicin targcting vacuolar V-SNARE 

0.375766 3 3 3  15 19 unknown similar to E. coli X-Pro aminopcptidase I I  
unknown 
unknown 

2,301 764 iinknown 
Nol i n  $GD 
unknown 
unknown 
vacuolar protein targeting peripheral vesicle membrane protein 
unknown 
unknown 

3.545069 unknown 
unknown 

2.220354 2,203 128 unknown 
unknown 
unknown 
autophagy 
unknown 
unknowii 
unknown 

2.534365 sccrctioti 
iinkriown 
unknown 
uiiknown 
unknown 

3.05 1913 unknown 
unknown 
iinkriown 

5.83703 1 6,393582 iinknowii 
unknown 
unknown 
unknown 

2.1 18 163 unknowti 

similar to subtelonierically-encoded proteins 
suppresses m i 0  mutation 

7-aminocholcstcrol rcsistancc 
vesicle coat componcnt 
similar to Pep I p 

similar to Uba 1 p and molybdopterin biosynthesis 
similar to E. coli hpcE 

unknown 



Y BL049W 
YPR023C 
YHR049W 
YDL248W 
YHR083W 
YBR108W 
YGROl1 W 
Y EL008W 
YIL153W 
YMR3 15W 
YAL069W 
YGL 186C 
YOK385W 

2.109514 unknown 

2.104473 2.722933 '2.3752 12 unknown 
2.086703 unknown 
2.076565 
2.075075 
2.066687 

COS7 2.06 120 1 
X 2.051353 

2,032864 
2.02 1956 
2,O 18929 

RRDI 2.0 1 7265 
2.012528 
2.005346 
2.002979 
2.002262 

unknown 
2.725 16 unknown 
0.46 1839 '0.396502 unknowii 
2.498272 unknowii 
3,207775 unkriown 

unkriown 

3.602799 unkriowii 
unknowri 
dmg rcsisttiiicc 
unknown 
uiiknown 

3,773453 3.623882 unknown 
unknown 

YMR071C 2.00 139 1 unknown 
Y DR476C 
YGL235W 
YLR232W 
Y HL00 1 W 
YCR 102C 
YOR024W 
YHLOSOC 
YNL057W 
Y PL080C 
YPRl36C 
YCLX IOC 

2.56 1548 2.188662 unknown 
unknown 
unkiiown 

0.424562 unknowii 
2.582547 unktiowi~ 

unknowti 

3,309209 unknown 
unknowii 
unknown 
uiikiiown 
Nol in SGD 

YOR263C 0.4922 17 unknown 

YEL022W GEA2 0.49 1 985 sccrction 
YBLO86C X 0.491206 unknown 
YDR365C 0.491 107 0.360084 unkiiown 

unknown 
unknown 

similar to other subtelomerically-encoded 

similar to wlieat glutenin, sccalin 

similar to Hda Ip, Rpd3p, Hos 1 p, and Hos3p 

simitar to Bacillus subtilis sorbitol 

siniilar to othcr subtelomerically-encoded proteins 

similar to adenosine A 1 receptors 

GDPIGTP exchange factor for ARF 
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YIM2 

ALOI 

X 
KIM2 
YOR022C 

SUN4 

YJLOOYC 

YLR047C 

unknowti 
unknown 

unknown 

Not in SGD 
utiknown 

unknown 
unknowri 
Not in SGD 
unktiown 

unknown 

unknowti 
unknown 
unknown 
unknown 

unknown 
unknown 

vitamin C production D-erythroascorbic acid biosynthesis; D-arabinono- 1,4- 
lactone oxidase 

unknowti 

unknown 
unknowti 

unknown 

unknown 

unknown 

unknown 

unknown 

unknown 

aginy 
unknown 

uiiknown 

unknown 
unknowri 
unknowti 
uiiknown 

unknown 

similar to rat tricarboxylate carrier 

similar to human DS-1 protein 

diepoxybutane and rnitomycin C rcsisiancc 

similar to Gas 1 p 

similar to othg subtelomerically-encodcd proteins 



YAL018C 
YBR158W 
Y 1-ILOOSC 
Y LR428C 

YGL102C 
YMRI 35W-A 

Y ML035C-A 
YCL063W 
Y FR032C 
YDR491C 
Y JL007C 
Y ILOOgW FAAII 
YDR133C 
YNL l98C 
YBR012C 
YAR043C 
YPL261C 
YA RO4OC 
YBL112C 
YMR136W 
YDR136C 
YAR066W 
YGR022C 
Y LR385C 
YDR033W 
YBLIOOC 
YHR208W BAT1 

required for optimal growth 
unktiown 
unknown 
unknown 
unktio\vn 

unknowii 
utiktiown 
unknown 
unknown similar to plant aminocyclopropane-1-carboxylatc 
unknown 
iinknown similar to Hrd3 12p 
utiknowti 
faity acid trictnbolisrn acyl CoA synthase 
unknown 
iinknowri 
uiiknown 
Not in SGD 
unknown 
Not in SGD 
unknown 
unktiowti 
unknown 
un kiiown 
uriknown 
uiikriowii 
uiiktiowii similar to Yro2p 
iinkiiown 
bratichcd chain atnino acid transaminase 




