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ABSTRACT

The covalent modification of proteins with the highly conserved ubiquitin (Ub) 

protein is vital in the regulation of numerous eukaryotic processes. Ubiquitination of 

these proteins signals for a multitude of events, typically targeting them for proteasomal 

degradation. Cellular proliferation depends upon the ubiquitination o f several key cell 

cycle regulators. The Cdc34 Ub-conjugating enzyme and the SCF Ub-ligase together 

mediate the ubiquitination o f a subset of these regulators. The work presented in this 

thesis is aimed at understanding the catalytic mechanism and biological roles o f the 

Cdc34/SCF complex.

Analysis of the properties o f Saccharomyces cerevisiae Cdc34 has revealed that 

its catalytic function is dependent on its ability to self-associate into a dimer, and that this 

interaction is dependent upon Cdc34~Ub thiolester formation. Mutational studies have 

identified several key residues that function in part to position Ub properly onto Cdc34, 

allowing for its self-association. The results presented also indicate that the self

association of Cdc34 is in turn a prerequisite for both poly-Ub chain assembly and 

Cdc34's essential function(s).

Using a genetic approach, evidence is also presented that the Cdc34/SCF complex 

m ediates the integrity of the S. cerevisiae cell wall. The growth characteristics of 

C dc34/SCF m utants suggest a role for this complex in the mediation o f cell wall 

biosynthesis partly through the regulation o f  the cell integrity signal transduction 

pathway. A detailed examination of this function suggests that the Cdc34/SCF complex 

participates in directing the signals required for these events, and that misregulation of 

these signals results in a multitude o f effects, including cell cycle defects and a weakened
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cell wall. Further analysis of these mutants also revealed a role for the Cdc34/SCF 

complex in the down-regulation of several transcriptional programs, including those 

directly related to the cell integrity pathway.

Taken together, this study provides novel insight into both the mechanism of 

Cdc34 function, and the essential roles o f  the Cdc34/SCF complex in cell growth.
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CHAPTER 1 -  Introduction

1.1 Protein Ubiquitination

The dynamic nature o f the eukaryotic cell requires the efficient and faithful 

regulation of its biological processes. One o f the most wide spread mechanisms of 

regulation involves the covalent modification of proteins with ubiquitin (Ub). This small 

76-residue protein has the unusual property of forming an isopeptide bond between its 

carboxyl-terminal glycine residue and the s-am ino group of surface exposed lysine 

residues. Conjugation of Ub to another protein, which is known as ubiquitination, targets 

that protein for a multitude of effects. Ub can also serve as a target itself, as a number of 

its lysine, residues allow for the formation of different types of poly-Ub chains. A highly 

complex cascade of enzymatic events, known as the Ub pathway, exists to selectively 

catalyze the formation of these linkages.

Ub was discovered in the early 1970s as a protein that was found in many 

eukaryotic cells, hence its name (130). It was later found covalently linked to chromatin 

through an interaction with histone H2A (129). It was not until several years later, 

however, that a biologically significant role for Ub was discovered in mediating non- 

lysosomal intracellular proteolysis (62). This role was dependant on ATP, which allowed 

fo r the fractionation, and subsequent identification, of the m inim al enzym atic 

components o f the Ub conjugation cascade from cell-free rabbit reticulocyte lysates (162. 

164).

The most prevalent and best-characterized role for ubiquitination is the targeted 

degradation o f the substrate protein by the 26S proteasome (161, 412). This method of 

rapid and selective degradation can be found in a variety of essential events, a few of 

which include cell cycle regulation (82, 215), development (159. 307). apoptosis (231, 

439) and the inflammatory response (249). Alternatively, ubiquitination has many 

signaling properties independent of proteolysis that can be found in such diverse 

processes as endocytosis (167, 257), ribosome biogenesis (108, 382), and DNA damage 

repair (35, 267). U b’s role in determining these varying processes is mediated by the 

number o f Ubs linked and the kind of chains that are formed.
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Due to the pervasive nature of ubiquitination, misregulation of this modification 

can result in defects within biological systems. Many diseases have been linked to errors 

in this pathway, including Liddle's syndrome, Angelman syndrome, Parkinson's disease. 

Cystic fibrosis, many forms of neurological diseases such as Alzheim er's disease, and 

numerous cancers (59, 60, 63, 359). Much research has been focused on understanding 

the Ub pathway and on developing therapeutics to target its misregulation.

The work presented in this thesis has utilized the budding yeast, Sacduiromyces 

cerevisiae , as a model eukaryotic organism. Its contents provide us with novel insight 

into the mechanism o f poly-Ub chain formation and into a role for ubiquitination in 

mediating yeast cell integrity. This chapter is intended to provide a framework for this 

work. It begins by discussing the specifics o f the Ub pathway, including its known 

mechanistic elements. This is followed by a summary of the S. cerevisiae cell cycle and 

the identified roles o f Ub in its regulation. Lastly, a review of the signaling pathways 

known to mediate yeast cell integrity is provided.

1.1.1 The ubiquitin pathway

Ub is one of the most highly conserved eukaryotic proteins (only three residues 

differ between budding yeast Ub and human Ub). It consists o f a stable hydrogen-bonded 

globular structure with a free carboxyl-terminal extension that ends in two glycine 

residues (Gly75 and Gly76), the later of which forms the covalent linkage with target 

lysines (Figure 1.1) (410. 419). Within the globular domain of Ub are 7 surface lysine 

residues that can serve as a substrate to generate differential poly-Ub chains (Lys6, 

L y s l l ,  Lys27, Lys29, Lys33, Lys48 and Lys63) (14, 53, 197, 316, 383). Furthermore, 

distinct surface regions of Ub have been identified in mediating a variety o f events, such 

as proteasomal recognition and endocytosis (377).

The selective covalent attachment of Ub and subsequent formation of poly-Ub 

chains onto protein substrates involves the action o f three enzymatic steps (161, 323). 

Initially, Ub non-covalently interacts with an Ub-activating enzyme (El or UBA), which 

through the Mg2* dependent hydrolysis of ATP •‘activates” Ub by mediating the 

formation o f  an AMP adenylate with the carboxyl-terminus o f Ub (61,141-143, 325).
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Figure 1.1 Surface lysine residues on ubiquitin involved in the assembly of poly-ubiquitin chains.
Shown is a surface model based on the three-dim ensional structure o f ubiquitin, highlighting the 

carboxyl-terminal glycine residue (G76), and the lysine residues (in blue) involved in the assembly of 

poly-ubiquitin chains.
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E1 + ATP + Mg2+ + Ub < --------- ► E1 • AMP-Ub + PP,

This allows for the transfer of Ub to the active site cysteine of the E l to form a thiolester 

bond (represented herein by ~) between the carboxyl-terminal Gly76 of Ub and the thiol 

group of this active site (61, 141-143).

E1-AMP-Ub <  E1~Ub + AMP

Another ATP dependent Ub-AMP adenylate may then form, resulting in an E l enzyme 

“charged” with two Ub molecules (141-143).

El~Ub + ATP + Mg2+ + Ub < --------- >  E1~Ub(-AMP-Ub) + PPj

This "activated” form of Ub is primed for recognition by the next enzymes in the 

cascade, known as the Ub-conjugating enzymes (E2 or UBC). In a transthiolesterification 

reaction the thiolester bond involving the carboxyl-terminal Gly76 of Ub is transferred 

from the E l active site to the thiol group o f active site cysteine of the E2 (164).

E1~Ub(-AMP-Ub) + E2 < --------- >  E2~Ub + E1-AMP-Ub

The El enzyme is then free to form another E l~U b thiolester and begin the pathway over 

again. The E2~Ub thiolester can then proceed to transfer Ub from its active site through 

another transthiolesterifaction reaction to the active site cysteine of the third enzyme in 

the pathway the Ub-ligase (E3), thus forming an E3~Ub thiolester intermediate (24, 356).

E2~Ub + E3 < --------- ► E3~Ub + E2

Ub is finally transferred from the E3~Ub thiolester to the target substrate resulting in an 

isopeptide linkage between the carboxyl-terminal Gly76 of Ub and a lysine residue on a 

target protein.
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E3~Ub + Protein ■<--------- ► Protein-Ub + E3

Alternatively, the E2~Ub thiolester by itself, or often together with another kind of E3 

enzyme, can catalyze the formation of the isopeptide linkage between Gly76 of Ub and a 

lysine residue on the final target protein (326, 365, 376).

E3
E2~Ub + Protein ■<--------- ► Protein-Ub + E2

This process can be repeated several times on the target protein to attach multiple Ubs 

onto multiple lysine residues on the protein, or to form poly-Ub chains by repetitively 

attaching multiple Ubs onto the terminal Ub originating at a single lysine residue on the 

target protein (163).

The hierarchical nature o f the Ub pathway allows for its diverse specificity. Few 

E l enzymes exist (sometimes only one) to activate and pass on Ub to numerous E2 

enzymes. These E2 enzymes are capable o f interacting with larger numbers of E3 

enzymes. The differing combinations of E2*E3 interactions allow for the target substrate 

specificity, and the formation o f either mono-Ub or specific types o f poly-Ub chains. A 

general understanding of the catalytic mechanism involved in this cascade is known, 

however many of the details of the process remain uncharacterized.

1.1.2 Ubiquitin-like protein pathways

Other proteins that share some of the distinct features of Ub and its mechanism of 

conjugation exist, which are known as Ub-like proteins (Ubls). These proteins share a 

common structural fold with Ub, containing a globular core with a carboxyl-terminal 

extension ending with two glycine residues. Protein targets are similarity targeted by 

Ubls on surface lysine residues through an enzymatic cascade consisting o f  unique E l,

E2 and E3 enzymes. To date 11 Ubls have been identified and have been found to

regulate a number o f cellular processes, some of which directly modulate the Ub pathway 

and its functions (170, 192, 360).

O f the U bls, the best studied is the sm all U b-related m odifier protein, 

SUMO/Smt3/sentrin. SUMO conjugation is accomplished through an enzymatic cascade
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consisting o f the E l enzyme A osl/U ba2, the E2 enzyme Ubc9, and numerous E3 

enzymes that select for a variety of targets (275, 291, 363). However, unlike Ub, a 

biological relevance for the formation of poly-SUMO chains has not been demonstrated. 

It appears that the role(s) for SUMO are mediated by mono-SUMO conjugates. Its role(s) 

have been im plicated in a num ber of processes that include nuclear trafficking, 

transcriptional regulation, modulation of signaling pathways and chromosomal structure 

and dynamics. In addition, conjugation of SUMO has been shown to play a negative role 

in processes regulated by ubiquitination, through competition for lysine resides on target 

proteins (146, 173).

Another well-characterized Ubl is N edd8/Rubl. This protein has the highest 

sequence identity with Ub (60% identity). Covalent attachment o f Nedd8 to its targets is 

achieved through an enzym atic cascade consisting o f an E l enzyme dim er of 

U lal/A PPB Pl and Uba3, followed by the E2 enzyme U bcl2 (180, 309). The only known 

targets for NeddS are the cullins, which are core components of SCF (Skpl-R bxl/H rtl- 

Cullin-F.box) Ub-ligase enzymes. Conjugation o f NeddS onto the cullin component of 

the SCF enzyme increases its ability to interact with the E2 enzyme (208. 428). The 

dynamic nature o f  the NeddS linkage is important for the function o f the SCF complex. 

However, it the nature of its importance is unclear.

The exam ples of SUMO and Nedd8 illustrate the conservation with the Ub 

pathway, and suggest they have all evolved from a common ancestral conjugation 

pathway. One potential relative is the Escherichia coli molybdenum cofactor biosynthesis 

pathway, which is involved in the transfer of sulfur-containing moieties to metabolites. 

The MoaD subunit of the molybdopterin synthase enzyme is activated in a parallel 

manner to that o f Ub by the molybdopterin synthase-activating enzyme MoeB. Despite a 

lack o f sequence similarity between MoaD and Ub, the two are comparable in that they 

have a similar structural fold and carboxyl-terminal di-glycine residues. Additionally, 

MoaD is activated in a similar manner to that of Ub by the formation an AMP-MoaD 

adenylate between its carboxyl-terminus and a site within the MoeB activating enzyme. 

Subsequent to its activation, MoaD does not form a thiolester with MoeB, but rather it is 

recognized by a sulphurtransferase that converts MoaD adenylate to a thiocarbonate that 

acts as a sulphur donor (139, 230, 236). The sim ilarities betw een MoaD and Ub
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activation have prompted numerous studies into this pathway in an attempt to better 

understand the mechanism of Ub activation.

1.1.3 Ubiquitin-activating enzymes

The first enzyme in the Ub pathway, the Ub-activating enzyme, is a highly 

selective enzyme that only recognizes Ub as its substrate. In an ATP and M g2+ dependent 

manner the E l “activates" Ub by catalyzing the adenylation o f its carboxyl-terminus. 

Subsequently, a highly reactive thiolester intermediate is formed between its active site 

cysteine and the carboxyl-terminus of Ub that is eventually passed on to the next enzyme 

in the pathway, the E2 (61, 141-143, 164). The catalytic events involving adenylation, 

thiolester formation o f Ub and its transfer to the E2 are highly efficient, occurring at a 

maximum turnover rate of 1-2 Ubs per second, whereas the rate limiting conjugation of 

Ub to the substrate is 10 to 100 times slower (141, 262). Very often, as in the case of 

humans and S. cerevisiae, a single E l enzyme (hUbal and Ubal respectively) is 

sufficient to activate all the Ub required in the cell (270,437, 438).

Recent structural studies of Ub-like-activating enzymes have shed some light into 

the mechanism of E l catalysis. The first o f these studies examined the adenyation 

reaction of the M oeB#MoaD protein complex. As mentioned in section 1.1.2, MoeB is 

the activating enzyme for the Ub-like MoaD protein. MoeB activates the carboxyl- 

terminal di-glycines o f MoaD by forming an acyl-adenylate intermediate, much like the 

initial activation of Ub by E l (236). The crystal structure of the MoeB*MoaD complex 

provides a view of this conserved process (Figure 1.2A) (230). This structure reveals how 

a conserved aspartic acid residue co-ordinates a Zn2" ion required for the MoaD 

carboxylate to attack the a-phosphate of an ATP molecule within a nucleotide-binding 

pocket. Additionally, this structure outlines a hydrophobic interaction interface between 

MoeB and MoaD. These conserved features provide insight into how Ub adenylate is 

formed.

The human NeddS activating enzyme dimer. APPB3"Uba3. has also provided a 

model for the mechanistic understanding of Ub activation (413, 414). This activating 

enzyme consists of two proteins: APPB3, (which is homologous to MoeB and the N- 

term inal adenylation dom ain o f the U b-activating enzym e), and Uba3 (which is
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MoaD

MoeB

Cys216

Nedd8

ATP Ub-like domain

F igure 1.2 S tru c tu ra l insight into the  ubiquitin-activating enzyme.

(A) Ribbon diagram representing the three-dimensional structure o f the MoeB-MoaD complex. MoeB is 

shown in green with its glycine rich P-!oop highlighted in blue and two of its sulfate molecules in yellow. 

M oaD is shown in red, and the Zn2+ ion that is required for the M oaD  carboxylate to  a ttack  the 

a-phosphate o f an ATP molecule is shown as a grey sphere. (B) Surface model o f  the APPB3 (shown in 

blue)-Uba3 (shown in ycllow)-Nedd8 adenylate (shown in red)-ATP (shown in grey) com plex. The 

catalytic cysteine residue in Uba3 is highlighted in green, and the ubiquitin-like domain within APPB3 is 

indicated.
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homologous to the carboxyl-terminal catalytic cysteine containing domain o f the Ub- 

activating enzyme) (131. 244). These studies describe three distinct domains within the 

El enzyme: (i) an adenylation domain resembling that of MoeB. (ii) an El specific 

domain organized around the catalytic cysteine residue, and (iii) an E2 recognition 

domain (Figure 1.2B). Protein and nucleotide binding are mediated by these domains 

within close proximities in between two grooves of the enzyme, and they are organized in 

a manner that drives the reaction forward. Interestingly, the E2 recognition domain within 

this enzyme resem bles the structure of Ub. suggesting that E2 enzymes might be 

recruited to the El enzyme through an interaction with this domain. Structural studies 

have determined a distinct region within the NeddS specific E2 (U bcl2) that interacts 

with this domain, suggesting that it is a combination o f the properties o f the E2 and this 

domain that selects for. and positions the E2 for accepting Ub thiolester (179). It remains 

to be seen if Ub specific E l enzymes function in a similar manner.

1.1.4 Ubiquitin-conjugating enzymes

W hile E2 enzymes are very similar in nature and function, they possess highly 

selective targeting properties. All E2s form a thiolester bond between their active site 

cysteine and the carboxyl-terminus of Ub through the efficient transfer of Ub thiolester 

from an activated E l enzyme (164, 323). Some E2s catalyze the formation o f mono-Ub 

conjugates, while others assemble an array o f distinct poly-Ub chains. A catalytic domain 

consisting of approximately 150 amino acid residues is shared by all E2s. W ithin this 

catalytic domain lies the active site cysteine residue, at which Ub thiolester formation 

takes place. Structural analysis of this core E2 domain has determined that it is highly 

conserved, consisting of a four-stranded antiparallel [3-sheet flanked by four a-helices 

and a short 3,0 helix (Figure 1.3A). The most conserved residues cluster around the active 

site cysteine residue, which lies within a shallow groove in the E2 on a loop connecting 

the (34 sheet to the a 2  helix (69, 70, 145, 194, 283, 286, 395,402,427).

The most obvious differences among the E2s are the presence or absence of 

amino- and/or carboxyl-terminal extensions onto the core domain o f the enzyme. These 

extensions are thought to specify the biological activity o f these enzymes by mediating a 

m ultitude o f  interactions, including that with substrates and E3 enzymes. Recent
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Catalytic Cys

B.

Figure 1 3  S tru c tu re  o f th e  ubiquitin-conjugating enzym e catalytic core d o m a in .

(A) Ribbon diagram  representing the three-dim ensional structure o f  the catalytic core o f  

S. cerevisiae U bcl. (B) Ribbon diagram o f the U b c l-U b  thiolester interaction, based on a 

model derived from NM R analysis o f the interaction. Ubiquitin is shown in red, and the 

catalytic core of Ubcl is shown in blue, with its catalytic cysteine residue highlighted in yellow. 

Theam ino-term inus (N) and carboxyl-terminus (C) of Ubcl are indicated.
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structural analysis of the carboxyl-terminal extension of the S. cerevisiae Ubcl E2 has 

shown that this region resembles a Ub-association domain (UBA domain, see 1.13). This 

observation suggests that this domain might be involved in binding to Ub, possibly for 

the formation of poly-Ub chains (279). E2 enzymes are classified into 4 different 

categories: type I E2s lack both the amino- and carboxyl-terminal extensions, type II E2s 

have only a carboxyl-terminal extension, type III E2s have only an amino-terminal 

extension, and type IV E2s have both amino- and carboxyl-terminal extensions (191). 

Additionally, some E2s contain a catalytic domain insert that lies near the active site 

cysteine residue, which is thought to mediate the formation and utilization o f Ub 

thiolester (248, 278).

Although the formation of Ub thiolester by E2 enzymes is not well understood, 

some information into this linkage has been obtained with the use o f nuclear magnetic 

resonance (NMR) techniques. The interactions between the E2 and Ub have been 

characterized for the 5. cerevisiae Ubcl~Ub thiolester (145), for the human Ubcl3~U b 

thiolester (271), and for the human HsUbc2b-Ub oxyester (which was made by 

substituting the catalytic cysteine residue of HsUbc2b with a serine so that it can form a 

more stable oxyester bond with the carboxyl-terminus of Ub) (282). These NMR studies 

all showed a similar area surrounding the active site cysteine residue in the E2 that 

predominantly interact with the carboxyl-terminus o f Ub. Many residues in this area are 

absolutely conserved amongst all the E2 enzymes, suggesting a conserved mechanism of 

Ub utilization. However, despite all the structural and biochemical data, the mechanistic 

details o f Ub thiolester transfer (from the E l to an E2, or from the E2 to an E3) and 

isopeptide bond formation with a lysine (on a target substrate) are not well understood.

The ability of the E2 to transfer Ub to a substrate lysine appears to be self- 

contained as many E2s often target themselves for autoubiquitination (observed both in 

vitro and in vivo) (20, 172, 235). While the significance o f this autoubiquitination 

remains to be discovered, it suggests that the E2 possesses all the catalytic residues 

required for isopeptide bond form ation. The chemical environm ent required for 

isopeptide bond formation to take place requires the presence o f a general base to 

deprotonate the attacking lysine, as well as residues that can stabilize the emerging 

negative charge on the tetrahedral intermediate (Figure 1.4). Insight into the E2
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F igure 1.4 P roposed m echanism  fo r  ub iquitin  conjugation.

(A) The E2-~Ub thiolester is positioned (either by itself, or by an E3 enzyme) to transfer ubiquitin onto a 

lysine residue of a target substrate. A general base is provided by either the E2 or an E3 to deprotonate 

the acceptor lysine. The e-amino nitrogen o f the target lysine attacks the electrophilic carbon center of the 

thiolester bond between the E2 and Ub. (B) A tetrahedral intermediate is formed, within which a negative 

charge developes on the oxygen, which must be stabilized by residues within the E2 or an E3. (C) Finally, 

an isopeptide bond is formed between the carboxyl-terminus o f  Ub and the lysine on the target substrate.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



13

mechanism of action has been revealed by a recent study characterizing the role o f a 

conserved asparagine residue upstream  o f the catalytic cysteine (429). This study 

proposed that the amide side chain o f this asparagine residue acts to stabilize the 

oxyanion intermediate. A convincing argument for this role was made by demonstrating 

that this residue is required for Ub transfer from the E2 to a substrate, but not in E2~Ub 

thiolester formation or Ub thiolester transfer to an E3, using a number of different E2/E3 

systems. However, in order for this asparagine to sufficiently act as a catalytic residue, 

conformational changes in the E2 active site must occur during thiolester formation. Both 

biochemical and NMR studies performed on E2~Ub thiolester provide support for this 

idea.

As mentioned above. E2s function differentially in their ability to assemble poly- 

Ub chains. The best-characterizec m echanism  of poly-U b chain assembly is that 

performed by U bcl3, which specifically catalyzes the formation o f Lys63 linked poly-Ub 

chains (175). It does so by forming a hetero-dim er with an Ub-conjugating enzyme 

variant (UEV) protein. UEV proteins are highly similar to E2 enzymes in both sequence 

and structure, but lack their catalytic cysteine residue. Non-covalent interactions between 

UEVs and Ub have been observed, and when complexed with U bcl3~U b, this Ub is 

positioned so that its Lys63 is placed in close proximity to the thiolester linked Ub on 

U b c l3, thus promoting the specific formation o f a Lys63 linked Ub chain (Figure 1.5) 

(271, 272). Other E2s form hetero- and hom o-dim ers, and may be capable o f non- 

covalently interacting with Ub, so it is possible that these E2s may function in a similar 

manner to that of the UbclS^UEV complex (54, 125, 140, 235, 326, 336). However, very 

little is known about these interactions.

1.1.5 Ubiquitin-ligases

Target substrate selection of the Ub pathway is largely dependent on the Ub- 

iigase proteins. E2 enzymes interact with a very large num ber o f these E3 enzymes and 

together participate in many biological processes. Examination o f E3s has revealed at 

least three distinct categories o f these enzymes: the HECT (homologous to E6-AP 

carboxyl-terminus)-domain E3s, the RING (really interesting new gene) finger E3s, and 

the U -box domain E3s (323). As discussed below, the differences between these
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Figure 1.5 NM R derived model o f the M ms2*Ub-Ubcl3~Ub complex.

Ub (red ribbon, bottom) is linked to the active site cysteine residue (yellow) o f U b c l3 

(cyan, bottom) via a thiolester bond. U bc l3 forms a strong heteromeric complex with 

the UEV Mms2 (gold, top), which non-covalently interacts with another Ub (red ribbon, 

top). The Lys63 residue o f this Ub is positioned in close proximity to the Gly76 residue 

o f the thiolester liked Ub to facilitate the formation o f  a Lys63 linked Ub chain.
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categories exist in the mechanism of Ub transfer to a substrate. The HECT domain E3 

contributes catalytically by forming a thiolester bond between its catalytic cysteine 

residue and the carboxyl-term inus of Ub, and subsequently transfers the Ub to a 

substrate. The RING finger and the U-box domain E3s, which do not have a catalytic 

cysteine residue, primarily function as molecular scaffolds between the substrate and the 

E2 enzyme, allowing the E2 to transfer the Ub to the substrate (155, 156, 188).

1.1.5a HECT-domain E3s

The highly conserved HECT domain consists of approximately 350 amino acid 

residues, which include the catalytic cysteine residue at approximately 35 residues from 

the carboxyl-terminal end. Structural studies have revealed insight into the mechanism of 

HECT domain function (440). The first crystal structure solved was that of the HECT 

domain of the E6-associated protein (E6-AP) in complex with its interacting E2, UbcH7 

(Figure 1.6A) (181). This structure revealed two distinct regions within the HECT 

domain: an amino-terminal and carboxyl-terminal “lobe”. Together, these lobes form an 

L structure with the a-helical rich amino-lobe sitting at the bottom and the carboxyl-lobe 

standing upright. The E2, UbcH7, interacts with the far end o f the amino-lobe on the 

opposite side o f the carboxyl-lobe, and the active site cysteine residue sits near the 

amino- and carboxyl-lobe junction approximately 41 A from the E2. This structure alone 

did not provide information into how Ub thiolester would be transferred from the E2 to 

the E3 active site, but did suggest that major structural rearrangements must occur for it 

to happen.

A second structural study of a different HECT domain E3, WWP1/AIP5. revealed 

information on how Ub might be transferred (405). This study showed that the 

structurally conserved amino- and carboxyl-lobes could exist in an upside down T  shaped 

structure, with the carboxyl-lobe packed against the amino-lobe (Figure 1.6B). This study 

showed that there is flexibility in the hinge loop connecting the two lobes, and that this is 

required for catalytic activity. Many possible models of how the HECT domain might 

function can be proposed by comparing the two structures (Figure 1.6C). One model, 

known as the “sequential addition” model, proposes that the carboxyl-lobe shifts over far 

enough over to accept an Ub from the E2, and subsequently rotates over to the other side
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Figure 1.6 T he  proposed m echanism  o f H EC T dom ain E3s based on s tru c tu ra l studies.

(A) Ribbon diagram displaying the three-dimensional structure of the E6AP HECT domain E3 (shown in 

blue) in complex with the UbcH7 E2 (shown in red). The catalytic cysteine residue found within E6AP 

and UbcH7 arc shown in yellow. Also indicated are the amino- and carboxvl-terminal lobes o f E6AP, 

which are positioned in an L shape. (B) Ribbon diagram showing the three-dimensional structure of the 

HECT domain E3 WWP1/AIP5 with its catalytic cysteine residue is highlighted in yellow. The amino- 

and carboxyl-terminal lobes of WWP1/AIP5 are positioned in an upside down T  shape. (C) Two proposed 

mechanisms o f HECT domain E3 catalysis o f poly-ubiquitin chains: (i) The sequential addition model pro

poses that the carboxyl-lobe shifts back and forth from the E2 to the substrate, sequentially adding 

multiple Ubs to assemble poly-Ub chains; (ii) The indexation model proposes that the carboxyl-lobe shifts 

over and positions the bound Ub so that the E2 can catalyze the formation of poly-Ub chains onto the 

E3~Ub. The carboxyl-lobe can then shift over and transfer the entire chain onto the substrate
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of the amino-lobe and transfers that Ub to a bound substrate. Sequential addition of 

multiple Ubs can then occur in the same manner to build poly-Ub chains (405). An 

alternate model is the “ indexation” model, which proposes that the carboxyl-lobe shifts 

over to allow for the transfer of Ub thiolester. In a ratchet like manner it can then position 

the bound Ub so that the E2 can catalyze the formation o f poly-Ub chains onto the 

E3~Ub. The carboxyl-lobe can then shift over and transfer the entire chain onto the 

substrate (405). The advantage of this model is that it would be much more efficient than 

"sequential addition” as the carboxyl-lobe is not required to flip back and forth between 

the E2 and the substrate. Other models can also be proposed such as one that would 

involve the E2 enzyme assembling distinct poly-Ub chains that can be passed on the E3. 

However, since very little information on the mechanism of Ub transfer exists a favored 

model remains to be determined.

1.1.5b RING finger E3s

Probably the most widespread type of E3 enzymes have RING finger domains. 

This domain is the fifteenth most common domain in humans and the twelfth most 

common domain in budding yeast that is known. It is defined by approximately 50-60 

amino acid residues (mostly histidines and cysteines: CX2CX(9.39)CX(1.3 )HX(:.3 )C/HX2CX(.. 

4S)CX2C) that co-ordinate two Zn2+ ions in a cross brace arrangement (Figure 1.7A) 

(196). This domain was originally thought to act catalyticaliy by positioning the two Zn:'r 

ions in a m anner that can stabilize the oxyanion tetrahedral interm ediate in the 

isopepetide form ation o f Ub. However, structural studies of numerous RING finger 

domain E3s have suggested that this is not the case, and rather that this domain functions 

as a molecular scaffold that can position the E2~Ub thiolester correctly for Ub transfer to 

the substrate (441,442).

The types o f RING finger E3s vary in nature, and can exist as either single- or 

multi-subunit complexes. The crystal structure of selected examples of these E3s has 

been determined, and from these studies both appear to function as molecular scaffolds. 

The structure of the single subunit c-Cbl in complex with the E2, UbcH7, suggests that c- 

Cbl positions the E2 into a relative close proximity with a target (Figure 1.7B) (442).
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F igure 1.7 S tru c tu ra l insight into R IN G  dom ain  E3s.

(A) Ribbon diagram showing the three-dimensional structure of the RING domain o f BARD1 (shown in 

blue). The RING domain is made up o f  cysteines/hystidines residues that coordinate two zinc atom s 

(shown as grey spheres) in a cross-brace arrangement. Displayed on the right is a  representation o f the 

cross-brace arrangement o f eight cyseine/hystidine residues (1-8) coordinating two zinc atoms (I & II). (B) 

The three-dimensional structure of c-Cbl (shown in blue) in complex with UbcH7 (shown in red). The zinc 

atoms within the RING domain are shown as grey spheres. The position o f substrate binding is shown in 

green, and the catalytic cysteine residue found within UbcH7 is highlighted in yellow. (C) The three- 

dimensional structure o f the SCF complex. Rbxl is shown in green, with the zinc atoms coordinated within 

the RING domain shown as grey spheres. C ull is shown in blue, Skpl is shown in red, and an F-box 

domain is shown in orange.

Substrate

Catalytic Cys

E2 binding
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However, the distance between the E2 and the substrate would not likely promote poly- 

Ub chain formation, Therefore, the mechanism of how Ub is transferred remains unclear.

The RING domain is capable of homo- or hetero-associating with other RING 

domains. In certain circumstances these RING domain complexes function more 

efficiently than the monomers. A well-characterized example of this is the tumor 

suppressor BRCA1-BARD1 complex, which hetero-associates through the two respective 

RING domains (39). The complex possesses much higher E3 activity than the individual 

subunits alone (154). Interestingly, it has been shown that only the RING domain of 

BRCA1 within this complex interacts u'ith the E2, raising questions into the mechanism 

of the RING complex function (38).

There are a number of multi-subunit RING finger E3s that possess only one 

RING finger domain containing protein. The best studied are the anaphase-promoting 

complex (APC), the SCF complex and the SCF related complexes. The common feature 

between these multi-complex E3s is that they possess a RING domain protein that 

associates with a protein containing an evolutionarily conserved cullin domain. The cullin 

together with the RING finger protein assembles a core complex, which together with an 

E2 can promote the assembly o f poly-Ub chains (365. 391).

The prototype member of the cullin family is the C ull (known as Cdc53 in 

budding yeast) subunit of the SCF complex (83, 216, 247, 315). Although this complex 

has been implicated in a variety of events, an essential function is in cell cycle regulation, 

particularly at the G l-S  phase transition (226, 342, 385). The structure of the Cull 

containing SCF complex demonstrates that Cull acts as a scaffold, connecting (via its 

amino-terminus) Skpl and the F.box protein to (via its carboxyl-terminus which includes 

the cullin domain) the RING finger protein (Figure 1.7C) (441). In this manner, Cull 

places the F.box containing protein (which is involved in substrate recognition) within 

close proximity to the RING finger protein (which recruits the E2 enzyme). A very large 

num ber o f F.box domain proteins exist, and they function to specifically interact with, 

and recruit, a variety of substrates for ubiquitination (18). The F.box domain itself is 

involved in the interaction with the Skpl protein that in tum interacts with the cullin (18). 

Sometimes the F.box containing proteins will also contain another protein interacting 

dom ain, such as W D-40 domains or leucine rich repeats (LRR) that mediate their
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interaction with the substrate (76). Commonly, phosphorylated proteins (sometimes 

found within a proline, glutamine, serine and threonine rich domain, known as the PEST 

motif (354)) have been shown to interact with F.box containing proteins, indicating other 

layers of regulation in the ubiquitination process.

Many substrates of the SCF are multiply phosphorylated. For example, the well- 

characterized substrate Sicl requires a minimal number of phosphorylated residues for its 

efficient interaction with the SCF and subsequent ubiquitination (293). Structural and in 

vivo observations favor a model for the interaction of Sicl with the F.box protein Cdc4 

(293, 306). This model proposes that there is one binding site on the F.box protein for 

the phosphorylated substrate, and that the association rate between the two proteins 

depends on the neighboring sequence o f the phosphorylated binding site. In such a 

manner, different substrates would have different association rates with the SCF. In the 

case of poorly associating substrates, however, increasing the number of phosphorylation 

sites would increase the local concentration of binding sites, therefore increasing the 

association rate. In such a manner, phosphorylation of the substrate would provide a 

highly regulated manner by which it would interact with the SCF. In fact, for Sicl it has 

been shown that this method of regulation is essential for timing its ubiquitination and 

subsequent degradation during cell cycle progression (293, 306).

Although the structures of the c-Cbl and SCF complex RING finger E3s reveal 

some important characteristics, the mechanism by which they mediate poly-Ub chain 

assem bly is unclear. M odeling of the E2 position in these structures places it 

approximately 60A from the substrate-binding site on the E3s. Additionally, there is a 

lack of E3 residues in close proximity to the reaction site. Recent biochemical studies of 

the budding yeast SCF010* (Cdc4 being the F.box protein) complex and its interacting E2, 

Cdc34. have shed some light on this process (80). It was observed that the association 

rate between Cdc34 and the SCF is unaffected by the presence o r absence o f Cdc34~Ub 

thiolester. However, the dissociation rate constant between Cdc34 and the SCF increases 

when Cdc34~Ub thiolester is present. A model was proposed from these observations, 

which suggests that Cdc34~Ub thiolester is released from the SCF prior to the 

conjugation of Ub to a target. Therefore, the role o f the SCF would be to increase the 

local concentration o f the E2 in the vicinity of a substrate, thereby promoting the
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assembly of poly-Ub chains. This model is supported by the observation that a mutation 

(F72V-Cdc34) that increases Cdc34’s ability to interact with the SCF, and decreases its 

ability to disassociate from the SCF, is defective in the assembly o f poly-Ub chains onto 

a substrate (SO). These studies suggest that mechanistically the catalysis of poly-Ub 

chains is dependent largely on the E2, but do not provide insight into the transfer of Ub to 

the substrate.

Several other multi-protein RING domain containing E3s also exist. One such 

complex consists of the von-Hipple-Lindau (VHL) tumor suppressor protein, the elongin 

C/B dimer, Cul2 and R bxl/R ocl (205). This complex assembles similarly to the SCF 

with Skpl being replaced by the elongin C/B dimer, which interacts with the SOCS 

(suppressors o f cytokine signaling)-box containing VHL protein rather than with an 

F.box protein (206). SOCS-box containing proteins can vary within this complex, as the 

F.box protein does in the SCF, and are emerging as an important substrate recognition 

domain for these types of E3s (213). Another example o f a related E3 is the complex of 

Cul3, R bx l/R ocl and a member o f the BTB/POZ (brie a brae, tram track and broad 

complex/Pox virus and zinc finger) protein family (329). While the BTB/POZ domain 

resembles the F.box protein in its ability to recognize substrates, it binds directly to the 

cullin, Cul3 (116, 121, 329, 430). It seems that a large number o f variations can occur 

from the well-characterized SCF complex and it remains to be seen if they interact with 

E2 enzymes and catalyze poly-Ub chains in a similar manner (328,401).

The final RING finger E3 discussed here is the APC complex. This is one o f the 

largest E3 enzymes known, and is composed of at least eleven subunits (Table 1.1) (319). 

Its most prominent role is in the regulation of the cell cycle, specifically mitotic entry' and 

exit. The core ubiquitination domain of the APC consists o f the RING finger protein 

Apcl 1 and the cullin containing protein Apc2 (391). However, in vivo the APC is only 

fully active when it assembles with Cdc20, C d h l/H c tl, or related factors implicated in 

substrate recognition (411). Another important subunit of the APC is Doc I/Ape 10. This 

subunit contains a domain known as the “DOC” domain, which is also found in other 

E3s, and may play an important role in poly-Ub chain assem bly (136, 229). APC 

dependent ubiquitination relies on one of at least two poorly defined motifs present in the 

substrate known as the destruction box (D-Box: RxxLxxxN) and the KEN box
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Table 1.1* APC subunits
Saccharomyces

cerevisiae
Schizosaccharomyces

pombe
Drosophilia

melanogaster
CaenorhabOms

elegans
Homo sapien Description

Apc1 Cut4 CG9198 mat-2/pod-3 Apc1/tsg24

Apc2 SPBP23A.10.04 CG3060 K06H7.6 Apc2 Culliin, Scaffold, binds A p d  1/E2s

C dc27 Nuc2 cdc27 mat-1/pod-5 Cdc27

Apc4 Cut20/Lid1 CG4350 Apc4

Apc5 Apc5 CG10850/ida M 163.4 Apc5

C dc16 Cut9 o d d  6 pod-6/emb-27 Cdcl6/A pc6

C dc26 Hcn1 Cdc26

Cdc23 Cut23 CG2508 mat-3 Cdc23/Apc8

Apc9

Apc10/Doc1 Apc10 CG11419 F15H10.3 A pdO specificity factor

A pc11 A pc11 Img F35G12.9 Apc11 RING finger, recognition of E2s

Cdc20 Alp1 fzy cdc20 Cdc20 APC activator/specificity factor

Cdh1/Hct1 Ste9 fzr, rap fzr C dhl APC activator/specificity factor

A m al Mfrl O G 14444 B0464.2 Apc7 Meiosis specific activator

• adap ted  from a  table in ref. (147)
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(KENxxxN) (136, 229). An important question remaining with regards to the APC is how 

its various subunits are assembled, which may provide us with a better understanding of 

its mechanism of action. A low-resolution structure of the human APC complex was 

determined by cryo-electron microscopy (Figure 1.8) (124). This structure displayed a 

complex arrangement of its proteins, which adopt a cage-like shape. From this structure it 

was proposed that the inner chamber might act as the catalytic center into which a 

substrate would enter. Further studies are required to define the composition o f the APC 

and its mechanism of substrate recognition and poly-Ub chain assembly.

1.1.5c U-box domain E3/E4s

The first identified U-box domain protein involved in ubiquitination was the 

budding yeast Ufd2. This protein in conjunction with an E l, an E2 and an E3 was able to 

mediate poly-Ub chain assembly and was therefore originally termed an E4 enzyme 

(222). However, further studies have shown that U-box containing proteins can promote 

poly-Ub chain assembly in the presence of only an E l and an E2 and thus were 

reclassified as novel E3s (155). U-box domain E3s appear to function in a similar manner 

to RING finger E3s in that they do not possess a catalytic cysteine residue, and most 

likely act by providing a scaffold between the substrate and the E2 enzyme.

The U-box is an evolutionarily conserved domain of approximately 70 amino acid 

residues that is present in a large number o f proteins (155). It has sequence similarity to 

the RING finger domain, but noticeably lacks the essential cysteines and histidines that 

chelate the Zn:+ ions that stabilize the RING domain. The NMR determined structure of 

the U-box domain is very sim ilar to the RING finger domain (Figure 1.9) (304). 

However, rather than Zn2+ binding sites supporting the cross-brace arrangement found in 

the RING finger, a hydrogen bonded network exists within the U-box to mediate 

structural stability and activity o f the protein. A comparison between the U-box and 

RING finger domains suggests a structurally conserved surface involved in mediating the 

interaction with E2 enzymes. Therefore for all the differences that exist between the U- 

box and RING finger domains, there appears to be a common mechanism of function.
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Figure 1.8 The low resolution structure of the APC complex.
A 24 A structure o f  the anaphase promoting com plex as determ ined by cryo-electron 

microscopy. The most prominent features and size of the complex are indicated.
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Figure 1.9 Structure of the ubiquitin-ligase U-box domain.
A ribbon diagram o f a U-box domain is shown based on the NMR analysis o f  the S. cerevisiae pre- 

mRNA splicing factor Prpl9. Core hydrophobic residues that mediate the structural stability o f  the U-box 

domain are highlighted in yellow, and the amino (N)- and carboxyl (C)-terminal ends are indicated.
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1.1.6 Poly-ubiquitin chains

Seven surface lysine residues that can allow the assembly o f poly-Ub chains are 

present on Ub (Lys6, Lysl 1, Lys27, Lys29, Lys33, Lys48 and Lys63). All seven types of 

chains have been detected in vivo, and the potential for differential signals by the 

formation of varying lengths and linkages of poly-Ub chains are exponential (316).

The best understood are Lys48 linked poly-Ub chains, which typically target the 

substrate protein for 26S proteasomal degradation (171). How ever, in addition to 

targeting for proteasomal degradation, these chains also have a multitude of other 

biological effects, such as transcriptional regulation and signal transduction (249, 292, 

387). The minimal length for proteasomal targeting has been suggested to be a chain of 4 

Ubs (Ub,) (394). The structures of varying lengths of Lys48 linked chains have been 

determined using both crystallographic and NMR methodologies (67, 68, 322, 403, 404). 

However, each structure is distinct from the other, suggesting that the Lys48 linked Ub 

chain structure is flexible. Recent NMR analysis of di-Ub chains (Ub2) and Ub4 suggests 

that poly-Ub chain conform ation depends on the solution environm ent (404). Under 

physiological conditions, Ub2 and Ub4 Lys48 linked chains adopt specific conformations. 

Ub, was shown to adopt a “closed” structure, with its surface exposed hydrophobic 

residues (LeuS, Ile44, Val70) contained within the interaction interface, while still being 

accessible for direct interactions with recognition factors (Figure 1.10A). This study also 

suggested that the distal two Ubs in Ub4 also adopt a similar conformation. Together, 

these studies have led to a hypothesis that the orientation o f U b’s hydrophobic residues 

mediate interactions with trans recognition factors.

Recent progress has been made in the understanding o f the assembly of Lys63 

linked poly-Ub chains. Synthesis o f these chains does not appear to target substrate 

proteins to the 26S proteasome. but rather to have various signaling properties (387). 

Examples include N F-kB signal transduction (81, 415), post-replicative DNA repair 

(173, 383), ribosome function (382), stress response (14), mitochondrial DNA inheritance 

(109), and endocytosis (117, 384). Recent structural analysis o f an Ub2 linked Lys63 

linked chain was perform ed in solution using NMR m ethodologies (403). Under 

physiological conditions, this structure displayed an extended “open” conformation with 

no direct contacts between the hydrophobic residues (Leu8, Ile44, and Val70) in the Ub
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F igure 1.10 N M R derived m odels o f  Lys48 an d  Lys63 linked di-U b chains.

R ep resen ta tions o f the  (A) "c lo se d ” conform ation  o f  L ys48 linked d i-U b  , and (B) the "o p en ” 

conform ation of Lys63 linked di-U b at neutral pH in solution. The side chains o f  the hydrophobic 

residues LeuS, Ile-14, and Val70 are shown as spheres. Also shown (in red) are the side chains o f Lys48 

and Lys63 residues. Figure was adapted from ref. (403.404).
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chains (Figure 1.10B). This differs from the interlinked “closed” domain created by the 

hydrophobic residues in the structure of the Lys48 linked chain (Figure 1.10A vs. B). 

Both Ubs in the Lys63 linked di-Ub chain were capable of interacting with an Ub- 

associated (UBA) domain that can be found in many Ub-interacting proteins in a similar 

manner to mono-Ub. However, these Ubs were shown to bind with much less affinity 

than Lys48 linked di-Ub, suggesting a functional relevance for the "open" and "closed" 

conformations of the chain. As mentioned above, Lys63 linked chains are assembled by 

a complex o f the E2 U bcl3, and one o f many ubiquitin-conjugating enzyme variants 

(UEV) proteins, such as Mms2. Structural analysis has shown that this complex positions 

two Ubs, one linked to U b c l3 by a thiolester bond, and the other non-covalently 

interacting with the UEV in a manner such that its Lys63 is positioned in close proximity 

to the carboxyl-terminal Gly76 of the thiolester bound Ub (271, 272. 286, 402). This is 

the first structural analysis describing poly-Ub chain assembly and it remains to be 

determined if other types of Ub chains are assembled in a similar manner.

Poly-Ub chains of Lys6, Lysl 1, Lys27, Lys29 and Lys33 have also been observed 

both in vivo and in vitro (14, 262, 316, 433). The E2 UbcH5A together with the HECT 

domain E3 KIAA10 have been observed to assemble Lys29 linked Ub chains (262,433). 

Two high affinity interacting proteins of Lys29 linked Ub chains have also been observed 

in budding yeast lysates, further demonstrating a biological role for this linkage (352). 

Additionally, the BRCA 1-BARD 1 tumor suppressor complex assembles Lys29 as well as 

Lys6 linked Ub chains (298). Auto-Ub chains formed onto BRCA1 in vivo are composed 

primarily of Lys6 linked chains and these chains are recognized by the 26S proteasome, 

where they are deubiquitinated rather than targeting the substrate for degradation (298). 

As for Lysl 1, Lys27 and Lys33 linked Ub chains, they have only been observed in vivo 

by mass spectrometry analysis, and little is known about their formation and function 

(316). The importance of ubiquitination, combined with the variety o f Ub chain linkages, 

clearly demonstrates the need for further examination of poly-Ub chain assembly.

1.1.7 Ubiquitin-binding and related motifs

The signaling properties of Ub are primarily carried out by its specific interactions 

with other proteins. The discovery of a variety of distinct Ub-binding domains, together
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with domains structurally resembling Ub, has shed some light into these processes. 

Characterized Ub-binding motifs include the Ub-associated (UBA) motif, the CUE 

(similar to a domain o f the yeast Cuel protein) domain, and the Ub-interacting motif 

(UIM) (40, 246). The UBA domain is composed of approximately 45 amino acid residues 

that was originally identified in Ub pathway proteins (such as E2s and E3s) (174). Its 

function in binding to Ub has been well established, but its specificity to distinct Ub 

chain linkages and length is under debate. Structural analysis of many of these domains 

shows a conserved large hydrophobic patch within a similarly folded domain (57, 85, 

289, 426). This hydrophobic patch has been predicted to interact with the hydrophobic 

surface o f Ub (which includes Leu8, Ile44, Val70). These UBA domains have been 

implicated in a number o f processes, including both recruitment and sequestering Lys48 

linked poly-Ub chains to and from the 26S proteasome (214. 290).

Structural analysis of the approximately 40 residue CUE domain demonstrated 

that it has a similar overall architecture to the UBA domain. NMR analysis of this domain 

in complex with Ub revealed a conserved hydrophobic patch within the CUE domain that 

interacts with the hydrophobic patch on Ub as predicted for the UBA domain (207).

The well conserved 15 residue UIM domain has been found in a number of 

different proteins, including numerous proteins involved in endocytosis (29, 330), 

proteasomal subunits (281, 434), E3s, and deubiquitinating proteins (353). UIMs of 

endocytic proteins have been observed to play a role in binding to, and promoting the 

formation o f mono-ubiquitinated targets. Proteasomal UIMs have been shown to interact 

with poly-Ub chains, whereas other UIMs have been shown to play a role in promoting 

the assem bly of poly-Ub chains. M ultiple UIMs are often found in proteins, and it 

appears that varying num bers of UIMs exhibit d ifferent binding properties to 

ubiquitinated targets. Structural analysis of a double UIM m otif within the proteasomal 

S5a subunit revealed an a-helix  that is stabilized by an unexpected amino-terminal 

hairpin turn, which contributes to its Ub binding affinity (115).

Various proteins contain domains with similarity to Ub, and are divided into 

either Ubls (as described in section 1.1.2) or non-conjugatable Ub domain proteins 

(UDPs) (150). Proteins that contain UDPs often are large poly-domain proteins. Two 

classes o f UDPs have been described: (i) the UBQ dom ain, defined by a stretch of
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approximately 45-80 residues with homology to Ub, is commonly involved in binding to 

the 26S proteasome; (ii) the UBX domain, which is approxim ately 80 residues and 

commonly found at the carboxy 1-terminus of a number o f proteins (41). The general 

function of the UBX domain remains unclear. These dom ains together with the Ub- 

binding motifs provide an attractive mode o f protein-protein interactions.

1.1.8 The 26S proteasome

The 26S proteasome is a highly conserved 2.5 MDa eukaryotic complex that is 

composed of approximately 31 different subunits (28, 324. 412). This complex catalyzes 

the degradation o f the majority of proteins in the cell. The subunits o f the proteasome 

form a 20S barrel-shaped core (the 20S core) that is capped at one or both ends by a 19S 

regulatory complex (19S cap). The 20S core is the proteolytic center o f the complex that 

catalyzes protein degradation, whereas the 19S caps are the substrate recognition 

components o f the complex. The 20S core is composed o f structurally similar rings: the 

outer a-rings, which mediate the interactions with the 19S caps, and the inner (3-rings, 

which form a proteolytic cham ber (135, 223, 421). Cleavage o f peptide bonds occurs 

within this chamber and typically peptides o f approximately seven to nine residues are 

generated, which are then hydrolyzed by downstream peptidases or are recycled to be 

presented as antigens, such as those presented by MHC class I antigens (344). Much of 

the enzymatic mechanism along with the structure and composition o f the 20S core has 

been elucidated. However, the mechanism of action o f the 19S caps remains more 

elusive.

It is the 19S caps that perform the regulatory function o f the proteasome, which 

includes the recognition o f substrates (primarily through the recognition o f attached 

Lys48 linked poly-Ub chains), removal o f poly-Ub chains from the substrate (as Ub is 

not degraded, but rather is recycled), as well as unfolding and translocation of the 

substrate into the 20S core (22, 107, 327). The 19S caps can be further sub-divided into 

lid and base complexes based on these functions. The base complex is composed of the 

proteasom e A TPase subunits, which are thought to perform  the unfolding and 

translocation function of the cap. The lid complex is made up o f the Ub recognition 

factors and the deubiquitinating activity o f the proteasome (19, 33, 126, 177, 386). A
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low-resolution structure determined by electron microscopy has provided an outline of 

the 19S caps together with the 20S core, but the arrangement of the subunits within the 

19S cap is unclear (1).

1.1.9 De-ubiquitinating enzymes

Enzymes that are capable o f catalyzing the removal o f a covalently linked Ub 

protein from either a substrate protein or a poly-Ub chain have been known for some 

time. However, only recently has significant insight been made on the functions of these 

de-ubiquitinating enzymes (6, 379). The nature o f ubiquitination relies on the function of 

de-ubiquitinating enzymes in many respects. Ub has the distinct feature o f being encoded 

as a fusion protein to either itself or a ribosomal subunit, and it is the function of de- 

ubiquitinating enzymes to process this Ub fusion protein into individual Ubs. De- 

ubiquitinating enzymes also play an essential role in removing poly-Ub chains from 

substrates prior to their proteasomal degradation. Furthermore, many processes regulated 

by Ub are dynam ic in nature, and require a balance o f Ub-conjugation and de- 

ubiquitination to ensure proper cellular function. A large num ber of genes encode de- 

ubiquitinating enzymes, suggesting that these functions are specific and highly regulated. 

Analysis of the various de-ubiquitinating enzymes has allowed for their classification into 

several groups, which include the Ub carboxyl-terminal hydrolases (UCH), the Ub 

processing proteases (UBPs) and metalloproteases (also known as the JAMM family of 

hydrolases) (425).

The UCHs contain four conserved m otifs o f approxim ately 200 residues. 

Structural analysis has revealed that the UCH active site is composed of a critical 

cysteine and glutamine residue from one motif, and histidine and aspartic acid residues 

from another motif (198, 199). Together they act catalytically to effectively attack the 

Ub-linked peptide bond in a similar manner to that of cysteine proteases. Specificity for 

Ub is achieved by a conformational change that occurs once the enzyme binds to an 

ubiquitinated target.

Many, and possibly all, UBPs remove Ub conjugates off specific proteins. The 

UBP HAUSP is a well-studied member of this group, as it functions to modulate the 

stability and function of the tumor suppressor protein p53 (243). Structural analysis of the
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approximately 40 kDa catalytic core of HAUSP has revealed important insight into the 

function of UBPs (17S). This catalytic core has a palm, thumb and finger-like hand 

structure that coordinates the targeted Ub in a manner such that its carboxyl-terminus is 

placed near the active site of the enzyme (between the palm and thumb). Despite their 

overall differences, UBPs employ a very similar catalytic mechanism to UCHs.

Metalloprotease de-ubiquitinating enzymes have very little homology to UCHs 

and UBPs, and as such were not discovered until recently. Two such proteins have been 

characterized: Jabl/C sn5 (a component of the COP9 signalosome that is involved in 

removing NeddS from cullin proteins) and R p n ll (a non-ATPase subunit of the lid 

complex of the 26S proteasome involved in de-ubiquitinating proteins prior to their 

degradation) (71, 407). These enzymes depend on a conserved histidine, aspartic acid and 

glutamic acid triad (known as the JAB1/MPN domain metalloenzyme or JAMM motif) 

that is similar to the metal binding active site of hydrolytic enzymes. A crystal structure 

of a related bacterial JAMM motif revealed that the conserved histidine and aspartic acid 

residues coordinate a zinc, whereas the glutamic acid hydrogen bonds with water (5). 

From this it was suggested that the glutamic acid might act as an acid-base catalyst in the 

attack of the Ub peptide bond.

1.2 Ubiquitin and the budding yeast cell cycle

Eukaryotic cell division entails a highly complex series of coordinated events that 

are collectively known as the cell cycle. These events are highly regulated and many 

backup mechanisms exist to ensure their faithful execution. The eukaryotic cell cycle is 

commonly divided into four "phases” : G1 phase, S phase (in which DNA replication 

takes place), G2 phase and M phase (in which chromosomal and cellular separation takes 

place) (301). The irreversible nature of the cell cycle ensures the faithful execution of 

only one stage of chromosomal replication and segregation.

The first well-characterized mode of cell cycle regulation was the discovery of a 

factor that could stimulate the initiation of meiotic entry of frog oocytes (264). This was 

called the "maturation promoting factor” or MPF, and was later found to be composed of 

a protein know as a "cyclin”. Cyclins were originally identified as proteins that were

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



periodically expressed and degraded in rapidly dividing sea urchin embryos (104). The 

timely expression and degradation of these proteins, which were termed “cyclins” , was 

essential for cell cycle progression. Cyclins were later shown to be crucial regulatory 

subunits of serine/threonine protein kinases known as cyclin-dependent kinases (CDKs) 

(277, 288). Together these complexes were observed to regulate many o f the essential 

events in the cell. The instability of cyclins during cell cycle progression suggested a 

regulated mechanism of proteolysis, which led to the discovery o f a role for the Ub 

pathway in cell cycle regulation (127). The Ub pathway rapidly emerged as one o f the 

prominent cell cycle regulatory mechanisms. Many studies over the years have compiled 

an extensive list o f cell cycle protein targets by the Ub pathway (some examples are 

shown in Table 1.2) (342). In most cases these ubiquidnated proteins are subsequently 

degraded by the 26S proteasome. thus ensuring the unidirectional progression through the 

four phases of the cell cycle.

Many o f the processes in the cell cycle are highly conserved in all eukaryotic 

cells. One of the simplest and best-characterized eukaryotic organisms is the budding 

yeast 5. cerev is ia e . The genome of 5. cerevisiae is one o f the best studied o f all 

eukaryotes. Description o f its approximately 5700 genes, together with the ease o f its 

genetic manipulation has facilitated its study (113, 209). This in combination with many 

high-throughput approaches, pioneered utilizing 5. cerevisiae cells, has promoted a more 

comprehensive study of numerous biological processes (227). As with other higher 

eukaryotic systems, S. cerevisiae cells have a cell cycle composed o f four phases: G l, S, 

G2 and M (Figure 1.11 A). Many of the regulatory proteins required for cell cycle 

progression are functionally conserved, including cyclin-CDKs (Figure 1.1 IB) and Ub 

pathway proteins. As such, the study of S. cerevisiae has helped in the discovery and 

understanding of many of the regulatory events of the cell cycle. For these reasons this 

section focuses mainly on S. cerevisiae proteins and their contributions to cell division.

1.2.1 START and the G l-S  transition

The life cycle of a yeast cell normally alternates between a homothallic (haploid) 

and heterothallic (diploid) state (165). Mating o f two haploid cells o f opposite mating 

types (MATa and M A Ta) results in the formation of a diploid yeast cell (a/a). The yeast
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Table 1.2 Cell cycle ubiquitination targets

SC F targets Organism Targeting subunit Function

Sicl/Ruml S.c./S.p. Cdc4/Pop1,2 G1/S inhibitor
Far1 S.c. Cdc4 G1/S inhibitor
Cdc6/Cdc18 S.c., S.p. Cdc4/Pop1,2 DNA replication
Swe1 S.c. Met30(?) mitosis inhibitor
Cln1 S.c. Grr1 G1 cyclin
Cln2 S.c. Grr1 G1 cyclin
Gic2 S.c. Grr1 budding
Cyclin E H.s, D.m. Cdc4/Ago G1/S cyclin
p27/Kip1 H.s., M.m. Skp2 G1/S inhibitor
p21/Cip1 H.s. Skp2 G1/S inhibitor
p130 H.s., M.m. Skp2 G1/S inhibitor
Orel H.s. Skp2 DNA replication
Emil M.m. (5-TrCP APC inhibitor
Wee1 X.l. Tome-1 mitosis inhibitor

APC targets Organism Targeting subunit Function

Pds1/Securin H.s., S.c., others Cdc20 anaphase inhibitor
Clb2 S.c. Cdc20, Cdh1 mitotic cyclin
Clb5 S.c. Cdc20 S-phase cyclin
Cyclin A metazoan Cdc20, Cdh1 S-phase/mitotic cyclin
Cyclin B metazoan Cdc20, Cdhl mitotic cyclin
Cdc20 S.c, H.s. Cdh1 mitosis
Cdc5/Plk S.c, H.s. Cdhl mitosis
Aurora A H.s. Cdhl mitosis
Dbf4 S.c Cdc20 S phase
Ase1 S.c. Cdhl mitotic-spindle dynamics
Nek2A H.s. Cdhl centrosome development
Cdc6 S.c., H.s. Cdhl DNA replication
Geminin metazoan Cdhl DNA replication
Cin8/Kip1 S.c. Cdhl mitotic-spindle motor
Xkid X.l. Cdhl mitotic-spindle motor
Hsl1 S.c. Cdc20, Cdhl G2/M transition
Skp2 H.s. Cdhl SCF component

S c (SaccfijrcxnycMCtfftfvCije), S p  {Sctuiosaccteromycespomoe). O n .  [Drosoptuia trxttanogasieQ. H s. (Homo $ap*n). M m. (Mus muscu/us). XI. {Xenopus kmve}
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Figure 1.11 The Saccharomyces cerevisiae cell cycle.

(A) Displayed are the four phases of the cell cycle: G l, S, G2 and M phases. A critical 

signal within the Gl phase, known as START, irreversibly commits the cell to proceed 

through the cell cycle. The general morphology of the cells is shown, with the nucleus in 

dark grey and the SPBs in black. Also shown in black are the mitotic spindles. (B) The 

levels of cyclin activity throughout the cell cycle are shown.
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cycle entails both periodic and continuous events that can be distinguished into intimately 

coupled pathways for budding, spindle pole body (SPB) replication and separation, DNA 

replication and division, and cytokinesis. The periodicity of these events is largely 

dependent on the timely expression and repression of genes coupled together with the 

activation and programmed proteolysis o f their gene products. More than 800 o f the 

approximately 6200 open reading frames are part of sequentially activated bursts of 

transcription, which occur periodically to form an intertwined network of transcription to 

drive the cell cycle (Figure 1.12) (58, 381).

The decision for a yeast cell to divide is made in the G l phase of the cell cycle. It 

is during this stage that the cell senses its environment for favorable growth conditions 

(such as sufficient nutrients and lack o f cellular stress). If  conditions are not favorable, 

yeast cells may exit the mitotic cell cycle and enter either a stationary phase known as GO 

(haploid yeast cells), or a meiotic cycle ultimately leading to the formation o f spores 

(diploid yeast cells) (101, 134). Stationary phase cells have a thickened cell wall, 

accumulated carbohydrates, and acquired thermotolerance, allowing them to survive for a 

long time in the absence o f nutrients (134). Similarly, meiotically formed spores are 

contained within a durable ascus, and each spore has undergone chromosomal 

recombination during m eiosis, thus favoring adaptation to adverse environmental 

conditions (101, 320). Both stationary cells and spores enter the mitotic cell cycle once 

environmental conditions are favorable.

A cell in the G l phase of the cell cycle continues growing until it reaches a 

critical cell size. The cell subsequently proceeds through a stage known as START 

(analogous to the "restriction point” in mammalian cells) at which it is irreversibly 

committed to replicate its DNA and divide into two cells (77, 151, 350). Signaling to 

proceed through START requires the proper coordination o f a num ber o f signal 

transduction networks. The interconnectivity o f these networks synchronizes the 

execution of DNA replication, budding and SPB duplication together with changing 

intracellular and extracellular environmental conditions. The G l cyclin Cln3 together 

with Cdc28/Cdkl (the only essential CDK present in budding yeast) is thought to be one 

of the primarily mediators of START signaling (86, 88).
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Figure 1.12 Waves of cell cycle transcription in S. cerevisiase cells.

The major transcription factors responsible for driving the waves o f cell cycle transcription. The 

heights o f the waves are approximately proportional to the number o f genes induced at the 

particular stage o f  the cell cycle.
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Coincident with START, a transcriptional burst o f approxim ately 120 genes 

occurs that is mediated primarily by two transcription factors: the SBF (composed of the 

Swi4 and Swi6 proteins) and the MBF (composed of the M bpl and Swi6 proteins) (87, 

176, 187, 221, 284, 285, 294). These two transcription factors induce the expression of 

many genes required for the G 1 to S phase transition. The expression o f genes include 

those required for DNA replication, SPB duplication, cell wall biogenesis, budding and 

the next wave of cell cycle transcription that occurs at the G2-M  phase transition (176, 

187). Genes within the G l transcriptional burst encode the G l cyclins C ln l and Cln2 

(that act together with Cdc28), the G l cyclins Pell and Pcl2 (that act together with 

another CDK known as Pho85), as well as the S-phase cyclins Clb5 and Clb6 (that act 

together with Cdc28) (285, 303).

Cyclin-kinase inhibitor proteins (CKIs) are important regulators o f cell cycle 

progression, particularly at the G l-S  phase transition (277, 361). One o f the best- 

characterized CKI is S ic l, which inhibits Clb-CDK activity. SIC I is transcriptionally 

induced during mitotic exit, leading to the inhibition o f the mitotic Clbs (CIb 1 Clb2-. 

Clb3- and Clb4-Cdc28 complexes) and driving the cells out o f mitosis and into the G l 

phase of the cell cycle (this will be discussed further in 1.2.3) (220, 361). S icl maintains 

the cells in G l phase by inhibiting the activity o f the S-phase Clb5- and Clb6-Cdc28 

kinases, thereby preventing the onset of DNA replication. The cell proceeds into S-phase 

by targeting Sicl for Ub-mediated proteolysis (361).

The signal for S icl ubiquitination is accomplished through its phosphorylation by 

the G l cyclin-CDK complexes (primarily by the C ln l-, Cln2- and Cln3-Cdc28 kinases, 

and partially by the Pell - and Pcl2-Pho85 kinases) (86, 299, 398). The phosphorylation 

of Sicl allows for its association with the F.box protein Cdc4, which is a subunit of the 

SCF Ub-ligase. The SCF together with the E2 enzyme Cdc34 (Cdc34/SCF) assemble 

poly-Ub chains onto S icl subsequently targeting it for proteasomal degradation (106, 

361, 408). Substitution o f the phosphorylation sites within S icl dramatically stabilizes 

the protein and causes a growth arrest resulting in the accumulation of IN DNA content 

(406). Additionally, S icl stabilization causes uncoupling o f DNA replication and 

budding, resulting in m ultiple rounds of budding and an elongated multi-budded 

morphology for these cells (Figure 1.13). It is thought that the delayed timing of the G l-S
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Figure 1.13 M orphological effects of S icl stabilization in S.cerevisiae cells.

The morphology of wild-type (WT) growing cells are shown at the top. Also shown are the elongated 

multi-budded morphologies resulting from the stabilization o f Sicl in WT cells expressing siclAP  (a 

derivative of Sicl with with alanine substitutions at potential CDK phosphorylation sites) (ref. 3 9 4 ), or 

from cdc34-2 or cdc4-l temperature sensitive mutants growing at their non-permissive temperature. 

Images were taken with 100X DIC microscopy.
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phase transition is partially accomplished through a mechanism that requires a threshold 

of S icl phosphorylation. As the cell proceeds through G l, S icl becomes more 

phosphorylated (particularly at the G l-S  transition, where Cln activity is high), thereby 

increasing the affinity for its interaction with the Cdc4 F.box component of the 

Cdc34/SCF complex (293,406).

The Cdc34/SCF complex is one of the central regulators of the G l-S  phase 

transition. Temperature sensitive (TS) mutations of the Cdc34/SCF complex were 

originally identified in screens for cell cycle mutants (95, 265, 296, 365). At their 

restrictive temperature, these cells display a cell cycle arrest with an accumulation of IN 

DNA content and replicated but undivided SPBs. Furthermore, these mutants have an 

elongated multi-budded morphology that is characteristic o f Sicl accumulation (Figure 

1.13). Deletion o f the S1C1 gene suppresses these phenotypes. For instance, cdc34-2 

s ic l A cells are capable of DNA replication and do not display an elongated multi-budded 

morphology (361). However, despite the deletion of S IC ! , Cdc34/SCF ts cells still 

display growth defects and accumulate with 2N DNA content, suggesting additional 

essential roles for this complex in cell cycle regulation.

Many key cell cycle targets other than Sicl have been characterized for the 

Cdc34/SCF complex, most of which are involved in the regulation o f the G l-S  phase 

transition. One such target is Farl, a bifunctional protein required for G l arrest and the 

mediation of cell polarity during yeast mating. Farl is thought to possess G l cyclin-CDK 

(prim arily C ln l-C dc28) inhibiting activity, although this function has not been 

definitively demonstrated biochemically (52, 120, 193. 318, 399). During the Gl phase of 

the cell cycle, Farl is in complex with Cdc24. an activator for the cell polarity mediating 

protein Cdc42. sequestering Cdc24 within the nucleus and inactivating it (44, 368). 

Export of Cdc24 from the nucleus occurs at the G l-S  transition as a result of Farl 

degradation. The proteolysis of Farl occurs in response to its phosphorylation by the Gl 

cyclin-CDKs and occurs within the nucleus through its interaction with the F.box protein 

Cdc4 (27). Poly-Ub chains are built onto Farl by the Cdc34/SCFCdc4 complex and target it 

for proteasomal degradation (27, 160). The absence of Farl allows Cdc24 to localize to 

the site o f budding, allowing for proper bud formation, actin polarization and cell cycle 

progression. During mating, however, Farl is phosphorylated by another signal, which
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does not lead to it degradation (26). In response to this signal, Farl in complex with 

Cdc24 is exported out of the nucleus, and Farl guides Cdc24 to the site of the mating 

signal, thus triggering the polarized growth of the cell to that site (forming a 

morphological structure known as a "schmoo”). An elegant model can be constructed for 

the functional control of Farl by its differential phosphorylation signals (Figure 1.14) 

(97).

As mentioned above, cell cycle progression is dependent on the periodic increase 

and decrease in cyclin-CDK activity (280). The G l-S  phase transition is largely 

dependent on the activity o f the C lnl-, Cln2- and Cln3-CDKs. As the cell cycle proceeds, 

inactivation o f the C lnl and Cln2 cyclins is dependent on their Cdc34/SCF mediated 

proteolysis (354, 358, 376, 422). Both in vivo and in vitro observations have indicated 

that the G rrl F.box protein targets the G l cyclins for C dc34/SCF dependent 

ubiquitination in a phosphorylation dependent manner (21, 217, 218, 375, 376). The G l 

cyclin-CDK complexes are capable of self-phosphorylation, resulting in their instability 

(358). However, the rates of their instability are differential, suggesting additional modes 

of regulation.

Another important target o f the Cdc34/SCF complex for cell cycle progression is 

the Cdc6 DNA replication initiation factor. Cdc6 is required for the assembly of pre- 

replicative complexes (pre-RCs) at origins of DNA replication (334). Pre-RCs mark the 

sites of replication initiation across the genome, and their proper regulation is crucial for 

genomic integrity. The assembly o f pre-RCs occurs early in G 1 phase, where there is a 

burst o f Cdc6 transcription and Cln-CDK activity is low. The increase in Cln-CDK 

activity at the G l-S  transition leads to the recognition o f Cdc6 by the Cdc4 F.box protein 

component of the Cdc34/SCFCdc4 complex (93, 94, 99). Cdc6 is then ubiquitinated by the 

Cdc34/SCFCdc4 complex and efficiently degraded (a half life o f less than 2 minutes), thus 

preventing the assembly of another round of pre-RCs. The large increase in Cln-CDK 

activity at this stage in the cell cycle suggests that Cdc6 recognition by the Cdc34/SCFCdc4 

com plex is dependent on its Cln-CDK phosphorylation. However, Cdc34/SCFCdc4 

dependent proteolysis (albeit it at a much less efficient rate; a half life of approximately 

15 minutes) of Cdc6 continues following S phase after Cln-CDK activity disappears, 

suggesting another mode of regulation for its ubiquitination at this stage of the cell cycle
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Figure 1.14 A model of F a r l function.
Farl sequesters Cdc24 in the nucleus and prevents its access to the cell periphery. (Left) During normal 

cell cycle progression Farl is phosphorylated by G l cyclin-CDKs, targetting it for ubiquitination by the 
Cdc34/SCF complex and subsequent degradation. Cdc24 is exported out o f the nucleus to the site o f bud 

form ation, where it interacts w ith and activates the Cdc42 GTPase. (Right) In response to mating 
pherom one. F arl is d ifferentially  phosphorylated by the mating signaling pathway, signaling the 

Farl/Cdc24 complex to localize to the site of the mating signal and cause the polarization of cell growth 

to this site.
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(94, 99, 317). This tightly regulated method of Cdc6 activity ensures DNA replication is 

licensed to occur only once during the cell cycle. Cdc6 is also suggested to possess CKI 

activity, and together with S icl has been shown to inhibit the activity o f the mitotic 

cyclin-CDKs (13, 49, 100). Although this role for Cdc6 is less clear, it appears to be 

separate from its role in DNA replication and is important for mitotic exit. Therefore, 

Cdc6 proteolysis by the Cdc34/SCFCJ‘;4 complex also contributes to the activation o f 

cyclin-CDK activity in mitosis.

Highly regulated mechanisms are integrated with cellular growth to cope with 

insufficiencies in required nutrients. The Cdc34/SCFCdc4 complex is central to the 

regulation o f these mechanisms through the selective ubiquitination and degradation o f 

the transcriptional activator Gcn4 (56, 185, 274). Many genes involved in regulating the 

biosynthesis o f amino acids and purines in the cell are under the strict control of Gcn4 

(34. 295). An increase in Gcn4 activity occurs under amino acid starvation as a result o f 

an increase in its translation coupled with an increase the protein's stability (168. 185). 

Gcn4 degradation is normally rapid and, as with other Cdc34/SCF targets, occurs in 

response to its phosphorylation. Two CDKs, Pho85 and SrblO, are the primary regulators 

o f Gcn4 phosphorylation. Deletion o f  both SRB10  and P H 0 8 5 ,  or mutation o f the 

potential phosphorylation sites within Gnc4, almost completely stabilize Gcn4 protein 

levels (56). The Pcl5 cyclin is thought to be the primary regulator o f Pho85 CDK activity 

with regards to Gcn4 phosphorylation (367). It has been proposed to act as a general 

sensor for cellu lar protein biosynthesis, and together with Pho85 m ediates the 

degradation of excess Gcn4. Pcl5 is itself a transcriptional target o f Gcn4, and therefore 

acts in a negative regulatory feedback loop. Alternatively, SrblO is thought to mediate the 

degradation of a smaller pool of Gcn4 that is bound to promoters of regulated genes.

Only two of the many F.box proteins that can associate into the SCF complex are 

essential for yeast cell growth. The first is Cdc4 (its functions are described in the 

previous paragraphs), and the second is Met30. Deletion o f METSO results in a Gl phase 

cell cycle arrest with a phenotype that includes an accumulation of a large unbudded 

m orphology and IN DNA content (314). The essential function for Met30 is the 

inactivation o f the bZIP family transcriptional activator Met4, as shown by the viablility 

o f a met30A met4A strain (314). The essential role that Met4 plays in cell cycle control is
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unclear. However, CLNI and CLN2 (but not CLN3) transcript levels fail to accumulate in 

met30A cells, suggesting that Met4 is involved in the transcriptional regulation of a set of 

genes required for cell cycle progression (314).

The best-defined function for Met4 is in the regulation o f genes (known as MET 

genes) responsible for the synthesis o f sulfur containing amino acids (such as methionine 

and cysteine) when cellular methionine levels are low (393). High levels of methionine 

leads to an increase in intracellular S-adenosylmethionine (SAM), which signals to target 

Met4 for Cdc34/SCFML',r'u mediated ubiquitination (202, 347). This subsequently results in 

the inactivation of Met4 function and down regulation of MET gene expression. The 

mechanism of Met4 inactivation by the Cdc34/SCFM':L,0 complex appears to depend on 

the growth medium. When SAM levels are high in minimal media (media containing 

only essential amino acids, vitamins, and salts, but no sulfur com pounds), Met4 

ubiquitination leads to its rapid degradation by the 26S proteasome (228, 347). However, 

in rich media (in which there is an abundant sulfur source) Met4 ubiquitination leads to 

its inactivation by a proteolysis independent manner (202, 228). This mechanism for 

Met4 inactivation is somewhat controversial. One group has observed that under these 

conditions polyubiquitinated Met4 specifically targets genes that increase intracellular 

SAM levels, but is not recruited to other MET genes (228). Another group, however, 

reported that stable polyubiquitinated Met4 still binds to MET gene promoters, but fails 

to recruit transcriptional co-factors to these sites (202). A Lys4S linked poly-Ub chain 

attached to only one specific lysine on Met4 (Lysl63) has been observed to mediate its 

inactivation (112). M utation o f this lysine to an arginine activates Met4 function, but 

does not stabilize M et4 protein levels, lending support to a proteolysis independent 

mechanism o f poly-Ub regulation. These are the first observations demonstrating that 

Lys48 linked poly-Ub chains possess non-proteasomal signaling properties.

Transcriptional regulation o f the G l-S  transition is highly complex and is 

m ediated by m ultiple transcription factors, transcriptional regulators and signal 

transduction networks. As mentioned above, the SBF and MBF transcription factors are 

the primary regulators of G l-S  transcription (87, 221, 284, 285, 294, 303). These two 

transcription factors are mediated in similar, but differential manners. Both transcription 

factors have a DNA binding factor (Swi4 for the SBF, and M bpl for the MBF) and a
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common transcriptional activator (S\vi6) (221. 284. 285). The coordinated cell cycle 

activity of these complexes is regulated by the common factor. Swi6 is shuttled into the 

nucleus at the G l-S  phase transition and activates both complexes for transcription (122, 

338, 372). Following SBF and MBF activation. Swi6 is exported out of the nucleus until 

the next round of the cell cycle. The SBF and the MBF have overlapping functions in cell 

cycle regulation (221). This overlap o f function is partially accom plished by the 

redundant binding to their respective recognition motifs. Swi4 normally binds to DNA 

regions known as SCB elements, whereas M bpl binds to MCB elements (335). However, 

both transcriptional complexes are able to interact with the SCB and MCB elements thus 

providing an explanation for their redundancy (312, 392). Despite the functional 

similarities between the two, differences in their expression and regulation do exist.

Signaling differences have been observed between the SBF and the MBF. The 

"cell integrity" signaling cascade (which will be introduced in detail in section 1.3) has 

been shown to mediate Swi4 specific transcription (17, 133. 157. 254). Signaling from 

this pathway activates Swi4 transcription in a Swi6 dependent and independent manner 

suggesting multiple layers o f regulation (17). Another regulator of SBF specific function 

is W hi5, which negatively regulates SBF function by specifically binding to the 

Swi4/Swi6 complex (72, 78). Cln3 mediated phosphorylation o f Whi5 following START 

promotes its dissociation from the SBF resulting in its nuclear export, and SBF activation 

(72, 78). Deletion of the WHI5 gene bypasses the requirement for Cln3 signaling in the 

cell, suggesting that it is one o f the major inhibitors the G l-S  phase transition (72, 78). 

An M BF specific regulator is S tb l. This protein acts as a positive regulator o f M BF 

function by binding to Swi6. which is thought to require Cln3 phosphorylation (73, 169). 

The differences between the SBF and M BF result in somewhat distinct transcriptional 

effects. The MBF generally targets the S-phase cyclins genes and genes required for 

DNA replication, whereas the SBF primarily targets the G l-phase cyclin genes and genes 

required for cell wall biosynthesis.

Other than "priming” the cell for DNA replication, the two other main processes 

that are initiated in G l are SPB duplication and budding. SPBs are the functional 

equivalent o f centrosomes in mammalian cells, and are required for spindle formation 

and chromosomal segregation (114, 158). SPBs are a gigadalton multi-protein complexes
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composed of six structural stacks, which span the yeast nuclear envelope (43, 302). Most 

o f the major components o f the SPB have been determined, however, much of the 

mechanism of its duplication and its dynamic regulation is unknown.

Yeast bud formation is also not very well understood, despite the characterization 

of many required events. Budding is observed as the polarized extension of the cell wall 

at a region known as the bud site (51). This occurs through a complex series of events 

that result in the localized weakening o f the cell wall follow ed by the projected 

construction o f new cell wall and plasma membrane material. Many enzymes involved in 

cell wall synthesis and transport work together with many signaling networks to mediate 

these events. A chitin ring is assembled at the junction between the mother cell and the 

bud. and is retained after the separation o f each daughter cell (45). This chitin ring is 

known as the bud scar and is useful to measure the age of the cell.

Only a subset o f the processes involved in the progression from G l into S phase 

has been discussed above. Many processes are poorly understood and much more 

research into this area is required for a better understanding of these events. Ub mediated 

regulation, particularly by the Cdc34/SCF complex, appears to be one o f the central 

regulators o f the G l-S  transition and understanding of its functionality is of great 

importance in the understanding of cell growth.

1.2.2 S phase

Several proteins are involved in mediating the structural and mechanistic aspects 

of DNA duplication and segregation. An extensive signaling network regulates these 

events, ensuring the fidelity of this process. In all eukaryotic cells, DNA replication is 

accomplished by the formation of multiple origins of replication complexes (ORCs) on 

each chromosome (96). In yeast, this occurs at DNA sequences known as autonomously 

replicating sequences (ARS) (297). There are approximately 400 ARS elements within 

the 16 yeast chromosomes. The coordinated initiation of replication forks from each ORC 

and subsequent chromosomal duplication occurs during the S-phase o f the cell cycle.

ORCs are composed of a complex o f proteins (Ore 1-6) that remain bound to the 

DNA throughout the cell cycle (48, 96, 396). Cdc6 binds to ORCs, which recruit 

minichomosome maintenance proteins (MCMs) to these sites to form pre-RCs (48, 96,
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396). The regulated changes in the assembly and disassembly o f MCMs at these sites is 

critical for the replication o f the chromosomes only once per cell cycle. After a series of 

events, the MCM complex is converted into an active helicase. which is followed by the 

action of DNA replication polymerases. Polyubiquitination of the most abundant of the 

MCMs, Mcm3. has been observed. It has further been suggested to target Mcm3 for 

proteasomal degradation in mitosis (55). Excess levels o f Mcm3 results in DNA 

replication defects, which supports this hypothesis. This may be one o f several 

mechanisms to modulate the periodic assembly o f pre-RCs.

Replication origin firing in S phase is not a random process, but rather occurs at 

each ARS only once per cell cycle. These origins can be classified as either early or late 

origins depending on their timing. The two S-phase cyclin-CDK (Clb5- and Clb6-Cdc28) 

complexes are the primary regulators of this process (362, 396,424). S ic l’s role as a Clb- 

CDK specific inhibitor is important in this process (361). The timing o f origin firing is 

largely dependent on the targeted degradation o f Sicl by the Cdc34/SCFcac4 complex, 

which subsequently activates Clb5 and Clb6 function (293, 406, 408). Deletion of SIC1 

results in an extended S-phase, fewer origins being fired and m is-segregated 

chromosomes in mitosis, resulting in genomic instability (237).

Cells often have to cope with DNA structural abnormalities, such as strand breaks 

or base m odifications that may cause inaccuracies in genom ic replication and 

segregation. Many regulatory networks that are connected to cell cycle checkpoints exist 

to prevent this from happening (96, 250). Checkpoints can be defined as a system that 

blocks the cell from undertaking the next stage in the cell cycle if the previous step is 

incomplete (152). Several DNA repair mechanisms exist within the cell to accommodate 

for improper DNA replication, and the Ub pathway has been shown to be one o f the 

major regulators for several of these mechanisms (2, 146, 175, 355).

1,2.3 G2 and Mitosis

As with all the other processes in the cell cycle, the faithful segregation of 

replicated chromosomes is dependent on the coordinated action o f a variety of events. 

Some of these events, such as SPB separation and spindle orientation, begin as early as 

the G l-S  phase transition. Other events, such the paring o f replicated chromosomes
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(sister chrom atids), parallel S phase. The events that follow DNA replication are 

primarily designed to ensure for the bipolar separation of sister chromatids.

Many features are important for sister chromatid separation. First, each sister 

chromatid has a centromere that mediates the formation of a protein complex known as 

the kinetochore (or the centrosome in higher eukaryotes), onto the DNA (268). The 

kinetochore allows for the bipolar attachment of chromosomes to the microtubules of the 

mitotic spindle and mediates their movement toward opposing poles. Second, the sister 

chromatids are paired through a protein complex known as cohesin (400). The pairing of 

sister chromatids is required for their bipolar attachment to the mitotic spindle, which 

ensures the correct segregation o f each chromosome. Third, sister chromatids are 

condensed, which shortens each chromosome helping to prevent their entanglement 

(252).

The G2 phase of the cell cycle is primarily composed of checkpoints that ensure 

that these features are performed correctly. G2 checkpoints act in response to cytoskeletal 

disruptions, or incorrectly aligned sister chromatids. They can also act in concert with 

DNA damage repair mechanisms in S phase to repair any damage that may remain 

following DNA replication (9, 240, 343). These checkpoints have sophisticated 

mechanisms of halting the cell cycle until the problems have been repaired.

Mitosis is the stage in the cell cycle at which chromosomal separation and cell 

division takes place. Mitosis can be sub-divided into four stages (Figure 1.15). Prophase 

is the first stage of mitosis, and is defined by the condensation o f the chromosomes and 

the binding o f key proteins to the kinetochores to allow for spindle attachment. Once 

attached (the attachment of the mitotic spindle to the chromosomes is sometimes known 

as prometaphase), the chromosomes are aligned at the center o f the opposing SPBs, 

w'hich is known as metaphase. The separation o f the sister chromatids is known as 

anaphase, and this stage continues until each chromosome is moved to the poles of their 

spindle and the cell starts to divide into two. The metaphase to anaphase transition is a 

very highly regulated stage in the cell cycle and many mitotic checkpoints ensure that this 

process is correctly completed. The dissolution of the spindle and the physical separation 

o f the mother cell from the daughter cell by cytokinesis, known as telophase, is the final 

stage of mitosis.
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Figure 1.15 The Stages of Mitosis.

Shown in blue are the yeast nuclei during the different stages o f mitosis. The SPB are shown in grey, 

and the chromosomes are shown in yellow.
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Regulation of all these processes depends largely on the activity of the G2-M 

cyclin-CDK complexes (C lbl-, Clb2-, Clb3- and Clb4-Cdc28) (277, 288). Deletion of 

any one of these genes does not result in significant growth defects suggesting 

overlapping functions for these cyclins (110, 123, 388). Combinatorial deletions of these 

genes have suggested a key role for Clb2, as any combination o f deletions including Clb2 

is lethal, whereas a clblA clb3A clb4A knockout strain is viable (110). Conditional 

mutants of this kind arrest as large budded cells with a 2N DNA content, no mitotic 

spindle, and replicated but not separated SPBs.

The expression patterns for the four Clb cyclins do not parallel each other. C lbl 

and Clb2 transcription is strongly periodic, peaking at the onset o f mitosis (about 10 

minutes before anaphase) (110, 132). Their transcription is part of a large wave o f cell 

cycle transcription that is mediated by a transcriptional complex that includes M cm l, 

Fkh2 and N ddl (225). Clb3 and Clb4 proteins are expressed early in S-phase and 

continue to be expressed until mitosis (110, 132). Clb3 and Clb4 have been implicated in 

the regulation of DNA replication, spindle assembly and the G2/M transition, whereas 

Clbl and Clb2 are involved primarily in mediating mitosis and mitotic exit. Measurement 

of CDK kinase activity during mitosis showed that the large majority of the activity was 

from Clb2-CDK complexes, confirming a major role for Clb2 in mitosis (132). Other 

important roles for Clb2 include the negative regulation o f bud emergence and SBF 

mediated transcription. Regulation of Clb2 activity is central to ensure the unidirectional 

movement of the cell cycle (8, 242).

The Clb cyclins are unstable proteins and are only active at defined periods during 

the cell cycle (7, 132, 366). Ub mediated proteolysis appears to be the central regulator of 

Clb function. The APC (described in section 1.1.5b), an Ub-ligase protein complex, is 

responsible for targeting the Clbs for proteolysis (147, 319). It both positively and 

negatively regulates the cell cycle by reducing the activity of Clb cyclins during the G2 

and mitotic phases, and by preventing their accumulation during the G l phase. Two 

regulatory com ponents, Cdc20 and C d h l, regulate APC function and have been 

implicated in these processes (411).

Cdc20 and Cdhl are important mediators of APC substrate selection. They are 

thought to mediate the binding o f the APC to at least two defined domains within targets:
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the D-box and the KEN box. Cdc20 is thought to mediate the interaction with D-box 

containing proteins, although recent evidence suggests a larger role for Ape 10 in this 

process (50, 313, 431), whereas Cdhl is thought to target KEN box proteins (105). 

However, this does not hold true in all cases, suggesting that the mechanism of substrate 

recognition is complex. Cdc20 and Cdhl display contrasting modes o f activation, 

allowing them  to function at different stages o f the cell cycle. Cdc20 activation is 

primarily dependent on the phosphorylation of APC subunits by CDKs (348, 349). 

Therefore. APCtdc:u activity increases simultaneous to CDK activity as cells progress 

from S-phase to G2. However, since APCLtk':o targets Clb cyclins for proteolysis it 

functions to down-regulate its own activity. Important for the transition from S-G2 phase, 

and one of the essential functions for APCCdL':u, is the Ub-mediated degradation of the S 

phase cyclin. Clb5 (369). APCCdc:u is also thought to target Clb3 for proteolysis (435, 

436). C lbl and Clb2 degradation is somewhat more com plicated as it occurs in two 

waves (23). APCCdc20 mediates the first wave during the metaphase to anaphase transition. 

The second wave occurs via APCCdhl during mitotic exit. Unlike APCCdc:o, APCCdhl 

activity is negatively regulated by CDK phosphorylation, and therefore several events 

occur to allow for efficient Cdhl mediated proteolysis. First, Clb-CDK activity lessens 

due to APCCdi;2u mediated proteolysis. Second, the protein phosphatase activity o f C dcl4  

increases towards C d h l, thereby antagonizing its inactivation (147). Third, the final 

transcriptional burst o f the cell cycle occurs, which is dependent on the Swi5, Ace2 and 

M cm l transcription factors (373). Several important m itotic exit proteins are then 

expressed, including Sicl and Cdc6, both of which inhibit Clb-CDK activity (269). The 

sum of these processes allows for the simultaneous inactivation o f Clb-CDK activity and 

the activation o f APCCdhl activity, thus targeting the rem aining Clb proteins for 

proteolysis. The increase in APCCdhl activity also targets Cdc20 for Ub mediated 

degradation, further exacerbating the down-regulation o f APCCdc2u activity (147, 319). 

This drives the cells out o f mitosis and into the G l phase of a new cell cycle.

Cyclin-CDK regulation at the G2-M phase transition is also mediated by direct 

CDK phosphorylation. In budding yeast, a kinase known as Sw el (W eel in higher 

eukaryotes) negatively regulates Clb-CDK activity by phosphorylating Cdc28 (at Tyrl9) 

(30, 371). This process is antagonized by the Mihl phosphatase (30). The negative role of
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Swel on CDK activity is normally regulated by the phosphorylation of Swel prior to the 

onset o f mitosis (370). This phosphorylation targets Sw el for ubiquitination and 

subsequent degradation. The Cdc34/SCFM<:,;'0 complex was originally determined to 

assemble poly-Ub chains onto Sw el, but recent data suggests that this process is Met30 

independent (203, 273). Observations still suggest that Swel degradation depends on the 

Cdc34/SCF complex, but the F.box protein required to target it for ubiquitination is not 

clearly known. Clb-CDK activity is required for efficient Swel degradation suggesting a 

possible negative feedback loop.

The regulation of Sw el activity is under some debate. Several studies support the 

idea that Swe 1 functions in coordinating morphogenetic effects, such as in bud formation, 

with chromosomal segregation (239). Stresses on the cell that may impose defects in 

cellular polarization or morphology, are thought to activate a checkpoint that results in 

the stabilization and activation of Sw el, subsequently leading to the inhibition of Clb- 

Cdc28. This response may be strengthened through another process that inhibits Mihl 

activity, thus delaying the cell cycle until the problems can be resolved. Collectively, 

these processes are known as the “morphogenesis” checkpoint. The cell integrity signal 

transduction pathway (described in detail in section 1.3) has been observed to be a key 

regulator o f this checkpoint (148). In contrast, Swel is also suggested to regulate cell size 

with cell cycle progression. Therefore, it thought to activate a checkpoint known as the 

“cell size” checkpoint in response to miregulation of cell size (153). Many conditions can 

impinge on cell size, including defects in morphogenetic events, thereby making it 

difficult to clearly rule out either hypothesis from the current studies.

Other than targeting Clb5 for degradation, another essential role for APCCdc:uis to 

target a regulator o f sister-chromatid separation for Ub-mediated degradation (65, 245). 

A protein complex composed minimally of S ccl, Scc3, Sm cl and Smc3 (known as 

cohesin) functions to hold sister chrom atids together prior to their separation (400). 

Complete loss of cohesin from the sister chromatids occurs upon cleavage of the Sccl 

subunit by the endoprotease E sp l. The activity of Espl (called separase in higher 

eukaryotes) is controlled though its interaction with an inhibitor known as Pdsl (called 

securing in higher eukaryotes). At the metaphase to anaphase transition this inhibition is 

relieved by APCCJc::o mediated ubiquitination and subsequent degradation o f Pdsl (64).
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This releases Espl, which then promotes the dissolution o f cohesin through the cleavage 

of Sccl. Consequently, sister chromatid separation occurs and mitosis proceeds. Several 

other important targets for both APCCdc:o and APCCdll‘ have been determined for G2 and 

mitotic progression (see Table 1.2).

A "spindle assembly” checkpoint inhibits APCCd,;:u in response to phenomena that 

may result in improper chromosomal segregation (420). The effect o f this inhibition is a 

cell cycle delay to allow for correction of the error. The mechanism of how APCul';:i1 

inactivation occurs is not entirely clear, although many proteins in this process have been 

identified.

A connection between the roles of APC0^ 20 and the Cdc34/SCFCd,;'; has been 

observed at the G2-M transition. Three alleles of the CDC4 gene (cdc4-70, cdc4-ll  and 

cdc4-16) were isolated as suppressors of the TS nuclear segregation defects of the cdc20- 

I strain indicating a genetic relationship between the two (128). These cdc4 strains, as 

well as two other CDC4  alleles (cdc4-J and cdc4-12) and a conditionally viable cdc4A 

strain displayed growth defects resulting in both G l-S  and G2-M phase transition defects 

(128). Analysis o f the cdc4-12 strain showed that it had pre-anaphase defects, such as 

short mitotic spindles. Deletion o f the S1C1 gene in these cells bypasses the G l-S  defect, 

but not the G2-M defects, as has been observed with other Cdc34/SCF TS mutants. 

However, deletion of the PDS1  gene suppresses the G2-S defects, but not the G l-S  

defects in these cells (128). This observation, together with the genetic relationship 

between Cdc4 and Cdc20, suggests a link between the G2-M  function for the 

Cdc34/SCFCd''4 complex and the degradation of P dsl. However, a direct or indirect 

relationship between the two processes has yet to be established.

Another potential connection between the Cdc34/SCF complex and mitotic 

progression is S kp l. TS alleles of the SKP1 gene (skpl-12  and skpl-4)  that display 

specific defects in the progression through mitosis have been isolated (18, 66). Cells 

carrying these alleles have a growth arrest with a large budded morphology, 2N DNA 

content, and a mixture of short and elongated spindles, among other defects. To a lesser 

extent skpl-12  cells also display a G l defect reminiscent of other SCF mutants even 

though they do not accumulate Sicl to any significant extent (18). The skp l-4  TS allele 

additionally displays chrom osomal segregation defects with no G l defects, and
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overexpression of the core kinetochore protein C tfl 3 suppresses the defects associated 

with the skpl-4  strain (66). Analysis of the yeast kinetochore revealed that Skpl is one of 

its core components, suggesting that Skpl mediates a Cdc34/SCF independent function in 

this complex (66). However, C tfl 3 is an F.box protein, which raises the possibility for a 

role for Cdc34/SCF ubiquitination in mediating this complex (351).

It is not surprising that the Ub pathway is interconnected with the irreversible 

nature of the cell cycle. Although much is known about Ub mediated regulation, much 

remains to be uncovered. This becomes evident as more cell cycle targets are identified. 

This thesis describes work uncovering novel roles for the Ub pathway in relation to cell 

cycle progression and ultimately cell proliferation.

1.3 The cell integrity signaling pathway

Yeast possess rapidly responding, highly complex signaling networks that allow 

them to adapt to and coordinate cell growth with changing environmental conditions. As 

with higher eukaryotes, yeast utilize several mitogen activated protein kinase (MAPK) 

cascades to mediate these responses (102, 103). These generally involve a series of 

sequential phosphorylation events that activate three protein kinases: a MAP kinase 

kinase kinase (MAPKKK/MEKK), a MAP kinase kinase (MAPKK/MEK) and a MAP 

kinase (MAPK). Many o f these pathways are linked to G-protein associated cell surface 

receptors that sense the changing environment. Signaling through the pathway is initiated 

by activation of the MAPKKK, which subsequently phosphorylates the MAPKK on a 

conserved serine and threonine residue resulting in its activation. Activated MAPKK 

proceeds to activate the MAPK by phosphorylating both a threonine and tyrosine residue 

within its kinase domain activation loop. Activated MAPK usually proceeds to regulate a 

number of processes, very commonly resulting in a specific program of gene expression.

S. cerevisiae possess five known MAPK pathways: (i) the mating pathway, (ii) 

the filamentous growth pathway, (iii) the high-osmolarity growth pathway, (iv) the cell 

integrity pathway, and (v) the spore wall assembly pathway (Figure 1.16) (97, 138, 157, 

166. 333). These pathways are interconnected in function and are composed of multiply 

redundant and highly complex events. A fairly good mechanistic understanding of these
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Figure 1.16 MAPK pathways in budding yeast.
There are five identified MAPK pathways in S. cerevisiae. each o f which have an unique MAPK. The 

question marks indicate that a protein kinase has not yet been identified for this step in a cascade. The 

arrows represent known or postulated steps in signal transduction.
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pathways has been accomplished from a large number o f genetic and biochemical 

analyses.

The cell integrity pathway has been shown to be a vital regulator of yeast cell 

growth (157). It is induced during morphogenic events, such as that occurring during 

periods of polarized growth, and in response to conditions that result in compromised cell 

wall integrity. The MAPK cascade components of the cell integrity pathway consist of 

Bck.1 (MAPKKK). the redundant Mkkl and Mkk2 kinases (MAPKK) and Slt2/M pkl 

(MAPK) (Figure 1.16) (138, 157). Signaling originating at the cell wall involves a variety 

of effectors that result in the regulation of the MAPK cascade and subsequently distinct 

transcriptional complexes. This leads to the regulation o f cell wall biosynthesis, 

m orphogenic hom eostasis and cell cycle progression. This thesis will introduce a 

relationship between the function o f the Cdc34/SCF ubiquitination complex and the cell 

integrity pathway in mediating cell growth, and as such, a detailed introduction of this 

pathway is presented in this section.

1.3.1 Cell wall composition

The cell wall is a rigid, but dynamic, structure that defines cell shape (46, 219). It 

is prim arily  com posed o f three interconnected elem ents: (3-glucan, chitin, and 

mannoproteins. Large linear l,3-|3-glucan polymers are the most abundant components, 

forming a structural network together with mannoproteins and branched l,6-|3-glucan. 

M annoproteins are proteins tethered to mannose polysaccharides (they are composed of 

approximately 95% carbohydrates), and are fundamental in cell wall biosynthesis (195). 

Chitin is much less abundant, but is essential for cell growth (346). It is normally 

restricted to an area surrounding an emerging bud or previous bud sites (bud scars). 

Chitin is unique to fungal cell walls and specific inhibitors o f chitin synthesis (such as 

calcofluor white) that are toxic to yeast.

M any proteins are required for to the proper form ation, deconstruction, 

regulation, and distribution o f these elements within the cell wall, many of which have a 

direct or indirect relationship to the cell integrity signaling pathway. Of these, proteins 

involved in cell wall polymer synthesis are o f particular importance. These include the 

chitin synthase enzymes CSI, CSII and CSIII, as well as the 1,3-(3-glucan synthase, which
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is composed of the catalytic subunits F ksl, Fks2 and the regulatory GTPase Rhol (Rhol 

is also a signal mediator of the cell integrity pathway, and will be discussed in detail in 

section 1.3.4) (90. 346). Several mutants that affect the general structure of the cell wall 

have been discovered. They characteristically alter the composition and architecture of 

the cell wall to compensate for defects caused by the mutation, which can include 

enhanced chitin deposition and induced expression of a number of cell wall related genes 

(such as FKS2) (331). The regulating mechanisms behind proper cell wall synthesis and 

maintenance are not well understood, but that several pathways may play roles in 

mediating cell wall integrity.

One recent study has described a cell cycle checkpoint that specifically monitors 

the integrity o f  the cell wall, termed the cell integrity checkpoint. This checkpoint 

responds to defects that result in the alteration o f the cell wall composition, such as 

mutations in the l,3-|3-glucan synthase subunit Fksl (390). In response to these defects 

the Fkh2 G2-M phase cell cycle transcription factor is down-regulated, resulting in 

reduced transcription of the Clb2 mitotic cyclin and inactivation of mitotic CDK activity 

(390). This causes a G2-M phase cell cycle delay to allow the cell to correct the damaged 

cell wall. An important regulator for this checkpoint involves the dynactin complex, as 

deletion of ARPJ results in the inactivation of the checkpoint (390). However, a specific 

signal transduction cascade that may mediate this checkpoint has not been discovered. It 

does not appear to involve the cell integrity pathway as deletion of BCK1 or SLT2 have 

no response on the checkpoint, but because of its role in cell wall biosynthesis it is 

possible that this connection has not yet been observed.

1.3.2 Cell integrity surface receptors

The rapid response of the cell integrity pathway relies on both internal and 

external signals relayed by several different proteins, and allow the cell to adapt to the 

variability of its environment. Many proteins specific for the cell integrity pathway are 

involved in sensing changes in the ex tra -ce llu lar env ironm ent, including 

W scl/S lg l/H cs77, Wsc2, Wsc3, Wsc4, Mid2. and M tll (133, 211. 340, 409). Many 

similarities exist between these proteins. First, they all have a type I transmembrane 

proteins domain. Second, they all have an amino-terminal signal sequence. Third, they
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have a serine/threonine rich extracellular domain that is heavily glycosylated and extends 

into the cell wall. Fourth, W scl, Wsc2, Wsc3 and Wsc4 all have a cysteine rich region 

located between their signal sequence and their serine/threonine rich domain (409). 

Genetic and biochemical observations suggest that these proteins act collectively and 

individually as cell surface receptors to direct the activation of the downstream cell 

integrity signal events. However, the mechanisms of how these receptors sense 

environmental conditions are not well understood.

W scl and Mid2 are probably the best characterized o f the receptors. The WSCI 

and MID2 genes have been isolated in numerous genetic screens connecting them to the 

cell integrity pathway. Strains with WSCI  or MID2  deletions share several phenotypes 

with other mutants of the cell integrity pathway. These phenotypes include caffeine 

sensitivity, a-factor (the pheromone produced by haploid a cells) sensitivity, resistance to 

calcofluor white, and sensitivity to both high and low temperatures that are osmotically 

suppressed. Osmotic suppression is thought to occur as a result o f  a decrease on the 

turgor pressure on the cell wall as the solvent concentration in the cell decreases in 

response to an increase in extra-cellular solute concentration. Additionally, many of these 

defects can be suppressed by increasing the activity o f the downstream components of the 

cell integrity pathway (190, 211, 305, 340, 409). Cell cycle progression defects are also 

observed in these mutants, specifically in the coordination o f post-START events. This is 

evident by the fact that a wscl A strain at its non-permissive temperature has undergone 

bud emergence, but not DNA replication or SPB duplication (186). Furthermore, WSCI 

is a multi-copy suppressor of defects associated with a swi4A  strain, and displays a 

genetic interaction with the Ub-conjugating enzyme Cdc34 (186), which are also 

important in the regulation of post-START events.

Several observations suggest that W scl and Mid2 have overlapping but 

differential functions. For example, activation of the downstream MAPK Slt2 by heat 

stress depends on M/D2, but not on WSCI (260, 364). Additionally, actin depolarization 

in response to a variety of cell wall stresses, as well as the activity o f the 1,3-|3-glucan 

synthase, are dependent on WSCI but not on MID2 (364). A genetic connection between 

W scl and the G-protein Ras2 has also been observed, suggesting a link between the 

cAMP pathway and the cell integrity pathway (409). Both W scl and Mid2 have been
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shown to interact with Rom2, a GDP/GTP exchange factor (GEF) that stimulates the 

activity of the GTPase R h o l. In addition, cellular extracts from wscl A  and mid2A strains 

are defective for the catalysis of GTP loading onto Rhol in vitro (321). This suggests that 

their role in sensing changes in cell wall properties is likely through the mediation of 

Rhol activity.

1.3.3 The R hol GTPase.

Rhol is a small GTP binding protein of the Ras superfamily that is essential for 

yeast cell viability. It is made up of 209 amino acid residues that share homology to 

several other GTP binding proteins in yeast (Rho2, Rho3, Rho4, and Cdc42). It functions 

primarily in processes related to cellular morphogenesis and polarity (47, 91, 92). Rhol is 

typically localized at the plasma membrane at sites o f growth, such as at incipient bud 

sites, bud lips, and the bud neck during cytokinesis (337. 432). Five direct effectors for 

R hol have been described to date: i) P kc l, which is an upstream kinase o f the cell 

integrity pathway (204. 300): ii) Fksl and Fks2. the catalytic components of the l.3-(3- 

glucan synthase (337); iii) B n il, which is involved in budding and mitotic spindle 

orientation by mediating the formation o f linear actin filaments (224); iv) Skn7. which is 

a transcriptional activator that has been implicated in cell cycle control, oxidative and 

heat stress response, and cell wall metabolism) (4); v) Sec3, which is a spatial landmark 

that mediates polarized exocytosis (137). Therefore. Rhol can be thought o f as a 

multifunctional regulator that responds to varying stimuli to mediate differential effects.

R hol is ideally suited to function as a m odulator of signaling, as it rapidly 

switches from a GTP-bound active form to a GDP-bound inactive form (47). Only the 

active form of R hol has been observed to transduce a signal to a downstream mediator, 

and therefore functions unidirectionally as it promotes the reduction o f GTP. Rhol can be 

locked into its GTP-bound active form by mutation o f a key glutamine residue involved 

in the hydrolysis of GTP (G68H) (253). Continuous activation o f Rhol is lethal to cells, 

indicating that the proper regulation of R hol activity is vital (149, 253). Activation of 

Rhol is regulated by several GTP-GDP exchange factors (GEFs) that lead to an increase 

in its GTP-bound state. The intrinsic GTPase activity o f R hol, and thus it inactivation, 

can be promoted by distinct GTPase activating proteins (GAPs). Furthermore, proteins

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



60

that inhibit the dissociation of GDP from Rhol (GDI) have also been observed to inhibit 

Rhol activity (263).

Rom l and Rom2 are the only GEFs characterized for Rhol (25, 308). They were 

isolated as multi-copy suppressors of a TS dominant negative mutant allele of Rhol 

(308). Rom2 appears be the major GEF for Rhol as deletion of the ROM2 gene results in 

TS growth that can be suppressed by the overexpression of R hol. In contrast, deletion of 

ROM!  has no obvious phenotype (308). However, overlap in their function is indicated 

by the lethality o f a roml A rom2A strain (308). The phenotype associated with roml A 

rom2A strains is very similar to that of a r h o l  A strain, which includes a growth arrest 

with a small bud morphology and high levels o f cell lysis (308). The TS rom2A strain 

exhibits sim ilar phenotypes at its non-permissive temperature, and an elongated bud 

morphology at its permissive temperature (255). As mentioned above. Rom2 interacts 

with the cell surface receptors W scl and M id2, through which signaling from the cell 

wall to Rhol is thought to originate (133, 189, 211). Rom2 activity has also been shown 

to depend on signaling from other factors, such as the phosphatidylinositol (PI) kinase 

homologue Tor2 (25), the 1-PI-4-kinase Stt4, and the 1-PI-4-phosphate 5-kinase Mss4 

(16).

Several potential GAPs for Rhol have been identified based on their homology to 

a conserved, approximately 200 residue domain (GAP domain) that is responsible for the 

stimulation of Rho-type GTPase. These potential GAPs include Sac7. Bem2. Bem3, 

Bag7, L rg l. R gal, Rga2 and Rgdl (Figure 1.17), but their roles in the regulation o f Rhol 

are not well understood. Sac7 and Bem2 are probably the best characterized of the GAPs. 

Both Sac7 and Bem2 have GAP activity for R hol in vitro, and have been implicated in 

actin cytoskeleton reorganization and maintenance of the cell wall (260). Deletion of 

SAC7  or BEM2  results in the misregulation o f signaling through the cell wall integrity 

pathw ay, but not the l,3-|3-glucan synthesis pathway, suggesting that both GAPs 

specifically regulate the Pkcl activity of R hol (260, 416). Additionally, overexpression 

of either SAC7  or BEM 2  down-regulates the cell integrity pathway (357). Despite the 

sim ilarities between the two, however, some differences are apparent. For example, 

deletion o f SA C 7,  but not B E M 2,  rescues the defects associated with rom2Ace\\s, 

suggesting that the function of Sac7 on R hol is in direct opposition to that of Rom2
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Lrg1 W

Bem2

Bem3

Sac7

Bag7

Rga1

Rga2

Rgd1

GAP Specifity

Rhol (ref.416,251)

R hol, Cdc42 (ref.357,258)

Cdc42 (ref.378)

Rhol (ref.25,357)

Rhol (ref.345)

Cdc42 (ref.378)

Cdc42 (ref.378)

Rho3, Rho4 (ref.89)

Figure 1.17 Known proteins that possess Rho-GAP activity.
Illustrated are eight known proteins that possess Rho-GAP activity. The approximate length o f each 
protein is shown, with the approximate position of the highly conserved Rho-GAP domains shown (as 

dark grey boxes).
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(357). In contrast. Bem2 has a distinct function in the morphogenesis checkpoint, and 

possesses GAP activity towards the Cdc42 GTPase (258).

Lrgl has recently been suggested to have GAP activity towards R hol, although 

such a role is not as well characterized. Yeast two-hybrid interactions between Lrgl and 

R hol, and in vitro GAP activity specific for Rhol have been observed (416). It has been 

suggested that L rgl functions in mediating both the Pkcl-cell integrity and the 1,3-|3 

glucan synthase activities of Rhol (251, 416). The analysis o f lrgl A cells has provided 

much of this insight. Deletion of LRG1 can suppress the defects associated with mutants 

o f the upstream regulators of Rhol, which include w scl A and rom2A  cells, but not the 

defects associated with downstream components, such as in bck lA  or slt2A cells (251). 

However, misregulation o f the downstream activity o f the cell integrity pathway has been 

observed in lrg l A cells, such that Slt2 is hyperphosphorylated, as in sac7A cells (251). 

Additionally, it was observed that the downstream transcriptional activity of the cell 

integrity pathway was increased (251). Interestingly, a lrg lAsac7A  strain is lethal, 

suggesting that there is some essential overlapping function between the two (251). These 

results have been disputed by other observations, suggesting that deletion o f LRG1 does 

not affect the downstream activity of the cell integrity pathway, but rather specifically 

affects l,3-|3-glucan synthase activity (416). This last study showed that deletion of LRG1 

suppresses the defects associated with a rhol-2  TS mutant strain, and a fksl-1154 fks2A  

strain. This study also observed that out o f all the potential RhoGAPs, Lrgl was the only 

one that regulates 1,3-|3-glucan synthesis.

Bag7 is the only other GAP that has been studied. It has been confirmed both in 

vivo and in vitro to have GAP activity towards Rhol (357). Bag7 is highly homologous to 

Sac7, and when over-expressed can partially complement the defects of xac7Acells. 

However, unlike Sac7, its over-expression does not downregulate the cell integrity 

pathway (357). These observations suggest that Sac7 and Bag7 have overlapping but 

distinct functions. The functions of the other potential GAPs remains to be determined, 

but from what has been observed from the studied GAPs it appears that each regulate 

Rhol activity differentially, directing its function to the appropriate place and time during 

cell growth.
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1.3.4 The Pkcl kinase

The central regulator of the cell integrity pathway is the only yeast protein kinase 

C (PKC) homologue. Pkcl. It is thought to be pivotal in cell cycle progression and in 

responses to environmental conditions through its role as an upstream activator of the 

MAPK phosphorylation cascade. Analysis of pkc l A cells demonstrates its significance in 

mediating cell wall formation, as these cells display a modified cell wall structure (310). 

Deletion o f the PKC1 gene also results in a growth arrest with a small bud morphology 

and replicated DNA, which can be partially rescued by osmotic stabilization like many 

other mutants of the cell integrity pathway (238). Unlike the downstream components of 

the cell integrity pathway, however, p k c l  A cells display severe growth defects even in 

the presence o f osmotic stabilization, suggesting that Pkcl plays other roles in cell 

viability.

A nalysis o f the amino acid sequence o f yeast Pkcl reveals many similar 

functional dom ains to its mammalian hom ologues. The most obvious are a kinase 

domain, two cysteine rich zinc-finger dom ains implicated in diacylglycerol (DAG) 

binding, a calcium-dependent phospholipid binding domain, a carboxyl-terminal region 

thought to control intracellular localization, a pseudosubstrate site, and two amino- 

terminal HR1 domains that are involved in binding to GTP binding-proteins (276). The 

activity o f PKC in mammalian cells is dependent on Caz* and DAG binding, but such 

regulation has not been described for yeast Pkcl (12). The DAG binding site within Pkcl 

is important for its activity, but the reason for this is unclear.

The activity o f Pkcl in the regulation of the cell integrity pathway depends on its 

activation by the GTPase Rhol. GTP-bound active Rhol can interact with Pkcl leading 

to the activation of Pkcl kinase function (204, 300), as well as its proper localization 

(10). Dom inant m utations within the pseudosubstrate domain o f Pkcl can suppress 

phenotypic defects within TS rho l  strains further supporting the function o f Rhol in 

Pkcl activation (300). Activation o f Pkcl can also occur in response to signals from 

cyclin-Cdc28 (256). It has been suggested that as cells pass through START in the cell 

cycle, cyclin-CDKs (most likely Cln3-Cdc28) activate Pkcl and the cell integrity 

pathway, contributing to an increase in cell cycle regulating transcription (see section 

1.3.7). Activation o f Pkcl results in an increase in its kinase activity, and genetic analysis
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of the cell integrity MAPK pathway has suggested that Pkcl specifically targets the 

MAPKKK B ckl. In doing so, Pkcl controls the activation o f the MAPK phosphorylation 

cascade (184).

1.3.5 The M APK phosphorylation cascade

The central components of the cell integrity MAPK pathway were primarily 

discovered by the genetic analysis of the downstream regulation events of Pkcl (184). 

The MAPKKK Bckl was first identified by analysis of a hyperactive mutant allele, 

which suppressed the defects of a pkcl A strain (234). The redundant MAPKKs M kkl and 

Mkk2 were identified as multi-copy suppressors o f the p k c l  A  strain (184). The MAPK 

Slt2 was identified as a multi-copy suppressor of the defects associated with both 

p k c lA a n d  b c k l  A strains (233). Two-hybrid analysis identified interactions between 

Bckl and M kkl, between Mkkl and Mkk2, and between Mkk2 and Slt2, thus supporting 

their relationships in the cell integrity pathway (311, 380).

Deletion of BKC1 (234), SLT2 (184, 233, 259), or both M K K l  and MKK2 (but 

not individual MKK1  or MKK2  deletions) (184) results in TS lysis defects that can be 

suppressed by osmotic stabilization, sim ilar but less severe to that o f a pkclAstxain. 

Haploid bckl A cells also display morphological defects, which include inconsistencies in 

cell size and defects in schmoo formation in response to mating factor. In contrast, 

diploid bckl A  cells display poor viability and sporulation defects under limited nutrient 

conditions, suggesting a role for Bckl in meiotic entry (74, 75). Deletion of SLT2 results 

in an accumulation o f round cells that have a small bud, sensitivity to lysis, sensitivity to 

caffeine, and delocalization of actin and chitin (233, 259, 397).

The best-studied protein of the cascade is Slt2. Its function depends on a lysine 

residue (Lys58) that lies within its ATP binding, active site (259). Activation of Slt2 is 

thought to depend on phosphorylation of one of its threonine (Thrl90), and to a lesser 

extent a tyrosine (Tyrl92) residue, both of which are conserved in most MAPKs (233). 

Generally, the phosphorylation status of Slt2 correlates with its downstream activity. 

However, several observations indicate that this is not an absolute, indicating that other 

modes of regulation exist (42, 261). Nonetheless, the activation o f Slt2 is commonly
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measured by the level of its phosphorylation, which can be detected by an antibody 

specific for the dually phosphorylated form of the protein (79).

1.3.6 Cell integrity pathway phosphatases

Since signaling through the cell integrity cascade is mediated by protein kinases, 

it is not surprising that many phosphatases are also linked to the proper function of the 

pathway. The most upstream acting phosphatase is Sit4. The SIT4  gene encodes a 

serine/threonine protein phosphatase of the PP2A-like family (15). It down-regulates 

Pkcl activity and thus cell integrity pathway signaling (11). Deletion of SIT4 results in 

G l-S  phase cell cycle defects (389). Consistent with this, Sit4 is implicated in the 

regulation o f the SBF transcription factor (84). A genetic relationship between SIT4 and 

the Ub pathway has also been observed. Combinations o f sit4  mutants together with 

proteasomal mutants or mutants in the Ub-conjugating enzymes Cdc34 or Rad6 results in 

synthetic lethality on minimal medium (374). These synthetic lethal combinations result 

in growth arrest with a large unbudded morphology and IN DNA content. Similar to 

mutants in the cell integrity pathway, synthetic lethal combinations of mutants that 

include SIT4 are redeemed by osmotic stabilization. Furthermore, it has been shown that 

Sit4 is not a target o f the Ub pathway, but rather the two work functionally in parallel 

(374).

The redundant type I related protein phosphatases Ppz 1 and Ppz2 have also been 

implicated in the regulation of the cell integrity pathway. Deletion o f both PPZ1 and 

PPZ2 results in TS cell lysis defects and caffeine sensitivity that can be osmotically 

suppressed, sim ilar to the defects in cell integrity mutants (232, 332). Additionally, 

overexpression of either Ppzl or Ppz2 suppresses the defects associated with s l t lA ov  

pkcl A cells (232). Although the target(s) for Ppzl and Ppz2 in the cell integrity pathway 

have not been identified, they appear to positively regulate the pathway.

Several phosphatases have been shown to negatively regulate the cell integrity 

pathway by targeting active Slt2. These include the protein-tyrosine phosphatases Ptp2 

and Ptp3, and the dual specificity phosphatases Msg5 and Sdpl. The Ptp2 and Ptp3 

tyrosine phosphatases have a somewhat redundant function in targeting a number of 

MAPKs, one o f which is Slt2 (266). A connection between the cell integrity pathway and
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these phosphatases was initially deduced by the ability of Ptp2 to act as a multi-copy 

suppressor of the defects caused by the expression o f hyperactive mutants of bckl  or 

m kkl  (266). Further characterization led to the observation that Ptp2 and Ptp3 could bind 

to, and dephosphorylate, active Slt2. The predominantly nuclear localization o f Ptp2 

suggests that active Slt2 might be primarily localized in the nucleus o f the cell (266).

D ual-specificity phosphatases, such as M sg5 and S d p l, have the ability to 

dephosphorylate both the active site threonine and tyrosine residues of MAPKs. Msg5 

and Sdpl are essential at maintaining low levels of signaling through the cell integrity 

pathway under normal growth conditions (111, 144). Deletion o f SDP1  has been 

observed to exacerbate the growth defects associated with a hyperactive mutant of m k k l , 

whereas over-expression of SDP1 suppresses these defects (144). Consistent with a role 

in mediating the cell integrity pathway the deletion o f MSC5  increases cell sensitivity to 

cell wall interfering compounds (111). Under normal Slt2 activating conditions, Slt2 has 

been shown to phosphorylate Msg5, which results in a decreased association between the 

two. thus providing a mechanism by which Slt2 regulates its own activity (111, 260).

1.3.7 Transcriptional targets

Several downstream effectors of the cell integrity pathway have been observed, 

m ost o f which are involved in mediating transcriptional responses. Although many 

transcription factors may be regulated at some level by the cell integrity pathway (for 

example the M BF, Skn7, Msn2, Msn4 and Crzl transcription factors) only two of them 

(Rlm l and SBF) have been observed to be direct targets o f the MAPK cascade.

The function of the Rlm l transcription factor was originally identified through a 

genetic relationship with various components of the cell integrity pathway (417). 

Deletion of the RLM1 gene suppresses the defects associated with the uncontrolled up- 

regulation of the cell integrity pathway as a result o f the expression o f a hyperactive 

M kkl mutant (417). Deletion of RLM1 also causes caffeine sensitivity, which is similar 

to other cell integrity pathway defects. The expression of a fusion protein that has the 

transcriptional activation domain of Gal4 replacing that o f R lm l, constitutively activated 

a R lm l specific transcriptional program, and was observed to suppress the defects 

associated with bckl A and slt2A cells (417).
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Analysis o f the 676 amino acid sequence of R lm l reveals that it possesses an 

amino-terminal MADS (Mcml-Agamous-Deficiens-serum response factor)-like DNA 

binding domain and a carboxyl-terminal transcriptional activation domain, which are 

connected together by a Slt2 phosphorylation domain (418). A direct interaction between 

Slt2 and Rlm l has been observed using a yeast two-hybrid assay (417). Furthermore, the 

transcriptional activity o f R lm l is dependent on the presence o f  Slt2, as revealed by 

transcriptional reporter assays and DNA-array filter studies (200, 201). R lm l has been 

observed to regulate at least 25 genes (Table 1.3), most of which are involved in the 

regulation of cell wall metabolism. The transcription o f these genes has also been shown 

to increase when the cell integrity pathway is stimulated, such as in response to heat 

shock and by over-expressing R hol, P kcl, or a hyperactive M kkl mutant (200, 345). 

Global microarray studies on cells that have undergone cell wall damage have also 

revealed several other genes that are potentially regulated by R lm l and the cell integrity 

pathway (31, 118). Analysis o f the promoters o f these genes has revealed a putative Rlm l 

binding site, CTA(A/T)4TAG. Mutation o f this sequence in the promoters o f these genes 

alters their expression levels confirming its importance for R lm l induced transcription 

(201).

The importance of the cell integrity pathway in mediating cell cycle progression 

has been observed on many occasions. As mentioned above, Pkc 1 activation is partially 

dependent on the cell cycle activity of cyclin-CDKs. Genetic studies have connected this 

activation to a role in m ediating cell cycle progression by regulating the SBF 

transcription factor (composed of Swi4 and Swi6; described in section 1.2.1). Analysis of 

swi4A cells provided the initial relationship, as these mutants display TS cell lysis defects 

and sensitivity to compounds that weaken the strength of the cell wall (254). Further 

connections are suggested by the synthetic lethality o f p k c l  A swi4A  and slt2A s\vi4A 

cells, and by the observation that overexpression of PKC1  that suppresses the defects 

associated with swi4A cells (133, 182, 183, 254). Additionally, defects associated with 

slt2A cells are suppressed by overexpression o f SWI4 , or the SBF targets PCL1 or PCL2 

(254).

C o-im m unoprec ip ita tion  analysis, to gethe r w ith  in vivo and in vitro 

phosphorylation assays have indicated that Slt2 can interact with the SBF, and lead to the
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Table 1.3 Identified Rlml target genes

Gene Potential R!m1 binding site

CHS3 -208 (ATAAAAATAG)

PST1 -1 34 (ATATAAATAG) -305 (CTAAAAATAG) -639 (CCATAAATAG)

SED1 -207 (TTAI I I I I AG) -294 (CTAAAAATAG) -480 (CTAAAATTAG)

CRH1 -216 (ATATAATTAG) -359 (GTAAAAATAG) -711 (CTATTTTAAG)

BGL2 -219 (CTAI I I I I AG)

MPK1 -233 (TTAAAAATAG)

SEC28 -500 (TTATAAATAC)

YIL117C -224 (CTAAAAATAA)

CIS3 -766 (GTATAAATAG) -992 (CTAATTATGG)

PIR2 -223 (CTAAATTTAG) -587 (CTATAATTAG)

CWP1 -386 (CTAAAAATAG) -438 (CTAAAAAAAG)

MLP1 -359 (TTAAAAATAG) -510 (ATAAAAATAG)

PIR3 -251 (CTAAAAATGG) -280 (CTAATTATAG)

PIR1 -222 (CAAATATTAG) -356 (CTAAAAAAAG) -374 (CCAATTATAG)

YLR194C -149 (TTAI I I I I AG) -1 94 (CTATAATTAG) -217 (CCAAAAATAG)

FKS1 -424 (CTAAAAAAAG)

SSR1 -21 9 (CTGTATATAG) -282 (CTATTTATAG)

DFG5 -1 34 (ATATAAATAG) -305 (CTAAAAATAG) -639 (CCATAAATAG)

YMR295C -130 (TTATTAATAG) -328 (ATAAAAATAG)

YNL058C -123 (TTATATTTAG) -151 (GTATAATTAG)

PGK1 -609 (CTATTATCAG) -851 (GTAI I I  I I AG) -927 (ATAATAATAG)

CTT1 -705 (GTAATAATAG)

S  P S  100 -600 (TCAI I 11 I AG)

YGP1 -428 (CGAAAATTAG)

YOR382W -1 24 (GTATAATTAG)

G enes induced by Rlml are  shown above dotted line, genes down-regulated by Rlml a re  shown below the dotted line.
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phosphorylation o f both S\vi4 and S\vi6 (17). Chrom atin imm unoprecipitation 

experiments have indicated that Slt2 is recruited to the promoters of distinct SBF genes 

following the activation of the cell integrity pathway (.17). Interestingly, global 

microarray analysis has revealed that certain genes are uniquely regulated by S 112- 

dependent Swi4 activation, independent of Swi6 (17). The majority of these genes are 

crucial for cell wall metabolism suggesting multiple modes of SBF cell cycle regulation. 

Therefore, it appears that cell integrity signaling is directly integrated with cell cycle 

progression, particularly at the G l-S  transition.

It has been suggested that differing signals through the cell integrity pathway are 

involved in mediating distinct transcriptional responses. There is considerable overlap 

between many of the genes regulated by the Rlm l and SBF transcription factors, lending 

support to this hypothesis. Knr4. a protein known to be involved in mediating cell wall 

integrity has been implicated in regulating the transcriptional signal through the cell 

integrity pathway. Deletion o f K N R 4  results in a decrease in R lm l dependent 

transcription, and also results in an increase in SBF dependent transcription (261). A 

direct interaction between Knr4 and Slt2 has been observed, suggesting that Knr4 might 

regulate transcription by directing the activity of Slt2 (261). This uncoupling of Rlml and 

SBF transcription further supports the idea o f different signals mediating different 

transcriptional responses. However, very few other studies have addressed this issue.

As mentioned above, the cell integrity pathway is indirectly involved in the 

regulation of several other transcription factors. The best relationship is probably with the 

transcriptional regulator Skn7. An obvious link is that Skn7 directly interacts with Rhol 

(4). This interaction is o f considerable interest as Skn7 is thought to reside in the nucleus, 

and Rho 1 at the cell surface. Nevertheless, a role for Skn7 in regulating cellular integrity 

appears to be important as a skn7A pkc l  A strain is lethal (36). Furthermore, SKN7  can act 

as a multi-copy suppressor of p k c l  A defects, suggesting that Skn7 and Pkcl have some 

parallel functions (36). Skn7 is an interesting protein, as it possesses both signaling and 

transcriptional properties. It has been implicated in the regulation o f the cell cycle, cell 

wall m etabolism , and in heat shock response, and is thought to be involved in 

coordinating signals from a variety o f pathways, including the HOG and the cell integrity 

pathways (32, 37, 287. 339).
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Transcriptional control by Skn7 is very diverse, as it acts on several transcription 

factors. A role for mediating the cell cycle is apparent from genetic interactions with the 

SBF and M BF transcription factors. The synthetic lethality of swi4A swi6A cells can be 

overcome by overexpression of SKN7, which restores the expression o f the CLN1 and 

CLN2 genes (287). Overexpression of SKN7  on its own is toxic to cells, and this can be 

suppressed by deletion of MBP1 , suggesting a relationship between the two (32). A direct 

interaction between Skn7 and M bpl has been observed both in vitro and by two-hybrid 

analysis (32). In addition. SK N 7  is required in order for a s w i ^  swi6A  strain to be 

suppressed by over-expression o f MBPI  (32). Skn7 is not a component o f the SBF or the 

MBF, but together these observations suggest that Skn7 plays a role in their regulation.

The Ca2" regulated transcription factor Crzl also appears to be regulated by Skn7. 

Skn7 genetically interacts with calcineurin. a Ca:* and calmodulin dependent phosphatase 

(423). Deletion of SKN7, in combination with inactivation of calcineurin (by deletion of 

one o f its essential components), results in sensitivity to a variety o f stress factors. 

Interestingly, inactivation of calcineurin together with the inactivation of the cell integrity 

pathway {pck lA  or sltlA )  results in lethality (423). Deletion o f SK N 7  also results in a 

decrease in C rzl regulated transcription (423). Several genes regulated by C rzl are 

involved in cell wall metabolism (such as FKS2), implicating it in mediating cellular 

integrity. It appears that Skn7 regulates Crzl by stabilizing its protein levels. When SKN7  

is absent, Crzl is efficiently degraded, likely by the Ub pathway (423).

Another role for the cell integrity pathway in transcription involves the regulation 

of the transcriptional silencing protein Sir3. Silencing in yeast is dependent on four Sir 

proteins that alter chromatin structure to silence transcription at various chromosomal 

locations, including the telomeres, the silent-mating-type cassettes and ribosomal RNA 

genes (119). Slt2 has been shown to phosphorylate Sir3. which alters the distribution of 

silencing and leads to a decrease in the life span of the cells (341). It has previously been 

shown that Sir3 phosphorylation results in reduced telomeric silencing, increased 

telomeric cell wall gene expression and increased cellular stress resistance (3): this could 

be a mechanism by which the cell responds to varying environmental conditions.
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1.3.8 Other features

It appears that the primary role of the cell integrity pathway is mediating cell wall 

integrity. However, this pathway has also been implicated in the regulation of other 

cellular tasks, such as in SPB duplication, morphogenesis checkpoint and, possibly, Ub 

recognition by the 26S proteasome. It is unclear if these roles are independent o f the other 

functions of the pathway, and will therefore be discussed in this section.

The initial events in SPB duplication require the function o f its integral 

components K arl, Cdc31 and Spcl 10 (158). Several genetic interactions between these 

proteins and the cell integrity pathway have been observed, thus implicating this pathway 

in their regulation. Overexpression of W SC L M1D2 or PKC I  rescued the temperature 

sensitivity of k a r L  cdcSl  and spc l  10 mutants (212). With the exception o f cdc31 TS 

mutants, all the SPB mutants that have been tested are synthetically lethal with slt2A and 

a p k c l  TS mutant (212). It was proposed that this genetic relationship was unrelated to 

the cell wall related function of the cell integrity pathway, as most o f these TS mutants 

did not display cell lysis defects. However. cdc31  and k a r l  TS m utants also show 

synthetic lethality with s\vi4A suggesting a possible connection (212). In fact, SBF is a 

central transcriptional regulator of many SPB genes, further strengthening the connection 

(176). An argument against this has been made by the fact that transcript and protein 

levels of Cdc31, Karl and Spcl 10 are unchanged in cell integrity pathway mutants, 

suggesting a direct mode of regulation of these proteins by the pathway (200).

A relationship with Rad23 and Dsk2. both o f which are Ub-like domain- 

containing proteins, has been suggested by studies o f the SPB (212). Rad23 and Dsk2 

were originally identified as being important in mediating SPB duplication, but were later 

found to have more diverse functions such as recruiting poly-Ub chain linked proteins to 

the 26S proteasome (98, 214). Deletion o f RAD23 and DSK2 results in a TS block in SPB 

duplication and overexpression o f WSCI  and PKC1 was found to suppress these defects 

similarly to those o f other SPB mutants (212). This suggests a function for the cell 

integrity pathway in mediating the activity o f these proteins either at the SPB or 

elsewhere.

Another important function for the cell integrity pathway is in the regulation of 

the morphogenesis checkpoint of the cell cycle. As mentioned above (in section 1.2.3),
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the morphogenesis checkpoint responds to morphogenic defects that can occur due to 

environmental stresses that result in the depolarization of the actin cytoskeleton (239, 

241). In response to these defects, progression from the G2-M phase of the cell cycle is 

inhibited so that the cell can adapt to the environmental conditions. This checkpoint relies 

on the inactivation o f Cdc28 through its Sw el-dependent phosphorylation. Normally, 

Swe 1 protein levels are reduced at the G2-M transition by Ub-mediated proteolysis, and 

are counteracted by the function of the phosphatase M ihl (210). However, in response to 

the m orphogenesis checkpoint Swel is stabilized and M ihl is inactivated, therefore 

promoting Cdc28 phosphorylation and cell cycle inhibition (239).

The function of the checkpoint has been observed to be dependent on the cell 

integrity pathway, but interestingly only the pathway from Rhol to Slt2 is required (148). 

Deletion o f the upstream components {M ID I, WSCI  and ROM2)  or the downstream 

transcription factors (S W I4  and R L M I )  had no effect on the checkpoint, whereas 

disruption of the function of any one the other signaling components severely disrupted 

the ce ll's  ability to respond to defects that would induce the checkpoint. An increase in 

signaling through the pathway normally occurs in response to checkpoint inducing 

conditions, leading to an increase in Slt2 phosphorylation (148). Swel protein levels in 

these cells do not change significantly, therefore suggesting that the cell integrity 

pathway might directly down-regulate M ihl function to contribute to the cell cycle delay 

mechanism. This hypothesis is supported by a slt2A m ih l A strain, which displays no 

defects in the checkpoint (148).

An additional connection between the morphogenesis checkpoint and the cell 

integrity pathway was observed from the analysis of the RhoGAP Bem2. Deletion of 

BEM2  results in reduced levels of Cdc28 phosphorylation and, consequently, a defective 

checkpoint. However, Slt2 phosphorylation is unchanged, and Sw el protein levels are 

normal in these cells (258). Furthermore, the role for Bem2 in the checkpoint does not 

require its GAP domain, but instead requires its amino-terminal domain. Together, these 

observations suggest that Bem2 might participate in an independent regulatory pathway 

for the activation of the checkpoint.
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1.4 Overview of the thesis

This thesis focuses primarily on the study of the Ub-conjugating enzyme Cdc34 

and its functional partner the SCF Ub-ligase. The specific objectives were to provide 

insight into the mechanism by which Cdc34 catalyzes the assembly of poly-Ub chain 

assem bly, and to expand on our knowledge o f the known physiological roles o f this 

enzyme and of the SCF complex.

The work in Chapter 2 reveals important mechanistic insight into the function of 

Cdc34. This chapter describes that Cdc34 self-association is a crucial event in the 

assembly o f poly-Ub chains. Critical residues within Cdc34's catalytic domain, which are 

responsible for mediating this interaction, were determined, including the catalytic 

cysteine residue involved in forming the thiolester bond with Ub. The Ub thiolester 

linkage is described as the key mediator o f Cdc34 self-association, a conclusion 

supported by the analysis o f the interaction under thiolester reducing conditions, and by 

the dimerization of Cdc34~Ub thiolester in vitro. My results together with other studies, 

indicate that the formation of Cdc34~Ub thiolester determines its distinct mode of action, 

and may provide a general model by which E2 enzymes assemble poly-Ub chains.

Chapter 3 describes a novel essential function for the Cdc34/SCF complex in 

mediating the integrity of the S. cerevisiae cell wall. Temperature sensitive mutants of 

CDC34  and the SCF component CDC53 are shown to display defects consistent with a 

role in mediating the cell integrity signal transduction pathway. Several genetic and 

biochem ical observations also suggest that m isregulation o f signaling through this 

pathway occurs in these mutants, which contributes significantly to the cell growth 

defects associated with these cells.

The work in Chaper 4 describes the roles of the Cdc34/SCF complex in mediating 

transcription. This chapter addresses the effect caused by the misregulation of the cell 

integrity pathway on transcription. Temperature sensitive mutants o f CDC34 and the SCF 

component CDC53, which are defective in cell integrity signaling, display an induction 

o f downstream gene expression o f this pathway, linking Cdc34/SCF function to these 

transcription responses. Furthermore, this chapter describes the global role o f the 

Cdc34/SCF complex in mediating transcription by examining gene expression in the
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cdc53-l  and cdc34-2  temperature sensitive mutants by DNA microarray analysis. A 

variety of transcriptional effects were observed in these cells.

Finally, Chapter 5 summarizes and discusses the data in this thesis, and introduces 

some related results that may help direct future work.
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CHAPTER 2 -  Cdc34 self-association is facilitated by Ub thiolester and 

is required for its catalytic function*

* Portions of this chapter have been adapted from (25)' and (24).

1 Copyright © 2004. the American Society for Microbiology. All rights reserved.

2.1 Introduction

Many important processes in eukaryotic cells are regulated by the covalent 

modification o f protein targets by the highly conserved protein ubiquitin (Ub). This 

modification consists of a cascade of events involving three enzymes/enzyme complexes 

that activate and transfer Ub to appropriately selected targets (11). In an ATP-dependent 

first step, the Ub-activating enzyme (E l)  activates Ub by form ing a high-energy 

thiolester bond between its active site cysteine and the carboxyl-term inus o f Ub. 

Subsequently. Ub is transferred to the active site cysteine of an Ub-conjugating enzyme 

(E2) via a transthiolation reaction. E2s in conjunction with an Ub-ligase enzyme (E3) 

bind a protein target and transfer Ub to a lysine residue of the target. E3s comprise a 

diverse group of proteins frequently consisting o f multi-subunit complexes that function 

to provide the target recognition component of E2"E3 complexes. Once the initial Ub has 

been linked to the target, a lysine residue of that Ub may function as the site for further 

ubiquitination. Repetition of this process is thought to lead to the formation o f poly-Ub 

chains linked to a target. These Ub chains can initiate a variety o f actions, most often 

targeting the modified protein for degradation by the 26S proteasome (26).

The specific mechanism by which poly-Ub chains are assembled is poorly 

understood. Proper coordination of the E2~Ub thiolester, the E3 and the target protein are 

required for target recognition, target ubiquitination and subsequent poly-Ub chain 

assembly onto the target. One model has proposed that E2s form multimeric complexes 

with themselves to facilitate poly-Ub chain assembly (23). Evidence supporting self

association and hetero-association of E2s has been reported. Several groups have 

observed that purified E2s can self-associate into dimers or higher order complexes in 

vitro (7, 20). Furthermore, purified Caenorhabdith elegcins U bcl (13), as well as S.
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cerevisiae Ubc4 (9) and Cdc34 (21) proteins can be crosslinked to themselves in vitro to 

form higher order complexes. In vivo evidence for such interactions also exists with the S. 

cerevisiae Ubc7 protein, which interacts with itself based on two-hybrid analysis (4). The 

in vivo observations made by Chen et al. (4) that the turnover of the S. cerevisiae M ATa2 

transcriptional regulator strongly correlates with this interaction suggests that it may be 

relevant.

The relationship between E2-E2 interactions and E2 function is not entirely clear. 

Silver et al. have presented a model based on genetic evidence suggesting that the 

function of the S. cerevisiae Cdc34 protein may be dependent on its interaction with itself 

(23). Cdc34 has generated much interest in recent years due to its essential function in 

cell cycle regulation. Together with the SCF (made up of Skp-C ull-R bxl/H rtl-F .box) 

Ub-ligase. Cdc34 targets a number o f key cell cycle proteins for ubiquitination. allowing 

for proper cell cycle progression (5. 6. 22. 27). Cdc34 consists of a typical E2 catalytic 

domain, but also possesses a number o f distinct features that differ from other E2s, which 

mediate its unique function. These features include an 8-residue amino-terminal and a 

126-residue carboxyl-terminal extension from its core catalytic domain. In particular, the 

first 38 residues of the carboxyl-terminal extension have been implicated in Cdc34's 

interaction with the SCF Ub-ligase. Several other distinct features also exist within 

Cdc34's catalytic domain, including two distinct serine residues (Ser73 and Ser97), as 

well as a 12-residue insert.

In this Chapter, I report evidence that Cdc34 self-associates in vivo and in vitro. 

Key residues involved for this interaction are also identified that are important for 

Cdc34’s function in vivo, as well as for its ability to build poly-Ub chains in vitro. 

M oreover, these residues overlap with residues that are important in Ub thiolester 

formation. I also show that self-association is disrupted under reducing conditions that 

disrupt Cdc34~Ub thiolester. Analysis o f Cdc34~Ub thiolester in vitro indicates that Ub 

thiolester facilitates Cdc34 dimerization, thereby promoting the assembly of poly-Ub 

chains. The results in the chapter emphasize the importance of Ub thiolester formation in 

defining Cdc34’s catalytic function.
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2.2 Results

2.2.1 Cdc34 self-associates

Our lab has previously shown using crosslinking studies that purified Cdc34 is 

capable o f self-association in vitro (21). Our genetic observations have also suggested 

that Cdc34 may self-associate in vivo (21, 23). To investigate these observations further, I 

carried out crosslinking reactions using prepared whole cell lysates from cells expressing 

Cdc34 amino-terminally tagged with the Flag epitope, Flag-Cdc34. Flag-Cdc34 was 

expressed in a wild-type yeast strain from a high-copy plasmid under control o f a 

galactose inducible promoter. Cells were grown in galactose media, harvested and lysed. 

The lysate was subsequently treated with or without the crosslinker disuccinimidyl 

suberate (DSS) and then subjected to sodium dodecyl salt (SDS)-polyacrylamide gel 

electrophoresis (PAGE). Flag-Cdc34 present within the lysates was visualized by 

immunoblotting using an anti-Flag antibody (Figure 2.1 A). In both the DSS treated and 

untreated samples, multiple bands containing Flag-Cdc34 were detected. Bands having a 

m olecular mass lower than that o f Cdc34 likely correspond to partial degradation 

products. Bands having a m olecular mass greater than that o f Cdc34 and are shared 

between the DSS treated and untreated samples likely correspond to either ubiquitinated 

and/or phosphorylated Cdc34 as previously described (8). Interestingly, the DSS treated 

sample also exhibited a band that is absent in the untreated sample. This species 

corresponds to a specific crosslinked product containing Flag-Cdc34. The m olecular 

mass of the crosslinked product was approximately double that o f Cdc34, suggesting that 

it is a crosslinked dimer of Cdc34.

Although this crosslinked product may have resulted from Cdc34 self-association 

it remained a possibility that the unique band within the DSS treated sample represented 

Flag-Cdc34 crosslinked to some other protein. To eliminate this ambiguity I attempted to 

detect Cdc34 self-association by co-immunoprecipitation. Amino-terminally Flag and 

M yc tagged derivatives o f Cdc34 were em ployed for co-im munoprecipitation. Each 

tagged version o f Cdc34 was expressed in a wild-type yeast strain from a double 

expression yeast plasmid from which both derivatives were under the control o f galactose 

inducible promoters; Gal 10 for Flag-Cdc34, and G all for Myc-Cdc34. The cells were
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Figure 2.1 Cdc34 self-associates in vivo.

(A) Crosslinking. Cell lysates from YPH499 yeast cells expressing FIag-Cdc34 were treated with or 

without the chemical crosslinker DSS. Cell lysates were subsequently analyzed by immunoblotting (IB) 

with an anti-Flag antibody. The position of Flag-Cdc34 is indicated, as is the position o f a unique 
crosslinked product containing Flag-Cdc34 (arrow). (B and  C) Co-immunoprecipitation. Total cell 

extracts of YPH499 cells expressing Flag-Cdc34, Myc-Cdc34 or both Flag-Cdc34 and Myc-Cdc34 were 

prepared. (B) M yc-Cdc34 was im m unoprecipitated (IP) with an anti-M yc antibody followed by 

immunoblotting (IB) with an anti-Myc antibody (right panel) to detect the amount of Myc-Cdc34 that 

has immunoprecipitated, and with an anti-Flag antibody (left panel) to detect the amount of Flag-Cdc34 

that has co-immunoprecipitated. (C) The reciprocal co-immunopiecipitation experiment to that in B was 
perform ed. F lag-C dc34 was im m unoprecipitated  (IP ) w ith  an an ti-F lag  an tibody  fo llow ed by 

immunoblotting (IB) with an anti-Flag antibody (right panel) and with an anti-Myc antibody (left panel). 
The position o f Cdc34 is indicated, as is the position o f a proteolytic product o f Cdc34 (*). Protein 

expression levels within the lysates used for immunoprecipitations arc shown for B and C under their 

respective panels.
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induced by growth in galactose containing media and were subsequently lysed and 

subjected to immunoprecipitation using an anti-Myc antibody to isolate Myc-Cdc34 from 

the lysates. Immunoprecipitates were then analyzed by immunoblotting with an anti-Flag 

antibody to determine whether Flag-Cdc34 co-immunoprecipitated with Myc-Cdc34. As 

a control, cells expressing either Myc-Cdc34 or Flag-Cdc34 alone were also used. Flag- 

Cdc34 was only detected by immunoblotting when co-expressed with M yc-Cdc34 

thereby demonstrating an interaction between the two (Figure 2 .IB). Similar results were 

also generated from the reciprocal experiment, in which an anti-Flag antibody was used 

for immunoprecipitation followed by immunoblotting with an anti-Myc antibody (Figure 

2.1C). Taken together these observations infer that Cdc34 self-associates in vivo.

2.2.2 The carboxyl-terminal extension and the catalytic domain insertion of Cdc34 

are not required for Cdc34 self-association.

I wished to determine the elements within Cdc34 that were required for its ability 

to self-associate in cell lysates. The most obvious features of Cdc34 that distinguishes it 

from other E2s include a carboxyl-terminal extension as well as a catalytic domain 

insertion (see Figure 2.12). Previous work showed that deletion of the catalytic domain 

twelve amino-acid insert (A 12) does not eliminate the ability o f Cdc34 to carry out its cell 

cycle function (14), whereas the carboxyl-terminal extension, specifically residues 171- 

209, was required for its cell cycle function. These residues also appeared to stabilize the 

crosslinking of Cdc34 with itself in vitro, although residues 186-209 were dispensable at 

high concentration (21).

A Cdc34 derivative lacking the catalytic domain insert, as well as several 

carboxyl-terminal truncation derivatives were employed to assess whether these residues 

were required for Cdc34 self-association (Figure 2.2). Flag and Myc tagged versions of 

each derivative were constructed and each expressed from the double expression yeast 

plasmid from either the Gal 10 (Flag-derivatives) or the Gall (Myc-derivatives) promoter 

as described above for full length Cdc34.

If either the catalytic domain insert or carboxyl-terminal extension (in particular 

residues 171-209) were required for Cdc34 self-association, then significant reduction or 

loss o f signal corresponding  to Flag-C dc34 would be expected upon co-
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Figure 2.2 The Cdc34 carboxyl-term inal extension and  catalytic domain insertion a re  dispensable 

w ith respect to Cdc34 self-association. The same co-immunoprecipitation strategy as employed for 

Cdc34 (Figure 2 .1B) was employed for the carboxyl-terminal truncation derivatives A209 (residues 1 -209), 

A185 (residues 1-185) and A170 (residues 1-170) (A) as well as the catalytic domain deletion derivative 

A12 (residues 103-114) (B). Flag and Myc tagged versions of these truncation derivatives were expressed 

in YPH499 cells. Cell lysates were extracted and subjected to immunoprecipitation (IP) with an anti-Myc 

antibody followed by immunoblotting (IB) with an anti-Myc antibody (right panels) and an anti-Flag 

antibody (left panels). Protein expression levels within the lysates used for immunoprecipitations are 

shown for A and B under their respective panels.
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immunoprecipitation when these derivatives were employed. Deletion of neither the 

catalytic domain insertion (Figure 2.2B) or portions of the carboxyl-terminal extension 

(Figure 2.2A) had a significant affect on the ability of Cdc34 to self-associate. In fact, 

truncation of the entire carboxyl-terminal extension (A 170) had no observable affect on 

the interaction (Figure 2.2A, and Figure 2.4). As such, under the conditions employed 

here, both the catalytic domain insert and the carboxyl-terminal extension o f Cdc34 are 

dispensable with respect to Cdc34 self-association.

2.2,3 Cdc34 self-association is not dependent upon a functional SCF.

From previous work, Cdc34 self-association had only been demonstrated in vitro 

by crosslinking experiments. Other physical means however, such as gel filtration or 

analytical ultracentrifugation, indicated that under the conditions used Cdc34 exhibited 

the hydrodynamic properties of an asymmetric monomer (22). Therefore, it appeared that 

Cdc34 self-association comprised a highly transient interaction and 1 postulated that 

auxiliary factor(s) are required to stabilize Cdc34’s interaction with itself. The multi

subunit SCF complex, an E3 enzyme required for Cdc34's cell cycle function, interacts 

with Cdc34 (17) and thus provided a potential candidate for such a factor. However, the 

interaction o f Cdc34 with the SCF is dependent upon residues 170-209 of Cdc34’s 

carboxyl-terminal extension. As shown in Figure 2.2A, under these conditions this region 

is dispensable with respect to Cdc34 self-association, suggesting that a Cdc34-SCF 

interaction is not required for self-association.

I tested the dependence of Cdc34 self-association on the SCF complex by 

performing the co-immunoprecipitation experiment described above in a yeast strain 

carrying a tem perature sensitive mutation in Cdc53. a core com ponent of the SCF 

complex that directly interacts with Cdc34 (16). I used the cdc53-J mutant strain that has 

a single point mutation (R4S8C) in a region at the carboxyl-terminus o f Cdc53 shown to 

be essential for Cdc34 binding (20). Expression of M yc-Cdc34 and Flag-Cdc34 was 

induced within the wild-type and cclc53-l strains by growing each in galactose media. 

Cells grown at either their permissive (25°C) or non-permissive (37°C) temperature were 

subsequently lysed and subjected to immunoprecipitation followed by immunoblotting as 

described above. A t the non-permissive tem perature, the cd c5 3 -l  mutation disrupts
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critical SCF functions. If Cdc34 self-association required an interaction with a functional 

SCF complex it was expected that growth at the non-permissive temperature would result 

in a significant reduction or loss o f signal corresponding to Flag-Cdc34. Furthermore, this 

signal would also be reduced relative to that observed for the wild-type strain. As seen in 

Figure 2.3 this comparison indicated that there is no significant loss in the ability of 

Cdc34 to self-associate within a strain defective in SCF function. This result, coupled 

with the observation that the carboxyl-terminal extension is not required for self

association, suggests that a Cdc34-SCF interaction does not mediate the ability o f Cdc34 

to interact with itself.

2.2.4 Residues within the Cdc34 catalytic domain that are required for self

association.

The inability to disrupt Cdc34 self-association by deleting either the carboxyl- 

terminal extension or the catalytic domain insertion meant that other residues within the 

catalytic domain had to play a role in stabilizing the interaction. Furthermore, if Cdc34 

self-association is necessary for its cell cycle function, then it was possible that residues 

previously identified as important to Cdc34 function could also be important in self

association. O f particular relevance to this study were several Cdc34 derivatives 

described by Liu et al. Their genetic observations revealed an essential relationship 

between S73. S97 and the catalytic domain insertion (residues 103-114) (15). They 

reasoned that because these residues differ from their counterparts in other E2s that they 

contribute to Cdc34's unique functionality. In particular, they found that substitution of 

S97 to an aspartic acid, the residue found in the analogous position o f other E2s, resulted 

in loss o f function. Changing S73 to a lysine, the corresponding residue in other E2s, in 

combination with S97D slightly improved Cdc34 function, but again could not fully 

complement the defect. However, when the S73K/S97D substitutions were made in 

combination with the deletion o f the catalytic insertion (A 12) full Cdc34 function was 

restored.

The functional importance of these residues was not clear, but they are distinct 

from the residues found at analogous positions in most other E2s, suggesting that they are
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Figure 2.3 Cdc34 self-association is not dependent upon a functional SCF complex.

Flag-Cdc34 and Myc-Cdc34 were expressed in 15DaubA (wild-type. WT), or DSY 1105 (cdc53-l) cells 

at either their permissive (25°C) or non-permissive (37°C) temperature. Cell extracts were prepared and 

Myc-Cdc34 was immunoprecipitated (IP) with an anti-Myc antibody followed by immunoblotting (IB) 

with either an anti-Myc antibody (right panel) or an anti-Flag antibody (left panel). The asterix (*) 

denotes a proteolytic product o f Cdc34. Protein expression levels within the lysates used for immuno- 

precipitations are shown under their respective panels.
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required for the functional specificity of Cdc34 (14). The uniqueness of these residues to 

Cdc34 suggested that they might play a role in the interaction between Cdc34 and the E3 

SCF complex. The effect of these changes on the ability o f Cdc34 to interact with the 

SCF was tested by co-immunoprecipitation of Cdc34 with Cdc53, its interacting partner 

within the SCF. Cdc53 triply tagged with the HA epitope at its carboxyl-terminus 

(Cdc53-3xHA) was co-expressed with each catalytic domain derivative o f Cdc34 amino- 

terminally tagged with the Flag epitope. Cell lysates were immunoprecipitated using an 

anti-HA antibody to pull down Cdc53. Immunoblots were subsequently carried out to 

determ ine w hether the C dc34 derivatives and Cdc53 were present in the 

immunoprecipitates. As expected, the interaction between Cdc34 and Cdc53 was shown 

to be lost when a carboxyl-terminal truncation o f Cdc34 is employed (Figure 2.4A, 

A 170). On the other hand, the catalytic domain derivatives tested (Figure 2.4A, in 

particular S97D and SS) co-immunoprecipitated with Cdc53 to levels similar to that 

observed for wild-type Cdc34 (WT). These observations indicate that the in vivo defect 

associated with changes to residues 73 and 97 of the catalytic domain of Cdc34 do not 

affect its ability to interact with a core component of the SCF.

Based on this result, I tested the alternative possibility that these residues are 

required for the ability of Cdc34 to interact with itself. I therefore tested these derivatives 

for their ability to self-associate by co-immunoprecipitation as described above using 

am ino-term inally tagged versions o f each. Both Cdc34 and the carboxyl-term inal 

truncation derivative A 170 were employed as positive controls.

The modification of these catalytic domain residues proved to have a significant 

affect on the ability of Cdc34 to self-associate (Figure 2.4B). In particular, the amino acid 

substitu tion  S97D  resu lts  in little , if any, de tec tab le  F lag-S97D  in the 

immunoprecipitates, whereas Myc-S97D was detected at similar levels to both Cdc34 and 

A 170. The com plete loss o f function for these derivatives in vivo provides further 

evidence that Cdc34 self-association is an important mechanistic feature of its function. 

Consistent with in vivo function, the affect o f the S97D substitution was abrogated in part 

or fully by the introduction o f additional changes to the catalytic domain. When the 

double substitution S73K/S97D is made, partial self-association is restored as evidenced 

by the weak Flag-S73K/S97D signal in the immunoprecipitate (Figure 2.4B, SS). When
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Figure 2.4 Key residues tha t m ediate Cdc34 self-association.

(A) Catalytic domain derivatives of Cdc34 interact with Cdc53 of the SCF complex. Total cell extracts 

were prepared from YPH499 cells co-expressing Cdc53-3xHA and Flag-Cdc34 or one of the Flag- 

tagged Cdc34 derivatives: C95A, S97D. S73K/S97D (SS), S73K/S97D/A12 (SSA12) or A170. Cdc53- 

3xHA was immunoprecipitated (IP) with an anti-HA antibody and was detected by immunoblotting 

(IB) with an anti-HA antibody (right panel). The amount of Flag-Cdc34 or Flag-Cdc34 derivative that 

co-immunoprecipitated was detected by immunoblotting with an anti-Flag antibody (left panel). The 

position of Cdc53, Cdc34 and the Cdc34 derivatives are indicated. The asterix (*) denotes a proteolytic 

product of Cdc34. Protein expression levels within the lysates used for immunoprecipitations are shown 

under their respective panels. (B) Residues within the Cdc34 catalytic domain critical fo r self

association. The same co-immunoprecipitation strategy as employed for Cdc34 (Figure 2. IB) was 

employed for the catalytic domain derivatives C95A. S97D, S73K/S97D (SS). and S73K/S97D/A12 

(SSA12). Flag and Myc tagged versions of these derivatives were expressed in YPH499 cells. Cell 

lysates were extracted and subjected to immunoprecipitation (IP) with anti-Myc antibody followed by 

immunoblotting (IB) with anti-Myc antibody (right panel) and anti-Flag antibody (left panel). The 

asterix (*) denotes a proteolytic product of Cdc34. Protein expression levels within the lysates used for 

immunoprecipitations are shown under their respective panels.
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this latter derivative was further modified such that the catalytic domain insertion was 

deleted in combination with the S73K/S97D substitutions, this derivative fully restored 

the ability of Cdc34 to self-associate (Figure 2.4B, SSA12), thereby overcoming the self

association defect observed for the S97D derivative. Together these data indicate a 

supportive and inter-dependent role for these residues in both Cdc34 self-association and 

the cell cycle function of Cdc34. Furthermore, the ability of position 97 to mediate Cdc34 

self-association is context dependent.

In vitro studies have previously suggested that additional factor(s) are required to 

stabilize Cdc34 self-association (21). It had previously been proposed that Cdc34~Ub 

thiolester formation could be a prerequisite for self-association, in which the covalently 

linked Ub of one Cdc34 monomer makes favorable contact with the other (21, 23). This 

model together with the close proximity of residues defective in self-association to the 

catalytic cysteine residue (see Figure 2.13) incited me to examine the importance of the 

active site in self-association. If this model were correct, it would be expected that a 

cysteine to alanine amino acid substitution at the active site would abrogate Cdc34’s 

ability to self-associate, as a consequence of its inability to accept Ub. Significantly, the 

active site derivative C95A exhibited considerable loss o f  its ability to self-associate. 

M oreover, this loss could not be attributed to an inability to immunoprecipitate Myc- 

C95A (Figure 2.4B, C95A). This result therefore is consistent with the idea that Cdc34 

self-association is facilitated by the Cdc34~Ub thiolester.

2.2.5 The relationship between Cdc34 self-association, Cdc34~ubiquitin thiolester, 

and Cdc34 autoubiquitination.

The apparent dependence of Cdc34 self-association on thiolester formation 

prompted me to address the converse question; does thiolester formation depend on self

association? I tested each of the Cdc34 derivatives described above with an in vitro 

thiolester form ation assay that used purified E l ,  E2 and radio-labeled Ub as a probe 

(described in section 2.5.6). Restricting reactions to five minutes elim inated the 

complication o f Cdc34 auto-ubiquitination that results from much longer incubations. 

W ith two exceptions, the level of each Cdc34 thiolester derivative was measured by 

exploiting the observation that they elute from an anion exchange column at a different
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NaCl concentration than Ub and U bal~U b (Figure 2.5A). The thiolester forms of the tail 

deletion derivatives A209 and A185 were observed to elute at lower NaCl concentrations 

as a consequence o f the reduced anionic character that results from tail deletion. 

Consequently, these species were separated from the other reaction components by gel 

filtration. Each o f the Cdc34 thiolester derivatives exhibited sensitivity to DTT, a 

characteristic feature of the thiolester covalent bond.

From Figure 2.5B it is evident that only the C95A and S73K/S97D derivatives 

exhibit a severe defect in thiolester formation, the former for obvious reasons and the 

latter for reasons that are unapparent (discussion, section 2.4). Notably, the S97D self

association defect is more severe than S73K/S97D, yet exhibits a minimal defect in 

thiolester formation. Therefore, from these results alone there is no clear dependence of 

thiolester formation on self-association. Greater insight into this issue, however, was 

gained from the experiment described below.

I subsequently examined the ability of each Cdc34 derivative to synthesize poly- 

Ub chains by extending the incubation time of the thiolester assay already described, 

followed by separation using SDS-PAGE (Figure 2.6). The radio-labeled products that 

are detected in a reaction containing Cdc34 include unincorporated Ub, free di-Ub (Ub,), 

and Ub chains that covalently linked to Cdc34 as a consequence of auto-ubiquitination 

(Cdc34-Ub„).

The derivatives tested synthesized products that can be predicted either from 

previous observations or their altered peptide sequence. Not surprisingly, the active site 

derivative C95A was com pletely inactive (2). The carboxyl-term inal truncation 

derivatives A209 and A 185 are capable o f synthesizing free Ub,. but are incapable of 

catalyzing the form ation of poly-Ub chains linked to Cdc34. The lack of Cdc34 

conjugates in these derivatives can be explained by the absence of the key target lysines 

that have been previously shown to reside in the carboxyl-terminal portion of the tail (3). 

Finally, the A12 derivative exhibited the capacity to auto-ubiquitinate itself (Figure 2.6).

Analysis o f the remaining derivatives provided some interesting observations. In 

addition to the self-association defect, S97D exhibited little, if any, auto-ubiquitination in 

spite o f its ability to synthesize thiolester with Ub. The weakly associating S73/S97D 

derivative however, exhibited relatively significant auto-ubiquitination even though it is
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Figure 2.5 Cdc34 derivatives ability to form  Ub thiolester.
In vitro Ub thiolester formation was compared for a number of Cdc34 derivatives. Reactions containing 

Cdc34 or one of its derivatives (100 nM), Uba! (10 nM). 35S-Ub (200 nM) and an ATP cocktail were 

incubated for 5 m inutes at 30°C. Reactions were stopped by the addition o f  50 mM EDTA then 

immediately loaded onto an anion exchange column to separate reaction products. The derivatives A209 

and A185 were separated using a Superdex 75 HR 10/30 size exclusion column (see materials and 

methods). (A) An example of the elution profile generated for a reaction containing Cdc34 is shown (solid 

line). Peaks containing 35S-Ub correspond to free Ub. Ub incorporated into Ubal (El~Ub) and Cdc34 

(Cdc34~Ub) thiolester. In a separate reaction lOmM DTT was added to disrupt thiolester (dotted line). (B) 

Incorporation of 35S-Ub into thiolester for each Cdc34 derivative was determined as a percentage of total 

35S-Ub added to each reaction. The mean of thiolester observed for three separate reactions for each 

derivative is shown. SS represents the S73K/S97D derivative, SSA12 represents the S73K/S97D/A12 

derivative, A12 represents the catalytic domain insert deletion (residues 103-114), A209 and A 185 

represent the carboxyl-terminal truncation derivatives (residues 1-209 and 1-185 respectively).
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Figure 2.6 Autoubiquitination of Cdc34 derivatives.
C dc34 au toub iqu itination  w as assayed fo r C dc34 and its various deriva tives using an in vitro 
ubiquitination reaction. Reactions contained Cdc34 or one of its derivatives (100 nM), Ubal (10 nM), 

35S-Ub (200 nM). and an ATP cocktail were incubated for 8 hours at 30°C representing an end point 

assay for autoubiquitination. 100 mM DTT was added to stop the reactions and the reaction products 

were analyzed using 12% SDS-PAGE followed by autoradiography. The positions of free Ub (Ub), di-Ub 

(Ub-,), and multi-Ub chains covalently linked to Cdc34 (Cdc34-Ubn) are indicated. SS represents the 

S73K/S97D derivative, SSA12 represents the S73K7S97D/A12 derivative, A12 represents the catalytic 

domain insert deletion (residues 103-114), and A209 and A185 represent the carboxyl-terminal truncation 

derivatives (residues 1-209 and 1-185 respectively). A downward shift in molecular mass in the Ub 
chains on the A12 derivatives is observed consistent with the catalytic domain insert deletion. Bands not 

indicated are degradation products of Cdc34-Ub.
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severely compromised in its ability to synthesize thiolester. Furthermore, deletion of the 

catalytic insert in combination with the S73K and S97D substitutions (S73/S97D/A12) 

was found to alleviate the defects associated w ith auto-ubiquitination and self

association, as well allows for full complementation o f  Cdc34 function in cdc34  mutant 

strains.

2.2.6 Cdc34 self-association depends on thiolester-linked ubiquitin.

The Cdc34 active site derivative C95A cannot form Ub thiolester and is defective 

in its ability to self-associate. These observations suggest that that the Ub thiolester form 

of Cdc34 facilitates self-association. However, Cdc34~Ub thiolester is labile and there is 

no guarantee that Cdc34 present in either the cell lysates or Cdc34 isolated via co- 

im m unoprecipitation would be in the Cdc34~Ub thiolester state. To confirm  that 

Cdc34~Ub thiolester was present during the co-immunoprecipitations used in this study, 

amino-terminally Flag and Myc tagged derivatives of Cdc34 were co-expressed with an 

amino-terminally HA tagged derivative of Ub. Cell lysates were immunoprecipitated. 

followed by incubation in the presence of DTT to release and detect free Ub. Figure 2.7A 

verifies C dc34 self-association as Flag-Cdc34 (Figure 2.7A , m iddle panel) co- 

immunoprecipitates with M yc-Cdc34 (Figure 2.7A, right panel). Furthermore, free Ub 

released after DTT treatment corresponds to the presence o f Cdc34~(HA-Ub) thiolester 

in the immunoprecipitate (Figure 2.7A, left panel). To ensure that the free Ub observed is 

specific to Cdc34 two negative controls were included. First, immunoprecipitation using 

an anti-Myc antibody was carried out in the absence o f expressed Myc-Cdc34 to ensure 

that free HA-Ub was not binding to the beads. Second, the C95A active site derivative 

(incapable of forming the Cdc34~Ub thiolester), which was defective in self-association 

(Figure 2.7A, middle panel), showed no free Ub in the immunoprecipitate (Figure 2.7A, 

left panel). These observations demonstrate the presence o f Cdc34~Ub thiolester in the 

immunoprecipitates.

To demonstrate the dependence of Cdc34 self-association on the thiolester. the 

co-immunoprecipitation experiment described above for Figure 2.7A was repeated with 

three important modifications: 1) Each lysate was pretreated with or without DTT prior to 

immunoprecipitation resulting in samples with and without thiolester; 2) DTT treated and
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Figure 2.7 Cdc34 self-association is facilitated by U b thiolester form ation.
(A) The presence of Ub in Cdc34 immuno-coprecipitates: Myc and Flag tagged Cdc34 were co-expressed 

together with HA tagged Ub in YPH499 cells. Myc-Cdc34 was immunoprecipitated (IP) from cell 

extracts using an anti-M yc antibody. T he M yc-Cdc34. Flag-Cdc34 and HA-Ub contained in the 

immunoprecipitate were separated by SDS-PAGE and detected by immunoblotting (IB) with an anti-Myc 

(left panel). anti-Flag (middle panel), and an anti-HA antibody (left panel). The substitution o f Cdc34 

with cdc34 C95A served as the negative control. The asterix (*) denotes a proteolytic product of Cdc34. 

Protein expression levels within the lysates used for immunoprecipitations are shown under their respec

tive panels. (B) The dependence of Cdc34 self-association on thiolester formation: Same as above except 

that ex trac ts  w ere trea ted  w ith , o r  w ithout DTT follow ed by  dia lysis to  rem ove DTT prio r to 

immunoprecipitation.
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untreated lysates were dialyzed to remove the DTT (previously found to be detrimental to 

antibody integrity) and then immunoprecipitated using the anti-Myc antibody; 3) At the 

final stage, all immunoprecipitates were treated with DTT to convert thiolester-linked Ub 

into the free form. Negative controls were included using cell lysates that lacked Myc- 

Cdc34. Cdc34 self-association in the absence of DTT is demonstrated by the co- 

im m unoprecipitation of Flag-Cdc34 with M yc-Cdc34 (Figure 2.7B, left panel). 

Furthermore, the presence of HA-Ub in the same sample infers the presence of the 

Cdc34~Ub thiolester (Figure 2.7B. right panel). In contrast, the same lysate pretreated 

with DTT prior to im m unoprecipitation revealed little Flag-C dc34 in the co- 

immunoprecipitation, and therefore little of the self-associated form of CDC34 (Figure 

2.7B, left panel). The absence of free Ub also indicates that the Cdc34~Ub thiolester is 

also absent (Figure 2.7B, right panel). Together, these two observations indicate that 

Cdc34~Ub is present under conditions where self-association is favored, and conversely, 

that the reduction o f the thiolester disfavors Cdc34’s ability to self-associate.

2.2.7 Cdc34~Ub thiolester self-associates into a dimer.

The above observations have indicated that S. cerevisiae Cdc34 self-association is 

mediated by Ub thiolester formation. However, no specific information regarding the 

stoichiometry of the complex was obtained from these experiments. For instance, it was 

not clear whether Cdc34~Ub thiolester self-associated into a dimer or into a higher order 

complex, or if Ub thiolester is required to be linked to one or all o f the Cdc34s in the 

complex. I chose to initially address the question of Ub thiolester composition by using a 

co-immunoprecipitation approach from yeast whole-cell lysates, as described above. 

Cdc34 amino-terminally tagged with the Myc epitope (Myc-Cdc34) was co-expressed 

from the same plasmid as a Cdc34 catalytic site substitution derivative amino-terminally 

tagged with the Flag epitope (Flag-C95A). Substitution of the catalytic cysteine residue 

of Cdc34 renders it unable to form a thiolester linkage with Ub, therefore allowing me to 

examine the capability of Cdc34 not linked to Ub thiolester to self-associate with Cdc34 

that can form Ub thiolester. Both Cdc34 derivatives were placed under the control of 

galactose inducible promoters, and were induced for expression by growth o f the cells in 

galactose. This was followed by cell lysis and subsequent immunoprecipitation with an
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anti-Myc antibody to isolate Myc-Cdc34 from the lysates. Immunoblot analysis of the 

im m unoprecip itates was then carried  out to determ ine if F lag-C 95A  co- 

immunoprecipitated with Myc-Cdc34. Since 1 have shown that wild-type Cdc34 can self

associate efficiently (see Figure 2.1), Myc-Cdc34 was co-expressed with Cdc34 amino- 

terminally tagged with the Flag epitope tag (Flag-Cdc34) as a positive control. I have also 

shown that the C95A derivative o f Cdc34 was defective in self-association (see Figure

2.4), so I therefore co-expressed an amino-terminally Myc tagged cysteine substitution 

derivative of Cdc34 (Myc-C95A) with Flag-C95A as a negative control. In addition, 

Flag-Cdc34 was expressed alone as another negative control, as it should not be pulled 

down in the immunoprecipitation. Based on this analysis, I found that wild-type Cdc34 

was able to associate with the C95A derivative (Figure 2.8) indicating that only one 

Cdc34 requires thiolester linked Ub in order for self-association to occur. However, wild- 

type Cdc34 self-associated more efficiently than the w ild-type/C95A combination, 

indicating a higher affinity for self-association between two Ub thiolester linked Cdc34s 

(Figure 2.8).

Previous studies on Cdc34 self-association indicated that in vitro Cdc34 exhibits 

the properties of an asymmetric monomer (21). Since my data has indicated that Cdc34 

self-association is facilitated by Ub thiolester, I wished to assess if Ub thiolester is 

sufficient to mediate Cdc34 self-association, and if so, the stoichiometry o f the complex. 

To examine this I exploited the ability to purify Cdc34~Ub thiolester using anion 

exchange column chromatography (described in section 2.4.5). Purified Cdc34~35S-Ub 

thiolester was passed over a size exclusion column, and the CPM were measured to 

follow 35S-Ub bound moieties. Three different species were detected, running with 

apparent molecular weights corresponding to '^S-Ub (approximately 8 KDa), Cdc34~35S- 

Ub (approximately 120 KDa) and a complex twice that of Cdc34~35S-Ub (approximately 

240 KDa) (Figure 2.9, blue line). It is well characterized that Cdc34 has an increased 

stoke’s radius that results from its carboxyl-terminal extension (21). This leads to an 

increase in Cdc34’s apparent molecular mass from that of its predicted molecular mass of 

34 KDa to approximately 120 KDa protein under the conditions used here (Figure 2.9, 

grey line), sim ilar to that of Cdc34~Ub thiolester. Therefore, the 240 KDa species 

observed is consistent with a dimeric form of the Cdc34~Ub thiolester.
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Figure 2.8 The composition of self-associated Cdc34~Ub thiolester complexes.
Total cell extracts of YPH499 cells expressing Flag-Cdc34 or both Flag-Cdc34 and Myc-Cdc34. Flag- 

C 95A  a n d  M y c -C d c 3 4 , o r  F la g -C 9 5  A a n d  M y c -C 9 5 A  w e re  p r e p a r e d .  M y c -C d c 3 4  w as  

immunoprecipitated (IP) with an anti-M yc antibody, followed by immunoblotting with an anti-Myc 

antibody (right panel) to detect the amount of Myc-Cdc34 that had immunoprecipitated and with an anti- 

Flag antibody (left panel) to detect the amount o f Flag-Cdc34 that had co-immunoprecipitated. The 

position of Cdc34 is indicated, as is the position of a proteolytic product of Cdc34 (*). Protein expression 

levels within the lysates used for immunoprecipitations are shown at the bottoms of the panels.
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Figure 2.9 Cdc34~Ub thiolester self-associates into a dimer.
Purified Cdc34~35S-Ub (as described section 2.4.5) was run over a Superdex 200 gel filtration column, 

and an elution profile was generated by following 35S-Ub counts (blue line). Peaks containing ^S-U b 

were eluted that corresponded with Cdc34~Ub thiolester monomer (Cdc34-Ub), Cdc34~Ub thiolester 

dimer (Cdc34-U b),. or free Ub (Ub). In a separate reaction, purified C dc34-35S-Ub was treated with 10 

mM DTT to disrupt the thiolester linkage, and subsequently dealt with in a sim ilar manner to determine 

the extent of Ub conjugate formation (red line). A peak representing monomeric Cdc34 is also depicted 

(grey line) that was generated by following the protein absorbance®  D;ao) of purified Cdc34 that was 

run over a Superdex 200 gel filtration column.
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As the major species, the dimeric peak was shown to be composed of only Cdc34 

and Ub protein based on SDS-PAGE analysis. The dependence o f monomeric Cdc34~Ub 

and dimeric Cdc34~Ub on thiolester linked Ub was confirmed by treating the Cdc34~Ub 

thiolester with DTT prior to separation by gel filtration. In this case, all the higher 

molecular weight complexes were chemically reduced to yield free Ub (Figure 2.9, red 

line). These results indicate that purified Cdc34~Ub self-associates under these 

conditions as a dimer.

2.2,8 Dimerization of Cdc34 increases the reduction of Ub thiolester.

A relationship between Cdc34 self-association and poly-Ub chain formation has 

been suggested by the above results. Based on this relationship the dimeric form of 

Cdc34~Ub thiolester in vitro would be positioned so that it would reduce the Ub 

thiolester linkage more efficiently than the monomeric form to enable the efficient 

transfer o f Ub onto a substrate or onto another Ub. To investigate this possibility I 

examined the stability of the two forms of Cdc34~Ub thiolester. Purified Cdc34~35S-Ub 

thiolester was incubated at 30°C for various amounts of time (0 to 22 hours), and then run 

over a size exclusion column to measure the amounts of the separate species. In addition, 

equivalent samples o f purified Cdc34~:’5S-Ub thiolester from each time point were treated 

with DTT to reduce any remaining Ub thiolester so that the amount of Cdc34-Ub 

conjugate that may form from autoubiquitination could be determined. The peaks 

corresponding with both forms o f Cdc34~Ub thiolester were fairly unstable, but the rates 

at which the monomeric and dimeric forms reduced the thiolester linkage were quite 

different. The dimeric form of Cdc34 had reduced the majority o f the thiolester linkage 

after 2 hours, and almost all of it after 4 hours (Figure 2 .10A, black line). In contrast, the 

Ub thiolester linkage associated with the monomeric form of Cdc34 had been reduced by 

less than half after 4 hours, and was not completely reduced until about 8 hours (Figure 

2.10A. blue line). Interestingly, there was very little Cdc34-Ub conjugate that was 

produced even after 22 hours (Figure 2.10A. red line), and from what was produced was 

of low molecular mass, suggesting limited poly-Ub chain formation (see below).
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F igure 2.10 D im eric Cdc34~Ub th io lester is less stable th an  m onom eric Cdc34~Ub thiolester.

(A) Cdc34~Ub thiolester stability. Cdc34~35S-Ub thiolester was purified (as described in section 2.4.5) 

and incubated at 30°C. Samples w ere taken at varying time points and split into two. One half was 

immediately run over a Superdex 200 gel filtration column, and an elution profile was generated by 

following 35S-Ub counts. The C?M  that eluted in the peaks corresponding to Cdc34~Ub thiolester 

monomer (blue line) and Cdc34~Ub thiolester dimer (black line) were measured and are represented as a 

percentage of die total CP.VI in the sample over time. The other half of the sample was treated with 10 

mM DTT to disrupt the thiolester linkage, and subsequently treated in a similar manner to determine the 

amount of Ub conjugate (red line). (B) The stability of Cdc34~Ub thiolester dimer. The peak fractions 

corresponding toCdc34~Ub thiolester dimer from theO hour time point in (A)w ere pooled and incubated 

a t 30°C for 0 hours (blue line), 2 hours (red line) and 4 hours (green line). These sam ples were 

subsequently run over the Superdex 200 column and the profiles generated by following the 35S-Ub 

counts are shown.
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A possible explanation for the observed differences in Ub thiolester reduction is 

that the dimeric form of Cdc34~Ub thiolester may be disassociating into the monomeric 

form, thereby making it appear that the Ub thiolester linkage associated with the 

monomeric form is more stable. If the dimeric form of Cdc34~Ub thiolester is indeed 

reducing the Ub linkage more efficiently, then purifying it away from the monomeric 

form should result in the reduction o f the Ub thiolester linkage into free Ub. or 

alternatively result in the conjugation of Ub onto a lysine residue on Cdc34. To address 

this, I pooled the peak fractions corresponding to the dimeric species of Cdc34~Ub 

thiolester following its separation using the size exclusion column, and incubated this 

sample for 1 ,2  and 4 hours at 30°C. Samples from each time point were subsequently 

rerun over the size exclusion column to determine the fate o f the Ub thiolester. Dimeric 

Cdc34~Ub thiolester did not disassemble into monomeric Cdc34~Ub thiolester, but 

rather efficiently reduced the Ub thiolester linkage resulting in free Ub (Figure 2.1 OB). 

Interestingly, only free Ub and a small peak corresponding to Cdc34 mono- or di-Ub 

conjugate was observed, suggesting that while the rapid reduction of Ub thiolester likely 

increases the rate of poly-Ub chain assembly, the rapid reduction o f the thiolester linkage 

in the absence o f a replenishing source o f Ub thiolester limits the formation of poly-Ub 

chain assembly.

2.2.9 A constant source of Cdc34~Ub thiolester is required for efficient poly-Ub 

chain assembly.

To directly address the idea that the rapid reduction o f Ub thiolester by dimeric 

Cdc34 limits its ability to assemble poly-Ub chains in the absence o f a replenishing 

source of Ub thiolester, I incubated purified Cdc34~Ub thiolester with or without E l and 

ATP cocktail at 30°C. The samples were subsequently treated with DTT and analyzed by 

SDS-PAGE to determine the extent o f poly-Ub chain assembly. The presence o f E l and 

ATP should provide a de novo source of Ub thiolester, as Cdc34 would be recharged by 

E l from the free Ub that results from the reduced Cdc34~Ub thiolester. As was observed 

in the thiolester stability experiment (in Figure 2.10), very little Ub from the Cdc34~Ub 

thiolester was incorporated into Cdc34-Ub conjugate over the time frame o f the 

experiment when E l was absent, and from what was incorporated, only mono-, di- and
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Figure 2.11 Poly-Ub chain assembly m ediated by purified Cdc34~Ub thiolester.

Purified Cdc34~35S-Ub thiolester was incubated at 30°C and aliquots were taken at 0. 2 and 22 hour time 

points. Cdc34~3;,S-Ub thiolester was also incubated with S. cerevisiae Ubal (E l) or the catalytic site Ubal 

substitution derivative (C600A) in the presence of ATP cocktail at 30°C for 2 hours. In addition, a 

complete reaction containing 35S-Ub, Cdc34. and El in the presence o f ATP cocktail was incubated at 

30°C for 2 hours. DTT was added to all the samples to terminate the reactions, and products from each 

reaction were subsequently separated by 12% SDS-PAGE and visualized by autoradiography. The 
position of Cdc34-Ubn conjugates is indicated by the arrow, as is the positions of free Ub. The asterisk (*)

indicates a contamination band that purifies with 33S-Ub.
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tri-Ub conjugates were produced (Figure 2.11). This differed greatly from a reaction 

containing Cdc34, Ub. El and ATP cocktail, which efficiently catalyzes the assembly of 

poly-Ub chains (Figure 2.11, complete reaction). In contrast, poly-Ub chains were 

efficiently produced when E l was supplemented back to the purified Cdc34~Ub 

thiolester (Figure 2.11). To test the requirement for a catalytically active E l, I also added 

a catalytic site substitution derivative of El (C600A) to the Cdc34~Ub reaction. We 

found that this derivative was not capable of catalyzing poly-Ub chains onto Cdc34. 

indicating that a charged form of El is required for mediating this reaction (Figure 2.11). 

These results indicate that Cdc34~Ub thiolester is rapidly reduced, thus limiting its 

ability to assemble poly-Ub chains, and that a replenishing source of Ub thiolester is 

required to mediate efficient poly-Ub chain assembly. The observation that short poly-Ub 

chains were assembled also suggests that they result from the close association o f the 

dimeric Cdc34~Ub thiolester species, and were restricted to this short length by the 

absence of a constant source o f Cdc34~Ub thiolester.

Taken together, all of the results reported in this chapter can be mechanistically 

rationalized in terms o f  the previously reported model (24) with key modifications.

2.3 Discussion

Using a combination of co-immunoprecipitation studies from cell lysates and a 

variety of in vitro assays, I have shown directly that Cdc34 self-associates. I have also 

identified structural determinants within the catalytic domain that are not only important 

in self-association but also important for growth and either of two stages related to poly- 

Ub chain assembly: thiolester formation, and the covalent transfer o f Ub to Ub. These 

results are entirely consistent with, and provide further insight into, a previously proposed 

mechanism for poly-Ub chain assembly (22, 24). In this model, two Cdc34~Ub thiolester 

moieties interact in a manner that positions their Ub molecules for linkage. These and 

past findings make a credible circumstantial argument that: 1) The interaction of one 

Cdc34 molecule with another is required for poly-Ub chain synthesis; 2) The interaction 

is dependent on the formation of Cdc34~Ub thiolester; 3) Poly-Ub chain assembly is an 

obligatory step in Cdc34’s function.
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The interaction of Cdc34 with itself does not appear to be mediated by the E3. 

This conclusion is drawn from observations showing that Cdc34 self-associates in the 

absence o f a functional SCF complex (Figure 2.3), and that the carboxyl-terminal 

extension of Cdc34 that is required for its interaction with the SCF (17), is dispensable 

for Cdc34 self-association (Figure 2.2A). Rather, it is the thiolester linkage with Ub that 

stabilizes the interaction between Cdc34 molecules, given that conditions that reduce the 

thiolester bond also disrupt Cdc34 self-association (Figure 2.7B). Similarly, residues in 

the catalytic domain of Cdc34 that play a role in Cdc34~Ub thiolester formation also play 

a role in self-association further strengthening the link between thiolester formation and 

self-association (see below). These observations indicate that Cdc34~Ub self-association 

likely precedes its interaction with the SCF resulting in a complex that is poised to build 

poly-Ub chains onto a target.

The dispensable nature o f  the carboxyl-term inal extension in Cdc34 self

association observed here presents an apparent contradiction with previously described in 

vitro crosslinking reactions (22). These in vitro reactions employed purified truncation 

derivatives of Cdc34 and crosslinking was carried out in the absence of thiolester linked 

Ub. Unlike the crosslinking experim ents, I find that in cell lysates Cdc34 

im m unoprecipitates as Cdc34~Ub thiolester and that thiolester linked Ub stabilizes 

Cdc34 self-association (Figure 2.7). The presence o f thiolester linked Ub provides 

sufficient stability to self-association (see Figure 2.9) that additional stabilization 

provided by the tail is superfluous and the carboxyl-terminal extension may be dispensed 

with in regard to this interaction. Rather, this study suggests that the principal role o f the 

carboxyl-terminal extension is to provide a site of interaction with the SCF through 

Cdc53 as previously described (17).

A causal relationship linking the essential function(s) o f Cdc34 to its self

association is suggested by the growth behavior of the association defective derivatives 

C95A, S97D and S73K/S97D (2, 15). These growth defects do not appear to be a result 

o f their inability to interact with the SCF. as each retains the ability to interact with the 

core SCF component Cdc53 (Figure 2.4A). Rather, in each case the degree o f the self

association defect directly corresponds to the degree of the growth defect (Figure 2.12). 

Furthermore, there is an important mechanistic relationship between these residues and
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X I A209

X  A185
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IT  I A12

IT i C95A

TT I S97D

~B----1 SS

IT I SSA12

Figure 2.12 A functional com parison between the Cdc34 derivatives.

The primary structure of various Cdc34 derivatives is shown, with the catalytic domain shown in light 

gray and the 12 amino acid insert that is present within the catalytic domain shown in black (amino acids 

103-114). The carboxyl-terminal extension is shown in white and residues of this domain previously 

shown to be necessary and sufficient for Cdc34 function are shown in dark gray (amino acids 170-209) 
(ref. 17). A line at the appropriate position along the block diagram indicates the position of point 

substitution(s) present in each derivative. The various derivatives are scored based on their abilities to 
self-associate, form Cdc34~Ub thiolester, build multi-Ub chains in an autoubiquitination reaction, and 

complement either a cdc34 disruption strain (cdc34h) or a cdc34 temperature sensitive strain (cdc34-2) 
(ref. 15, 2, 22). Each derivative was scored relative to wild type Cdc34 (+++) such that partial function 

was scored (++) or (+) and the absence of function was scored as (-).

Self-association Tmoiester
formation

Auto-
uDiquitination

Cdc34A
complementation

ctfc3-*-2(3rC)
complementation

+ + + + + + ++*+* + + + + + +

+ + + - + + + + + +

+ + + + + + - - + +

+ + + N/A N/A - -

+ + + +4* + + + + + + + +

- -H* - - -

+ + + + +

++*+• + -H * + + + ■+“+*+ + + +
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the catalytic insert, which is evident by a reversal in both the self-association defect and 

the growth defect in a S73K/S97D/A12 derivative (Figure 2.12).

Based on these and the following observations, I believe that these residues play 

an important role in positioning the Ub thiolester correctly on the Cdc34 surface, and, 

that this requirement for orientation is necessary for the ability of Cdc34 to interact with 

itself and poly-Ub chain assembly. First, these residues are found to cluster around the 

active site cysteine when mapped onto the crystal structure of Ubc7 (5), another E2 that 

contains a catalytic domain insert that is similar to that of Cdc34 (Figure 2.13). Second, 

these residues coincide with analogous amino acid positions in other E2s that define key 

positions in the E2~Ub thiolester interaction (11, 18). Third, substitution o f these 

positions affects their ability to form Ub thiolester and synthesize poly-Ub chains.

W ith respect to the third point, the derivatives C95A , S73K /S97D , 

S73K/S97D/A12 exhibit a direct correlation between their ability to synthesize Ub 

thiolester and their ability to synthesize poly-Ub chains (Figure 2.12). For example, the 

S73K/S97D derivative shows a strong defect in Ub thiolester formation that results in 

weak poly-Ub chain assembly. On the other hand, deletion o f the catalytic domain 

insertion (S73K/S97D/A12) restores both Ub thiolester formation and poly-Ub chain 

assembly to wild-type levels. Furthermore, these activities parallel the ability o f these 

derivatives to both self-associate and to carry out Cdc34's in vivo function as mentioned 

above (Figure 2.12). These analyses indicate that the in vivo function o f Cdc34 is 

dependent upon three sequentially important events: 1) the formation of the Cdc34~Ub 

thiolester, 2) self-association, and 3) assembly of poly-Ub chains, and, that each of these 

mechanistic steps are dependent on the correct positioning of Ub on the Cdc34 surface 

(Figure 2.14).

O f the substitutions discussed thus far, S97D would appear to be the one 

exception. Although S97D is capable of thiolester formation to near wild-type levels, it 

also exhibits a loss in both self-association and poly-Ub chain assembly (Figure 2.12), a 

result that is not immediately accommodated into the conclusions drawn above. The 

behavior o f S97D can be understood in light of the following argument. First, the 

observation that S97D forms thiolester indicates that its defect occurs downstream of Ub 

thiolester formation. Second, this downstream defect includes the complete loss of both
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Figure 2.13 Determinants of Cdc34 self-association.
The crystal structure o f  the S.cerevisiae Ubc7 catalytic domain (ref. 5) is used here as a template for 

highlighting key residues within Cdc34 and is represented as both a cartoon diagram (top) and a surface 

model (bottom). The amino-terminus is found at the top o f the structures and the carboxyl-terminus is 

found at the bottom. The residue that corresponds to residue 170, where the carboxyl-terminal extension 

o f  Cdc34 would start is highlighted (orange). Am ino acid residues that play a role in Cdc34 self

association are also highlighted and include: the active site residue C95 (yellow), S73 (green), S97 (blue), 

and the catalytic domain insen (amino acids 103-114, red).
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Figure 2.14 Hypothetical scheme for Cdc34 self-association and poly-Ub chain formation.
Cdc34 is represented in gray, the catalytic cysteine residue in white, and Ub in black. (I) Ub is transferred 

to Cdc34 from an activated Ubal~Ub thiolester to form Cdc34~Ub thiolester. (II) Cdc34~Ub thiolester 

formation mediates the self-association of two or more Cdc34s. (Ill)  Self-associated Cdc34~Ub thiolester 
is charged and positioned in such a way as to interact with a target either alone or through an Ub-ligase. 

such as the SCF complex, and will proceed to build poly-Ub chains.
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poly-Ub chain assembly and self-association. Thus, the defect is not in the synthesis of 

the Cdc34~Ub thiolester but within the thiolester complex itself. As mentioned above, it 

appears likely that amino acid positions 73, 97 along with the catalytic domain insertion 

play a role in positioning Ub correctly on the Cdc34 surface following thiolester 

formation. Based on these results, I propose that the S97D substitution perturbs the 

orientation o f the thiolester Ub in a manner that is unfavorable to self-association and 

poly-Ub chain assembly.

A common mechanistic relationship between Ub binding with positions 73, 97 

and the catalytic domain insertion is also supported by the following observations. The 

behavior o f S97D changes with respect to its utilization o f Ub when S73K is introduced 

(SS, Figure 2.12). S73K/S97D is less effective at thiolester formation relative to S97D, 

but more effective than S97D at chain assembly. Therefore S73K nullifies the poly-Ub 

chain assembly defect of S97D but results in reduced thiolester formation. Furthermore, 

the thiolester defect of the S73K/S97D derivative is dependent on the catalytic domain 

insertion, as its deletion restores both Ub thiolester formation and poly-Ub chain 

assembly to wild-type levels (SSA12, Figure 2.12). Thus, all of the derivatives examined 

here are at least consistent with the idea that the position Ub occupies on the Cdc34 

surface is critical to Cdc34 activity.

To address the composition and stoichiometry o f the self-associated Cdc34 

com plex more directly , I coupled the co-im m unoprecipitation studies with the 

exam ination o f purified Cdc34~U b th io lester’s properties in vitro. My results 

demonstrate that Cdc34~Ub thiolester self-associates into a dimeric complex (Figure 

2.9), and that a Cdc34~Ub moiety is able to interact with unbound Cdc34 (Figure 2.8), 

suggesting that a single Ub is sufficient to mediate the self-association o f Cdc34, albeit 

less efficiently. These results confirm that Cdc34 self-association is mediated by Ub 

thiolester, as only Ub and Cdc34 were present in the in vitro analysis. Furthermore, my 

results emphasize that while a mixed complex of Cdc34~Ub"Cdc34 may form; efficient 

self-association requires that both interacting Cdc34s be charged with Ub (Figure 2.8).

The majority of the purified Cdc34~Ub thiolester that I examined in vitro existed 

as a dim eric complex (approxim ately 50% as a dimer, and 30% as a monomer), 

indicating that this interaction is favored. However, dimeric Cdc34~Ub thiolester was
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much more unstable than the monomeric form, suggesting that self-associated Cdc34 is 

in a more active form. This may be reflective of an increased catalytic ability for the 

dimeric Cdc34 to reduce the Ub thiolester linkage, a prerequisite for poly-Ub chain 

formation. The increased rate of Ub thiolester reduction did not lead to the efficient 

formation of poly-Ub chains, suggesting that the reaction was very rapid and that without 

a constant supply of Ub thiolester the formation of poly-Ub chains is limited. Support for 

this idea was gained from the analysis of Cdc34 autoubiquitination. Purified Cdc34~Ub 

thiolester did not exhibit the same capability in assembling poly-Ub chains as did a 

complete reaction consisting o f Ub, E l and ATP cocktail. Very few high order poly-Ub 

chains were assem bled by purified Cdc34~Ub thiolester. A lternatively, this species 

assembled mono-, di-, and tri-Ub conjugates onto Cdc34 (Figure 2.11). This varied from 

the complete reaction, which was competent in the assembly o f high order poly-Ub 

chains. Only when an active form of E l was supplem ented back to the purified 

Cdc34~Ub thiolester was it capable of assembling higher order poly-Ub chains.

The sequence o f events that describe Cdc34 function in light o f my present 

findings have been summarized schematically in Figure 2.14. 1) A monomer of Cdc34 is 

first activated with Ub by E l;  2) Thiolester form ation triggers the form ation o f a 

Cdc34~Ub thiolester complex that results from favorable interactions that each Ub 

molecule makes across the boundary of the complex; 3) The complex then either alone or 

in combination with the SCF directs the assembly of a poly-Ub chain on the targeted 

substrate. The catalytic heart of this pathway is a multimer o f the Cdc34~Ub thiolester 

that owes both its existence and activity to the spatial relationship between Cdc34 and 

Ub.

2.4 Materials and Methods

2.4.1 Plasmids and yeast strains

Plasmids and yeast strains used in this study are listed in Table 2.1. The pJD325 

plasmid, containing the S. cerevisiae UBAI-His6 gene, was provided to us by Daniel 

Finley (H arvard  M edical School). Versions o f  the S97D , S73K /S97D  (SS), 

S73K/S97D/A12  (SS/A12) and A l l  derivatives (15) were provided to us by Mark Goebl
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TABLE 2.1

Yeast strains used in Chapter 2

Y east S tra ins G enotype S ource

MHY501
YPH499
15DaubA
DSY1105

MATa his3-A200leu2-3,112 trp1-1 ura3-52Iys2-801 gal2 
MATa ade2-101 his3-A200 Ieu2-A1 irpl-££3 ura3-52Iys2-801 
MATa ba rlA a d e l h is2 leu2-3 ,112 :rp1-1‘ ura3Ans 
MATa b a n  A adel his2 leu2-3,112 trp1-l‘ ura3An$ cdcS3-l

Hochstrasser M. 
Stratagene 

Stuart D. 
Stuart D.

Plasmids used in Chapter 2

P lasm ids D escription Source

Wild type and  control p lasm ids:

PJD325 2pM Pc u pi-UBA1-6xHi s [LEU2\ Findley D.

pES5 2^M PcuPi-HA-Ub \URA3[ This study

pESC200 2(aM P gal i -CDC53-3xHA [URA3\ This study

pESC(Trp)
pESC(Ura)

2(iM PCALi-Myc, PGALio-Flag[TRP1] 
2uM P GALi-Myc, PGALio-Flag [URA3\

Stratagene
Stratagene

pESCt
pESC2
pESCA

2uM PGAL10-Rag-CDC34[TRP1]
2pM PGALi-Myc-CDC34 [ TRP1]
2nM PGALi-Myc-CDC34. PGAlio-Flag-CDC34 [TRP1\

This study 
This study 
This study

Cdc34 cataly tic dom ain derivative plasm ids:

PESC15
pESC16
pESCH

2nM PGALio-Flag-cdc34 C95A\TRP1\
2uM PGAli-Myc-Cdc34 C95A[TRP1\
2pM PGALi-Myc-cdc34 C95A, PGALto-Flag-cdc34 C95A[TRP1]

This study 
This study 
This study

pE SC t9 
pESC20 
pESCJ

2uM PGALib-Flag-cdc34 S97D[TRP1]
2nM PGALt-Myc-cdc34 S97D[TRP1\
2uM PGALi-Myc-cdc34 S97D, PGALio-Flag-cdc34 S 9 7 D [TRP1]

This study 
This study 
This study

pESC3
pESC4
pESCB

2pM PGALio-FIag-cdc34 S73K/S97D[TRP1]
2nM PGALi-Myc-cdc34 S73K/S97DITRP1]
2pM PGALi-Myc-Cdc34 S73K/S97D, PGALiO-Flag-cdc34 S73K/S97D  [ TRP1]

This study 
This study 
This study

pESC5
pESC6
pESCC

2uM Pgalio-F1ag-cdc34b12[TRP1\
2nM P gali -Myc-cdc34 A12 [TRP1]
2|AM PGAt.i-Myc-Cdc34b.12. PGALro-Flag-Cdc34 A12 {TRP1\

This study 
This study 
This study

pESC7
PESC8
pESCD

2uM Pgal io-Flag-bdc34 S73K/S97D/b 12 [ TRP1] This study 
2uM P gal i-Myc-cdc34 S73K/S97D/b 12 [ TRPf] This study 
2nM PGALi-Myc-cdc34 S73K/S97D/b12. P GALio-Flag-cdc34 S73K/S97D/b12[TRP1] This study

pESCK 2|iM P gali-Myc-CDC34, PGALio-Flag-cdc34 C 95A [ TRP1) This Study

Cdc34 carboxyl-term inal truncation p lasm ids:

pESC9
pESCIO
pESCE

2uM PGALiO-FIag-cdc34b170\TRP1]
2\M  PGALl-Myc-Cdc34b.170[TRP1]
2uM PGALi-Myc-cdc34M70. PGALio-Flag-cdc34b170[TRP1]

This Study 
This Study 
This Study

pESC11 
PESC12 
pESCF

2uM ?GALio-Flag-cdc34 A 185 [ TRP1\
2\M  PGALi-Myc-cdc34 A 185 [ TRP1]
2\M  PGALi-Myc-cdc34b185, Pgalio-Flag-cdc34 A185[TRPT[

This Study 
This Study 
This Study

pESC13
pESC14
pESCG

2jiM PGALio-F1ag-cdc34 A209\TRP1]
2uM PGALi-Myc-cdc34b209[TRP1]
2(iM PGALi-Myc-cdc34b209, Pgalio-Flag-cdc34b209 [TRPf]

This Study 
This Study 
This Study

Bacterial expression  p lasm ids:

pREGBI
pREGB6
pCdc34A185
pCdc34A209
pBV4
pBV8
pBV9

pET-3a derivative +  Ub 
pET-3a derivative + CDC34 
pET-3a derivative + cdc34 A185 
pET-3a derivative + cdc34 A209 
pET-3a derivative +  cdc34 C95A 
pET-3a derivative +  cdc34 S97D  
pET-3a derivative +  cdc34 S73K/S97D

Hodgins et al. 1996 
Ptak et al. 1994 
Ptak et al.1994 
P tak e t al.1994 

This study 
This study 
This study
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(Indiana University). Cdc34 C-terminal truncations were generated as previously 

described (22). For Myc-Cdc34 the DNA sequences of CDC34 or cdc34 derivatives were 

amplified using the polymerase chain reaction (PCR) and inserted 3 ’ of the Myc epitope 

tag in the pESC-Trp galactose-inducible expression plasmid (Stratagene) using the 

Bglll/PacI restriction enzyme sites. For Flag-Cdc34 the DNA sequences of CDC34 or 

cdc34 derivatives were amplified using PCR and inserted 3 ' of the Flag epitope tag in the 

pESC-Trp plasmid using the Xhol/Kpnl restriction enzyme sites. For Cdc53-3xHA the 

DNA sequence of CDC53 was amplified using PCR and inserted into the pESC-URA 

galactose inducible expression plasmid (Stratagene) using the B am H l/X hol restriction 

enzyme sites. Three HA epitope tags were cloned into a Notl restriction enzyme site that 

was engineered at the 3 ' end o f CDC53  before the stop codon. The yeast HA-Ub 

expression plasmid was generated by inserting a DNA segment encoding the HA epitope 

into the high-copy-number YEP352 Ub plasmid described previously (I)  using the 

EcoRI/Bglll restriction enzyme sites.

A m odified derivative o f the pET3a plasm id was used to construct the 

Escherichia coli over expression plasmids as previously described (22). The DNA 

sequences o f CDC34 or the cdc34  derivatives were amplified using PCR and then 

inserted this into the pET3a derivative plasmid using the Sacl/Kpnl sites.

All oligonucleotides used were synthesized by the Department of Biochemistry 

DNA Core Facility at the University of Alberta (Edmonton, Canada). Restriction 

enzymes were purchased from Promega and New England Biolabs. The E. Coli strain 

M C I061 was used as the host for all plasmid expression and was grown in Luria Broth 

(LB) medium in the presence of required antibiotics. All plasmids were sequenced using 

a Beckman Coulter CEQ 2000 XL DNA analysis system.

Yeast strains 15DaubA and DSY1105 were provided by David Stuart (University 

of Alberta). The yeast strain MHY501 (19) used for Ubal expression was provided by 

Mark Hochstrasser (Yale University). All yeast strains were cultured in either a rich 

medium (YPD: 1% yeast extract, 2% bacto-peptone and 2% glucose) or a SD medium 

(0.67% yeast nitrogen base without amino acids, 2% glucose, and the appropriate amino 

acids) as previously described.
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2.4.2 Chemical crosslinking

Yeast cells expressing Flag-Cdc34 were grown at 30°C to an ODMK) of 0.8. The 

cells were then harvested, washed with water, and lysed in ice-cold crosslinking buffer 

[50mM HEPES (pH 7.0), lOOmM NaCl, 1 mM EDTA, 0.1% NP-40, protease inhibitor 

cocktail (Sigma)] with the use of glass beads. The lysate was then centrifuged at 10 000 g 

for 15 minutes at 4°C to remove debris. The crosslinker disuccinimidyl suberate (DSS) 

(Pierce) was then added to the lysate (5 mM final) and was incubated for 30 minutes at 

30°C. Free reactive groups of DSS were quenched by the addition of 50mM Tris-Cl (pH

7.5) to the sample for 30 minutes at 30°C.

2.4.3 Immunoprecipitation and immunoblotting

Co-immunoprecipitation experiments were carried out using the yeast strains 

YPH499. 15DaubA, and D SY 1105 as stated in the results. For the galactose inducible 

expression of proteins in yeast, the manufacturers recommended protocol (Stratagene) 

was followed using SSG medium (0.67% yeast nitrogen base without amino acids, 2% 

galactose, and the appropriate amino acids). Yeast cells expressing Myc-Cdc34, Flag- 

Cdc34 or Myc- and Flag-Cdc34 were grown to an O D ^  of 0.8. Cells were harvested, 

washed with water and lysed in ice-cold lysis buffer [50mM HEPES (pH 7.5), lOOmM 

NaCl, 1 mM EDTA, 0.1% NP-40, protease inhibitor cocktail (Sigma)] using glass beads. 

Lysates were then centrifuged at 10 000 g for 15 minutes at 4°C to remove debris. The 

supernatants were precleared with 25 pi of protein G-agarose (Roche) for 1 hour with 

gentle rotation at 4°C. This was followed by incubation o f the lysates with 5 ul o f anti- 

Myc antibody [0.4 mg/ml] (9E10, Roche) or 5 ul of anti-Flag antibody [0.4 mg/ml] (M2, 

Sigma) for 2 hours at 4°C, and then by incubation with 20 ul of protein G-agarose for 2 

hours with gentle rotation at 4°C. The immunoprecipitate-bead complexes were washed 4 

times with ice-cold lysis buffer. The complexes were then boiled for 5 minutes in SDS 

load buffer + lOmM DTT. The samples were subjected to 12% SDS-PAGE. transferred 

to polyvinylidene fluoride membrane, and analyzed by immunoblotting with anti-Flag 

Horseradish Peroxidase (HRP) conjugated antibody (M2, Sigma) or anti-M yc HRP 

conjugated anti-body (9E10, Roche).
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The identical procedure as above was used for the experiment expressing Cdc53- 

3xHA in combination with Flag-Cdc34 or one of the Flag-cdc34 derivatives, except that 

5 1.1 1 of anti-H A  antibody [0.4 m g/m l] (12C A 5, Roche) was used for the 

immunoprecipitation, and anti-HA HRP conjugated antibody (3F10, Roche) was used for 

immunoblotting.

For the experiments involving HA-Ub, the cells were induced at an OD^o of 0.2 

for H A -U b expression  by adding CuSOj to the m edia (0.1 mM final). 

Immunoprecipitation was done as described above, as was the immunoblotting for Flag 

and Myc Cdc34. HA-Ub was analyzed by imm unoblotting with an anti-HA HRP 

conjugated antibody (3F10, Roche). For dithiothreitol (DTT) treatment of samples prior 

to the immunoprecipitation, total cell extracts expressing HA-Ub, Flag-Cdc34 and Myc- 

Cdc34 were treated with or without DTT (100 mM final) for 2 hours at 30°C. The lysates 

were subsequently dialysed into dialysis buffer [50 mM HEPES pH 7.5, 100 mM NaCl] 

for 2 hours at 4°C. Immunoprecipitations and immunoblots on the treated lysates were 

carried out as described above.

2.4.4 Protein Expression and Purification

Cdc34 and its derivatives were expressed from a modified derivative o f pET3a 

(22). Cell harvesting, and lysis were performed as previously described for Cdc34 (22). 

’5S-Ub was produced using labeling procedures previously described (22). Purification of 

0S-Ub was carried out using a variation of a previously described technique (13). Briefly, 

E. coli extracts containing ’5S-Ub were dialysed at 4°C for 4 hours against buffer A [50 

mM Tris (pH 7.5). 1 mM DTT. 1 mM EDTA]. Dialysates were then loaded onto a 1 ml 

HiTrap Q-Sepharose HP anion exchange column (Pharmacia) equilibrated with buffer A 

and eluted using the same buffer at a flow rate o f 1 ml/min. Flow-through fractions 

containing 35S-Ub were then passed over a 1 ml HiTrap Q-Sepharose HP cation exchange 

column (Pharmacia) equilibrated with buffer B [50 mM HEPES (pH 7.5), 1 mM DTT, 1 

mM EDTA] and chromatographed using the same buffer at a flow rate o f 1 ml/min. 

Flow-through fractions containing 35S-Ub were then concentrated to 200 pi and passed 

over a HR 10/30 Superdex 75 gel filtration column (Pharmacia) equilibrated with buffer
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C [50 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.1 mM DTT). 35S-Ub that 

was eluted off the column was concentrated and stored frozen in 10% glycerol at -80°C.

For the purification of S. cerevisiae  U bal, MHY501 yeast cells carrying the 

pJD325 plasmid were grown in Leucine minus SD media to an ODwl(l of 0.2 at 30°C. 

CuSO^ was then added to the media (0.1 mM final) and the cells were grown to an O D ^, 

of 1.0 at 30°C. Cells were then harvested, washed with water and lysed in buffer D [50 

mM Tris (pH 7.5). ImM EDTA, ImM beta-mercaptoethanol (BME)] with a protease 

inhibitor cocktail (Sigma). The lysate was then passed over a 5 ml HiTrap Q-Sepharose 

HP anion exchange column (Pharmacia) equilibrated with buffer D and the protein was 

eluted with a NaCl gradient o f 0 to 1 M using buffer E [50 mM Tris (pH 7.5), 1 mM 

EDTA, 2M NaCl, ImM BME]. U bal-6H is eluted at approximately 250 mM NaCl. The 

anion exchange column fractions were then passed over a 5 ml HiTrap chelating column 

(Pharmacia) charged with C uS 04. The column was washed with 4 times its volume of 10 

mM imidazole, and U bal-6H is was eluted with 500 mM imidazole. The eluted U bal- 

6His was then concentrated and run over a High Load 16/60 Superdex 200 gel filtration 

column (Pharm acia) equilibrated with buffer C. Peak fractions o f U bal-6H is were 

collected, pooled and concentrated. Glycerol was added to a concentration of 10% and 

the protein was frozen at -80°C . Ubal concentrations were based on ubiquitin-activating 

activity. A reaction containing a sample of Ubal and a known amount o f '5S-Ub in 0.5 ml 

o f ATP cocktail [30 mM HEPES (pH 7.5), 5mM MgCL, 5 mM ATP, 0.6 units/ml 

inorganic phosphatase] was incubated at 30°C for one hour. The sample was then run 

over a HR 10/30 Superdex 200 gel filtration column (Pharmacia) equilibrated with buffer 

C lacking DTT. The cpm of the 35S-Ub were followed and the incorporation o f 35S-Ub 

into the U bal peak to form U bal~(U b); was used to determine the concentration of 

Ubal.

2.4.5 Cdc34~ubiquitin thiolester purification and stability.

Cdc34~Ub thiolester was produced by incubating 1 mM Cdc34, 1 mM 35S-Ub 

(with a specific activity of 1.5 x 105 cpm/ug), and 100 nM U bal-6xH is together for 30°C 

for 5 minutes in 2.5 ml ATP/M g2'1' cocktail. The five-minute reaction time ensures that 

minor amounts of Cdc34-Ub conjugates form as a result of Cdc34 autoubiquitination.
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Reactions were stopped by the addition of 50 mM EDTA to chelate any unused Mg2* 

thereby inactivating U bal. Following incubation, the reaction mixture was immediately 

passed over a 1 ml HiTrap Q-Sepharose HP anion exchange column (Pharmacia) 

equilibrated with buffer F [50 mM Tris (pH 7.5), 1 mM EDTA]. Proteins were eluted 

with a NaCl gradient of 0 mM to 800 mM NaCl gradient using buffer G [50 mM Tris (pH

7.5), 1 mM EDTA. 2 M NaCl] and 0.5 ml fractions were collected. Counts per minute 

(CPM) fell into three well-resolved peaks corresponding to either 35S-Ub or 3:'S-Ub that 

had been incorporated into Cdc34~Ub thiolester or Ubal~Ub thiolester. The Cdc34~3>S- 

Ub peak was pooled and the protein concentration was based on the CPM from the 

sample. To test thiolester stability, the Cdc34~Ub thiolester was initially synthesized and 

purified as described above. The sample was subsequently run over a Superdex 200 16/30 

gel exclusion column, an elution profile generated as described above and the profile 

compared to the gel filtration run used in the initial Cdc34~Ub thiolester purification

2.4.6 In vitro Cdc34~ubiquitin thiolester assays.

For the in vitro th iolester reactions, Cdc34~Ub thiolester was produced by 

incubating 100 nM Cdc34 or Cdc34 derivates, 200 nM 35S-Ub, and 10 nM Ubal-6xHis in 

2.5 ml ATP cocktail at 30°C for 5 minutes. 50 mM EDTA was added to chelate any 

unused Mg2'" thereby inactivating Ubal and stopping the reactions. Purification of 

Cdc34~Ub thiolester was performed as described in section 2.5.5. All Cdc34 derivatives 

were analyzed for Ub thiolester formation using the above method except Cdc34 A209 

and A185 which could not be resolved in this way due to their reduced anionic character. 

For these two derivatives, reactions were carried out the same as above, but instead were 

loaded onto a High Load Superdex 75 16/60 gel filtration column (Pharmacia) 

equilibrated with buffer C lacking DTT. Proteins were eluted in 0.5 ml fractions and 

again cpm fell into three well-resolved peaks. Thiolester yields for all reactions were 

calculated by determining the specific radioactivity of the incorporated 35S-Ub and were 

expressed as percentages of the total Ub in the reaction.
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2.4.7 Cdc34 autoubiquitination reactions

Autoubiquitination reactions were performed by incubating 100 nM Cdc34~xsS- 

Ub thiolester in the presence of ATP cocktail at 30°C for 0, 2 or 22 hours. Additional 

reactions were performed by incubating 100 nM Cdc34~35S-Ub and 10 nM yeast Ubal 

(E l)  in the presence o f ATP/M g'+ cocktail at 30°C for 2 hours. Complete reactions for 

Cdc34 or Cdc34 derivatives were similarily performed by incubating 200 nM 35S-Ub, 100 

nM Cdc34 and 10 nM El in the presence of ATP/Mg2" cocktail at 30°C for 2 hours. All 

reactions were terminated by the addition of 10 mM DTT. immediately followed by 

precipitation with 10 % trichloroacetic acid. Samples were then resuspended and boiled 

for 5 minutes in SDS load buffer, followed by separation by 12% SDS-PAGE and 

analysis by autoradiography as described previously (13).
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CHAPTER 3 -  The Cdc34/SCF ubiquitination complex functions to 

mediate cell integrity *

* Portions of this chapter were done in collaboration with Dr. Christopher Ptak. and have been adapted 

from (40).

3.1 Introduction

The Ub-conjugating enzyme Cclc34 and its functional partner, the SCF (Skpl- 

Cdc53-Rbxl/H rtl-F.box) Ub-ligase, associate to assemble poly-Ub chains onto a number 

of key cell cycle regulators, which primarily directs them to the 26S proteasome for 

degradation (5). Included in this group are cell cycle regulators that play critical roles in 

the progression from the G1 to the S phase of the cell cycle, such as the cyclin dependent 

kinase inhibitors Sicl (9, 36, 42) and Farl (1, 13), the pre-replicative complex component 

Cdc6 (6, 31), and the G1 cyclins Clnl and Cln2 (18, 35. 38. 39,47) among others (2).

In the budding yeast Saccharomyces cerevisiae, G l/S  progression is characterized 

by at least three separate processes that include spindle pole body (SPB) duplication, bud 

emergence/polarized cell growth, and DNA replication. Temperature sensitive (TS) 

mutants o f the Cdc34/SCF complex exhibit defects in all o f these processes, displaying 

inhibition of DNA replication, duplicated, but un-separated SPBs, and elongated 

multibudded morphologies (28.36. 37). These phenotypes have been primarily attributed 

to the stabilization of Sicl within these mutant backgrounds. Support for this conclusion 

is also derived from the expression of a non-degradable derivative of Sicl in wild type 

cells that leads to similar phenotypes to those associated with Cdc34/SCF mutants (41). 

Deletion o f SIC1 in Cdc34/SCF mutant backgrounds suppresses these phenotypic defects 

given that DNA is replicated, SPBs separate, and the elongated multibudded morphology 

is lost (36). However, deletion o f SICJ in Cdc34/SCF mutant backgrounds uncovers a 

other associated defects characterized by a cell cycle arrest with replicated DNA and a 

round unbudded morphology (36). This highlights that the critical role o f the Cdc34/SCF 

complex is not solely dependent upon its ability to regulate the levels o f a single protein, 

but instead on its ability to regulate the levels of a variety o f cell cycle regulators.
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The work presented in this chapter identifies a novel function for the Cdc34/SCF 

complex in the regulation of yeast cell integrity. Proper maintenance of yeast cell 

integrity requires an integrated network of signaling pathways. These pathways function 

in the regulation of cell wall metabolism and actin reorganization during the cell cycle 

and in response to stress, and primarily converge on, or diverge from, the GTPase Rhol 

(10, 12). One of the essential functions for Rhol in the mediation of yeast cell integrity is 

to act as a regulatory component of the l,3-|3-glucan synthase. This enzyme catalyzes the 

synthesis o f 1,3-|3-glucan, the major structural component of the yeast cell wall. Another 

essential function for Rhol is to initiate a signal through a mitogen activated protein 

kinase (MAPK) cascade by associating with the protein kinase P kcl. This interaction 

stimulates the sequential phosphorylation of the MAPK kinase kinase (MAPKKK) B ckl, 

the redundant MAPK kinases (MAPKK) M kkl and Mkk2, and finally the MAPK 

Slt2/M pkl. Stimulation of Slt2 phosphorylation has been found to occur under a number 

of distinct cellular conditions, including: 1) Cell cycle progression, peaking at the G l/S  

transition during bud emergence and polarized growth (49): 2) The morphogenesis 

checkpoint, in response to actin depolarization (11): 3) Stress response, such as under 

conditions o f elevated temperature (3. 26); 4) The presence o f reagents in the growth 

media that perturb cell wall biosynthesis, such as detergents and caffeine (3. 26).

Activation and regulation of this MAPK pathway is mediated by several distinct 

effectors. The role of Slt2 in the G l/S  phase transition appears to be partially dependent 

upon the Cdc28 kinase, which may function to upregulate Pkcl in this context (24, 49). 

In response to stress conditions, a variety o f plasma membrane sensors are thought to 

m onitor the cell wall, and signal to the cell integrity pathway under conditions o f cell 

wall stress. One such group of sensors includes W scl/S lg l that, in response to cell wall 

stress, stimulates the GTPase exchange factor Rom2, which in turn activates R hol, 

leading to stimulation of Sit2 phosphorylation (32, 43). This pathway is also negatively 

regulated by a number of Rhol GTPase activating proteins (Rhol-G APs), including Sac7 

and L rg l. Deletion o f these R hol-G A Ps has been shown to cause constitutive 

phosphorylation o f Slt2 (21, 34). L rgl has also uniquely been observed to act as a 

negative regulator of R h o l’s role in l,3-|3-glucan synthesis (44). Other effectors directly 

regulate this MAPK pathway. For example, Knr4/Smil directly interacts with Slt2,
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altering its downstream signaling properties (27).

Several downstream  effects have been attributed to the role o f Slt2 in its 

maintenance of cell integrity. The best characterized of these is its role in the activation 

o f specific transcriptional activators, including the SBF complex and R lm l. The SBF 

complex, which is composed of the DNA binding protein Swi4 and the transcriptional 

activator Swi6, stimulates the expression of cell cycle genes involved in bud emergence, 

polarized ceil growth and cell wall synthesis during the G l/S  transition (14, 23). Rlm l 

also regulates the expression of genes required for cell wall synthesis, but primarily acts 

in response to stress (16. 45). The formation of a complex between Knr4 and Slt2 is 

thought to direct the upregulation of cell integrity genes over cell cycle genes in response 

to stress (27). Although transcription factors appear to be primary targets o f  Slt2, other 

types of targets have been reported. These include the M ih l phosphatase, which 

dephosphorylates Cdc28, a requirement for the passage of the cell cycle into M phase 

(11). Defects in bud emergence or actin polymerization activates Slt2 activity, which in 

turn leads to the phosphorylation of M ih l, which inhibits M ihl phosphatase activity. This 

prevents Cdc28 dephosphorylation resulting in a delay in the cell cycle constituting part 

of the morphogenesis checkpoint.

M utations within the cell integrity pathway are characterized by a number of 

phenotypes, including temperature sensitive lysis defects, suppression of this lysis defect 

by increasing the osm olarity o f the external environm ent, increased tem perature 

sensitivity in the presence o f low concentrations o f detergent, and caffeine sensitivity, 

among others (19, 20, 25, 30). In this study, we show that mutations in the Cdc34/SCF 

complex exhibit phenotypes associated with defects in maintaining cellular integrity. 

Furthermore, we find that Slt2 phosphorylation is misregulated in these strains, and we 

identify a number of genetic interactions between effectors o f the cell integrity pathway 

and the Cdc34/SCF ubiquitination complex. Together, these results show that the 

Cdc34/SCF complex plays a key role in the regulation of the cell integrity pathway in 

response to stress and possibly during the cell cycle.
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3.2 Results

3.2.1 Cdc34/SCF mutants exhibit cell integrity phenotypes.

In a search for genes that cause growth repression when expressed at high levels 

in either a cdc34-2  or cdc53-I  strain, we identified the R hol-G A P L rg l. Figure 3.1 

shows this effect wherein the induction of LR G l expression by growth on galactose 

medium was shown to be synthetically lethal in the cdc34-2 and cdc53-J strains at 30°C. 

In its role as a Rhol-G A P. Lrgl has been implicated in negatively regulating R h o l's  

function as an activator of the cell integrity MAPK pathway and R h o l's  function as an 

activator o f the 1.3-p-glucan synthase enzyme (21. 44). The cell integrity function of 

Lrgl and its genetic interaction with both cdc34-2  and c d c 5 3 -l  indicated that the 

Cdc34/SCF complex might also function as a regulator of yeast cell integrity.

Several phenotypes are associated with cell integrity m utants, including 1) 

tem perature sensitive cell lysis that may be suppressed by high concentrations of 

extracellular solutes such as sorbitol or NaCl, 2) sensitivity to low levels o f the anionic 

detergent SDS, and 3) sensitivity to reagents that affect cell integrity signaling such as 

caffeine (19, 20, 25, 30). We therefore tested the cdc34-2  and c d c 5 3 -l  strains to 

determine if these strains exhibited phenotypes associated with cell integrity defects 

(Figure 3.2A). Growth of either strain in the presence of high concentrations of sorbitol 

or NaCl was shown to significantly elevate the temperature restrictive for proliferation. 

When grown on medium containing 0.005% SDS the cdc53-l strain showed increased 

sensitivity, in that its non-permissive temperature was reduced from 37°C to 35°C and 

growth at 33°C only occurred at higher cell densities. The cdc34-2  strain also showed 

SDS sensitivity, but only at the higher concentration of 0.0075%. Somewhat similar 

results were obtained when these strains were grown on medium containing 2 mM 

caffeine. The cdc53-l strain showed a reduced non-permissive temperature, whereas the 

cdc34-2 strain showed no caffeine sensitivity. Based on these observations, the cdc53-l 

strain, and to a lesser extent the cdc34-2  strain, exhibit cell integrity phenotypes 

suggestive o f a role for the Cdc34/SCF complex in the m aintenance o f yeast cell 

integrity.
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Figure 3.1 LRG1 overexpression is toxic to Cdc34/SCF mutants.
Wild-type (VVT). cclc34-2 and cdc53-l cells were transformed with an empty control plasmid (YCP) or a 

plasmid expressing LRGJ from a GALJ promoter (YCP.LRG1). Cell were grown in -Leu SD medium 

containing raffinose to mid-log phase at 30°C. The cells were then serially diluted, and 105, 10 \ 103 

and 102 cells were plated on -Leu SD medium containing galactose or glucose. The cells were grown at 

30°C for 3 days.

Leu/Glucose Leu/Galactose

cdc34-2
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Figure 3.2 Cell integrity defects associated with cdc53-l and cdc34-2 cells.

(A) Wild-type (\VT), cdc34-2 and cdc53-l cells were grown to mid-log phase in liquid YPD medium at 

30°C. Serial dilutions of the cells were prepared, and 105. 104, 103 and 10- cells were spotted onto YPD, 

YPD containing 1 M sorbitol, YPD containing 0.0050% or 0.0075% SDS, YPD containing 0.5 M NaCl, 

and YPD containing 2 mM caffeine media. The cells were then grown at 30°C, 33°C. 35°C and 37°C for 3 

days. (B) s k i  A, cdc34-2 sicl A and cdc53-l sicIA cells were prepared as described above, and 10s. 104, 

103 and 10- cells were spotted onto plates with YPD, YPD containing 1 M sorbitol and YPD containing 

0.0050% SDS. The cells were then grown at 30°C, 33°C, 35°C and 37°C for 3 days.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



151

A possible cause for the cdc34-2  and cdc53-l cell integrity phenotypes might 

stem from S icl stabilization. Failure to degrade S icl in these strains causes 

hyperpolarized growth leading to an elongated, multibudded phenotype. It was possible 

that this aberrant morphology affected the yeast cell wall sufficiently to cause the 

observed cell integrity phenotypes. If true, it would be expected that deletion of SIC1 in 

the cdc34-2 and cdc53-l backgrounds would suppress the cell lysis defect associated with 

these strains. To test this possibility, we carried out plating experiments using the s ic IA . 

cdc34-2 s ic IA , and cdc53-l s ic IA  strains (Figure 3B). Deletion of SIC1  in WT  cells 

caused minimal defects, given that the s ic IA  strain only showed weak SDS sensitivity at 

37°C. Deletion o f SIC1 in the cdc34-2 mutant also had little effect under normal growth 

conditions. In fact, the cdc34-2 sic IA  strain showed greater sensitivity to 0.005% SDS 

then did cdc34-2  alone. By comparison, the cdc53-J s ic !A  strain showed a strong 

synthetic defect under all conditions tested. Thus, rather then alleviating defects 

associated with the cdc34-2  and cdc53-I  mutants, deletion o f SIC I  caused synthetic 

defects. Thus, the cell integrity defects associated with these strains do not result from 

hyperpolarized growth caused by the accumulation of S ic l. rather they appear to be 

mitigated by its presence.

3.2.2 The cdc53-l m utant exhibits phenotypes atypical o f  other Cdc34/SCF  

mutants.

The plating experiments shown in Figure 3.2 illustrate differential sensitivities to 

cell wall stress and SIC  I  deletion for the cdc34-2 and cdc53-l mutants. To determine 

whether these differences were reflected in their behavior under norm al growth 

conditions we expanded our comparison of the cdc34-2 and cdc53-Istrains.

Strains harboring Cdc34/SCF temperature sensitive mutations typically arrest at 

the non-permissive temperature with a IN DNA content and single or multiple elongated 

buds (28, 36). For example, the cdc34-2  strain used in this study arrests at 37°C with a 

IN DNA content and a predominantly elongated, multi-budded cell morphology (Figure 

3.3AJ. Unlike the cd c3 4 -2  strain, cdc53 -I  exhibited characteristics not typically 

associated with Cdc34/SCF mutants. In particular, the cdc53-I cells arrested at 37°C as a 

mixed population with either a IN or 2N DNA content (Figure 3.3A). Furthermore, the
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Figure 3.3 cdc53-l m utan ts display uncharacterized defects.

(A) Morphology and DNA content. Wild-type (WT), cdc34-2, and cdc53-l cells were grown in YPD at 

30°C to mid-log phase and shifted to 37°C for 6 hours. Samples from both temperatures were analyzed 

by DIC microscopy and flow cytometry. Images displaying the morphologies of the cells, as well as the 

DNA content from each sample are shown. The cells’ morphologies were grouped as round (unbudded), 
round (budded), elongated (unbudded), elongated (budded), elongated (multi-budded) and large round, 

and the population percentages within each sample are displayed under the respective images. (B) Sicl 
turnover in wild-type (WT), cdc34-2 and cdc53-I cells at their permissive temperature. WT, cdc34-2 
and cdc53-I cells expressing SICI-HA under its own promoter were arrested in the G l phase of the cell 

cycle with a-factor and then synchronously released for growth into YPD medium at 30°C. Samples 

were taken at 10-minute time intervals and analyzed by immunoblotting for Sicl protein levels or by 

flow cytometry for DNA content. Protein loads were determined to be consistent from sample to sample 

by immunoblotting for Cdc28 protein levels.
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2N population of cells was found to persist even when the culture was incubated 

overnight at 37°C. cdc53-l cells also showed mixed morphologies at the non-permissive 

temperature. While a majority of the cells arrested with single or multiple elongated buds, 

a significant proportion (27%) arrested as round unbudded cells (Figure 3.3A). This 

comparison indicated that in addition to a Sicl turnover defect leading to an arrest at the 

G l/S  transition and an elongated morphology, the cdc53-l strain was also defective in 

some other function(s) causing the round unbudded morphology and arrest with 2N DNA 

content that is consistent with a G2/M defect in the cell cycle.

Additional differences between the cdc34-2 and cdc53-l strains were observed 

when comparing their growth characteristics at the permissive temperature of 30°C. For 

instance, it was observed that the doubling time of the cdc53-I strain was approximately 

30 minutes longer then that of the W T  and cdc34-2  strains (Figure 3.3A). We tested 

whether or not this delay could be attributed to a defect in Sicl turnover at the permissive 

temperature. To this end, the levels o f HA-epitope tagged Sicl were followed in each 

strain using synchronized cells released from a -fac to r arrest at 30°C. Furthermore, 

analysis by flow-cytometry was employed to follow the DNA content of the cultures at 

each time-point used to measure Sicl levels (Figure 3.3B).

In the W T  strain, S icl abundance dramatically decreased by 40 minutes after 

release from a -fac to r arrest. Loss o f Sicl was coincident with the onset o f DNA 

replication indicated by the presence o f a 2N DNA peak. Re-accumulation of Sicl 

occurred between 70-80 minutes after a-factor release, and the cells began re-entry into 

G1 phase o f the cell cycle between 100-110 minutes after release. By comparison to the 

WT strain, Sicl turnover appeared to be delayed and less efficient in the cdc34-2 mutant. 

This was coincident with delay in the accumulation of cells with a 2N DNA content until 

80 minutes after a -fac to r release by comparison to 50 minutes for the WT strain. 

Furthermore, DNA replication appeared to proceed even without complete degradation of 

S ic l. albeit less efficiently. These observations are consistent with a defect in Sicl 

degradation at 30°C in the cdc34-2 strain, although we cannot rule out the possibility that 

this delay stems from a defect in a -fac to r release. Unlike the cdc34-2  strain, Sicl 

turnover in the cdc53-l strain was as efficient as in the W T  control. Surprisingly, the 

accumulation of cdc53-l cells with a 2N DNA content was delayed in spite of efficient
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Sicl turnover. In addition. Sicl re-accumulation was delayed, and by 120 minutes after 

release from a-factor these cells had not re-entered G1 phase. Thus, at 30°C the cdc53-l 

strain shows a delay in S-phase entry, and a delay in G2/M, which occur independently of 

Cdc53’s role in Sicl degradation.

These studies show that the ccic34-2 and c d c 5 3 -l  strains exhibit distinctly 

different defects under conditions permissive for growth and division. The cdc34-2  

mutation appears to primarily cause defects associated with Sicl degradation and causes 

weak cell integrity defects. In contrast, the cdc53-l mutation causes a number of defects 

not directly attributable to Sicl turnover including cell cycle defects and more severe cell 

integrity related defects at both the permissive and non-permissive temperatures.

3.2.3 Cdc34/SCF mutants are defective in the induction o f SIt2 phosphorylation in 

response to heat stress and caffeine.

A potential cause for the distinct phenotypes associated with the cdc34-2  and 

cdc53-l strains was that these mutations affect the yeast cell integrity MAPK pathway to 

different degrees. In particular, we wished to determine the extent to which the cell 

integrity pathway was stimulated in the cdc34-2 and cdc53-l backgrounds.

The cell integrity pathway consists o f a phosphorylation cascade that is stimulated 

under stress conditions, leading to the phosphorylation of the MAPK Slt2 (3, 20, 26). As 

such, monitoring the induction of Slt2 phosphorylation may be used to measure the 

response of the cell integrity pathway to stress conditions. Based on western analysis 

using an antibody specific for phospho-Slt2, W T  cells showed a strong induction o f Slt2 

phosphorylation in response to both heat shock and caffeine treatm ent (Figure 3.4) 

consistent with previous reports (26). The cdc34-2 mutant also showed an induction of 

Slt2 phosphorylation under both conditions, but to a lesser extent than that seen for the 

WT strain. This indicated that the cdc34-2 mutant showed a partial defect in phospho-Slt2 

induction in response to heat stress and caffeine (Figure 3.4, left panels). By comparison, 

the cdc53-l mutant showed a profoundly reduced induction o f Slt2 phosphorylation in 

response to heat stress and caffeine (Figure 3.4, right panels). These observations suggest 

that the cell integrity phenotypes observed in the cdc34-2 and cdc53-l mutants stem from 

a defect in MAPK signaling. The extent to which these phenotypes are exhibited is also
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Figure 3.4 Slt2 phosphorylation is defective in cdc53-l and cdc34-2 cells in response to heat or 
caffeine stress. Wild-type (WT), cdc34-2 and cdc53-I cells were grown in YPD medium to mid-log phase 

at 30°C. and then were either (A) shifted to 37°C or (B) transferred to YPD containing 2 mM caffeine at 

30°C (bottom panels). Cell samples were taken before (0 min.) or at the indicated time points (30. 60 and 

120 min.) following the treatment. As a negative control, a sample from a sl:2A strain after 120 minutes of 

growth at 37°C or in the presence of 2 mM caffeine was examined. The samples were analyzed for dually 
phosphorylated  S lt2  and total SIt2 protein levels by im m unoblotting . C om parisons o f  the Slt2 

phosphorylation levels between the WT cells and the cdc34-2 cells (on the left) and the WT and the cdc53- 
1 cells (on the right) are shown.
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reflected in the degree to which Slt2 is phosphorylated in each strain. This also raises the 

possibility that the defects associated with cdc53-l at 30°C may stem, at least in part, 

from a defect in Slt2 phosphorylation given that Slt2 also functions to regulate cell cycle 

progression (14. 23, 49). Overall these results indicate that the Cdc34/SCF complex 

functions to regulate the induction Slt2 phosphorylation in response to stress.

3.2.4 cdc34-2 slt2A and cdc53-l slt2A  strains show strong lysis defects.

To further probe the relationship between Slt2 and Cdc34/SCF mutants, SLT2 was 

deleted in the cdc34 -2  and cd c5 3 -l  backgrounds and the affect o f these synthetic 

mutations on the cell integrity phenotypes was tested. The slt2A  strain was temperature 

sensitive at 37°C when grown on YPD. This tem perature sensitive defect was not 

exacerbated by the addition of 0.005% SDS to the medium, and was suppressed in the 

presence of 1M sorbitol (Figure 3.5A). Microscopic inspection of the slt2A  cells at 37°C 

showed that they lyse, and that this lysis defect is osmotically suppressed by 1M sorbitol 

(Figure 3.5B). W hen s lt2 A  was combined with either the cdc34-2  or the cd c5 3 -l  

mutations a strong synthetic defect was observed. The cdc34-2 slt2A  and cdc53-l slt2A 

defects are sim ilar to that observed for slt2A  in that the presence o f SDS does not 

exacerbate their growth defects, and the presence o f 1M sorbitol in the growth medium 

suppresses the defect up to 35°C. and partially suppresses it at 37°C (Figure 3.5A). 

Microscopic inspection o f cdc53-J slt2A  cells shows that they also possess a lysis defect 

at both 30°C and 37°C (Figure 3.5B). Furthermore, while the lysis defects associated 

with cdc53-l slt2A  cells can be suppressed in 1M sorbitol, these cells still exhibited an 

elongated bud m orphology at both temperatures. The strong synthetic lysis defects 

observed for these strains are so strong that the presence o f SDS cannot exacerbate them, 

indicate that Slt2 and the Cdc34/SCF complex function in parallel pathways to regulate 

cell wall integrity and biosynthesis in yeast.

We also tested the effect of deleting SLT2 on caffeine sensitivity (Figure 3.5A). 

The slt2A  strain was found to be sensitive to the presence of 2 mM caffeine in the growth 

medium. When made in combination with the cdc34-2 and cdc53-l mutations, deletion of 

SLT2 was synthetically lethal under this condition. These defects indicate that Slt2 and
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F igure 3.5 Deletion o f SLT2 in cdc53-I and cdc34-2 m utants causes enhances lysis defects.

(A) slt2A plating experiments. sltlA. cdc34-2 s!t2A and cdc53-l sI:2A cells were grown in liquid YPD 

containing lM sorbitol at 30°C to mid-log phase. Serial dilutions of the cells were prepared and 10s. 104. 

103 and 102 cells were spotted onto plates with YPD. YPD containing 1M sorbitol. YPD containing 

0.0050% SDS and YPD containing 2 mM caffeine media. The cells were then grown at 30°C, 33°C, 

35°C and 37°C for 3 days. (B) Morphology of slt2A mutants. slt2A and cdc53-l slt2A cells were grown in 

YPD containing 1M sorbitol at 30°C to mid-log phase, and were then shifted to 37°C, o r into YPD 
medium without sorbitol at 30°C or 37°C for 6 hours. Samples o f  each were analyzed by DIC microscopy. 

Images displaying the morphologies o f  the cells are shown.
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the Cdc34/SCF complex also function in parallel pathways to mitigate caffeine sensitivity 

in yeast.

3.2.5 Effect of LRG1, SAC7  and KNR4 deletions on phospho-Slt2 levels.

Stress induction o f phospho-Slt2 is dependent upon the cell integrity MAPK 

pathway (3, 20, 26). Upstream regulators of this pathway stimulate the formation of a 

R hol-G TP complex, which binds to, and activates, the Pkcl kinase (17, 29), thereby 

initiating a MAPK cascade that ultimately leads to the phosphorylation and activation of 

Slt2 (Figure 3.6A) (10). Several regulators of this pathway have been shown to affect the 

phosphorylation state of Slt2. These include the R hol-G A Ps Lrgl and Sac7, which 

negatively regulate Rhol mediated signaling by stimulating its GTPase activity (Figure 

3.6A). Deletion of the LRG1 or SAC7  genes has been shown to cause constitutive Slt2 

phosphorylation (3, 21. 26). Another protein known to regulate Slt2 activity is Knr4, 

which acts at the level of Slt2 in the pathway by interacting with, and directing Slt2's 

downstream functions (27). Deletion o f KNR4 has also been shown to cause constitutive 

Slt2 phosphorylation (27).

Since the cdc34-2 and cdc53-I strains showed a defect in phospho-Slt2 induction 

(Figure 3.4) and Lrgl overexpression resulted in lethality (Figure 3.1), we wanted to 

determine if these effects were related. W e addressed this by examining the effect of 

deleting LRG1 in the Cdc34/SCF mutant backgrounds on the phosphorylation state of 

Slt2. We included in this analysis deletion strains o f SAC7, as it also functions as a Rhol- 

GAP, and deletion strains of KNR4, as it functions at point in the cell integrity MAPK 

pathway downstream of both Sac7 and L rg l, As expected from previous studies (3, 21, 

26, 27), the lrg l A, sac7A  and knr4A  strains all showed constitutive Slt2 phosphorylation 

at 30°C, which did not allow for further induction o f Slt2 phosphorylation under 

conditions of heat stress (i.e. at 37°C) (Figure 3.6B). These effects were mimicked upon 

deletion o f these genes in the cdc34-2  strain. However, we found that the while the 

cdc53-l lrg l A and the cdc53-l sac7A strains showed constitutive Slt2 phosphorylation, 

the cdc53-l knr4A strain did not (Figure 3.6B). These results suggest that the Cdc34/SCF 

complex may function to regulate the induction o f the cell integrity MAPK pathway 

upstream of, or at the level of Slt2.
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Figure 3.6 Effect of LRG1, SAC7 and  KNR4 deletions on phospho-Slt2 levels.

(A) The proposed model of cell integrity signal transduction. Several signals promote the binding o f Rhol 

to GTP. thereby activating it. and allowing it to perform one o f its many functions. For cell integrity 

signaling it is thought that Rhol activates Pkcl. which subsequently begins a MAPK signal transduction 

cascade consisting of the MAPKKK Bckl, the redundant MAPKKs M kkl and Mkk2, and the MAPK Slt2.

(B) Slt2 phosphorylation in IrglA, sac7A. and knr4A mutants. Wild-type (top), cdc34-2 (middle) and 

cdc53-I cells (bottom) with or without KNR4 deleted. SAC7 deleted, or LRG1 deleted were grown in YPD 

medium to mid-log phase at 30°C. and were then shifted to 37°C for 120 minutes. Samples from each 

temperature were analyzed for phosphorylated Slt2 and total Slt2 protein levels by immunoblotting.
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3.2.6 D eletion of K N R 4  enhances the  cell in tegrity  defects in cdc34-2 and  cdc53-l 

m utants.

Deletion o f K N R 4  has previously been shown to affect the activity of Slt2, 

resulting in several phenotypes associated with cell integrity defects (27). W e therefore 

examined these phenotypes in more detail in the cdc53-l knr4A  and cdc34-2 knr4A 

strains. The knr4A  strain showed mild temperature sensitivity that was suppressed by 1M 

sorbitol. This strain also showed sensitivity to 0.00591 SDS and 2 mM caffeine (Figure 

3.7A) indicative of its role in regulating Slt2‘s function in response to stress. Deletion of 

KNR4 significantly increased the SDS and caffeine sensitivity o f the cdc53-l and cdc34-2 

cells (compare Figure 3.2A and Figure 3.7A). In addition, deletion of K N R 4  virtually 

eliminated the elongated morphology characteristic o f Cdc34/SCF mutants at both the 

permissive and non-permissive temperatures, resulting in a pronounced accumulation of 

round unbudded cells (Figure 3.7B). Furthermore, analysis of the DNA content of cdc34- 

2 knr4A  and cdc53-l knr4A  strains showed a broad peak at the IN position, suggesting 

that these cells arrest with either unreplicated or partially replicated DNA (Figure STB). 

This latter observation may stem from the proposed misregulation o f SBF function as a 

consequence o f  deleting KN R4  (27). These results suggest that the function of the 

Cdc34/SCF complex and Knr4 in mediating cell integrity act in parallel. Given that Knr4 

interacts with Slt2 and Cdc34/SCF plays a role in phospho-SIt2 induction, these functions 

likely converge at the level of Slt2.

3.2.7 Deletion o f SA C 7  enhances the  defects in cdc34-2 an d  cdc53-l m u tan ts .

Unlike knr4A  cells, sac7A  cells showed no temperature sensitivity, no additional 

sensitivity to caffeine, and partial sensitivity to 0.005% SDS by comparison to WT 

(Figure 3.8A). However, combined with the cdc34-2 and cdc53-l mutations, the deletion 

of SAC7  caused a mild synthetic growth defect and a strong synthetic SDS defect, but no 

additional sensitivity to caffeine (compare Figure 3.2A and Figure 3.8A). As such, the 

effect o f caffeine does not appear to relate to the function o f Sac7 in the cell integrity 

pathway. Deletion o f  SA C 7  in cdc53-l and cdc34-cells also leads to an unpolarized 

growth phenotype at 37°C, resulting in a round unbudded morphology. This morphology 

is consistent with a novel defect in Cdc34/SCF mutants that is independent of Sicl
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Figure 3.7 Deletion of KNR4 enhances the cell integrity defects in Cdc34/SCF m utants.

(A) knr4A plating experiments. knr4A, cdc34-2 knr4A and cdc53-l knr4A cells were grown in liquid YPD 

at 30°C to mid-log phase. Serial dilutions of the cells were prepared and 10s, 104, 103 and 10- cells were 

spotted onto plates with YPD, YPD containing 1M sorbitol, YPD containing 0.005% SDS and YPD 
containing 2mM caffeine media. The cells were then grown at 30°C, 33°C. 35°C and 37°C for 3 days.

(B) Morphology and DNA content of knr4A cells. kr\r4A, cdc34-2 knr4A, and cdc53-I knr4A cells were 

grown in YPD at 30°C to mid-log phase and shifted to 37°C for 6 hours. Samples from both temperatures 

were analyzed by DIC microscopy and flow cytometry. Images displaying the morphologies o f the cells 

as well as the DNA content from each sample are shown. The cells’ morphologies were grouped as in 

Figure 3.3A and the population percentages within each sample are displayed under the images.
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Figure 3.8 Deletion of SAC7 enhances the defects in Cdc34/SCF m utants.

(A) s a d  A plating experiments, s a d  A, cdc34-2 sadA  and cdc53-l s a d  A cells were grown in liquid YPD 

at 30°C to mid-log phase. Serial dilutions of the cells were prepared and 10s. 104. 103 and 103 cells were 

spotted onto plates with YPD, YPD containing 1M sorbitol, YPD containing 0.0()59f SDS and YPD 
containing 2mM caffeine media. The cells were then grown at 30°C, 33°C. 35°C and 37°C for 3 days.

(B) Morphology and DNA content of s a d  A cells, s a d  A, cdc34-2 s a d  A, and cdc53-l s a d  A cells were 

grown in YPD at 30°C to mid-log phase and shifted to 37°C for 6 hours. Samples from both temperatures 

were analyzed by DIC microscopy and flow cytometry. Images displaying the morphologies o f the cells 

as well as the DNA content from each sample are shown. The cells’ morphologies were grouped as in 

Figure 3.3A and the population percentages within each sample are displayed under the images.
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stabilization. These observations suggest that the constitutive phosphorylation of Slt2 

observed in the vdc34-2 sac7A  and cclc53-l sac7A  strains (Figure 3.6B) does not 

alleviate, but rather may increase cdc34-2 and cdc53-J SDS sensitivity. Alternatively, 

these results suggest that the defects might be due to direct cell wall defects and that 

proper regulation o f the cell integrity pathway is required for the maintenance of cell 

integrity and cell growth.

3.2.8 D eletion o f  L R G 1  suppresses th e  cdc34-2  and  cd c5 3 -l  g row th  an d  cell 

in tegrity  defects.

As Lrgl and Sac7 are both R hol-G A Ps, and deletion of their genes cause 

constitutive Slt2 phosphorylation, it was possible that the IrglA  and sac7A  strains would 

exhibit similar phenotypes. However, overexpression of LRG1 in the Cdc34/SCF mutant 

strains caused a synthetic lethal effect (Figure 3.1 A) that was not apparent from the 

overexpression of SAC 7 , suggesting that Lrgl might have a distinct relationship to the 

Cdc34/SCF complex. Furthermore. Lrgl has been shown to play a negative function in 

relation to the maintenance o f cell integrity that is distinct from Sac7 (21. 44). We 

therefore tested the effects of deleting LRG1 in cdc34-2 and cdc53-l mutants. The IrglA  

strain showed no obvious defects by comparison to WT, while deletion of LR G 1 in both 

the cdc34-2 and cdc53-l backgrounds suppressed the temperature sensitivity, as well as 

the SDS and caffeine sensitivity of these strains (Figure 3.9A). At 37°C the cdc34-2  

IrglA  and cells exhibited an elongated cell morphology and an accumulation o f IN DNA 

content (Figure 3.9B). Despite this, the ability of the cdc34-2 IrglA  cells to grow at 37°C 

indicates that deletion of LRG1 suppresses defects associated with these cells, allowing 

them to progress through the cell cycle. Furthermore, the elongated morphology and 

DNA content o f these cells indicates that while the cell integrity defects may be 

alleviated by the deletion of L R G l, this does not fully suppress defects associated with 

the stabilization o f Sicl in these cells. Similar observations were made for the cdc53-l 

IrglA  strain, except that deletion o f LRG1 had a stronger suppressive effect on cdc53-l 

by comparison to cdc34-2. Analysis of the DNA content of cdc53-l IrglA  cells also 

shows a mixed population of IN and 2N DNA contents.
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Figure 3.9 Deletion of ZJ?Gi suppresses the grow th defects associated w ith Cdc34/SCF m utants.

(A) try]A  plating experiments. IrglA, cdc34-2 IrglA and cdc53-I IrglA cells were grown in liquid YPD 

at 30°C to mid-log phase. Serial dilutions of the cells were prepared and 105, 104, 103 and 10“ cells were 

spotted onto plates with YPD, YPD containing 1M sorbitol, YPD containing 0.005% SDS and YPD 

containing 2mM caffeine media. The cells were then grown at 30°C, 33°C, 35°C and 37°C for 3 days.

(B) Morphology and DNA content of IrglA cells. IrglA, cdc34-2 IrglA, and cdc53-l IrglA cells were 

grown in YPD at 30°C to mid-log phase and shifted to 37°C for 6 hours. Samples from both temperatures 

were analyzed by DIC microscopy and flow cytometry. Images displaying the morphologies of the cells 

as well as the DNA content from each sample are shown. The cells' morphologies were grouped as in 

Figure 3.3A and the population percentages within each sample are displayed under the images.
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The suppressive effect o f deleting LRG 1  does not appear to result from the 

constitutive Slt2 phosphorylation, which was also seen with the sac7A  strains, but instead 

display strong defects in combination with cdc34-2  and cdc53-l (Figure 3.8A). This 

suggests that deletion of LRG1 is not suppressing the defects in these cells by overcoming 

the Slt2 phosphorylation defects, but rather may be suppressing other defects. Since Lrgl 

has been characterized as having a negative function on m ediating l,3-|3-glucan 

synthesis, it is possible that deletion o f LRG1  directly alleviates defects that may be 

associated with the cdc34-2 and cdc53-I mutations by promoting cell wall biosynthesis, 

similar to that seen with other cell integrity mutants (21, 44).

3.3 Discussion

We have identified a novel function for the Cdc34/SCF ubiquitination complex in 

the yeast cell integrity pathway. This conclusion is based on a number of observations 

including: 1) cdc34-2 and cdc53-l strains exhibit cell integrity phenotypes, 2) cdc34-2 

and cdc53-l strains display defects in the induction of Slt2 phosphorylation, 3) cdc34-2 

slt2A  and cdc53 -l slt2A  strains show a severe synthetic lysis defect, and 4) the 

identification o f genetic interactions between the Cdc34/SCF complex and regulators of 

the cell integrity pathway. Together, this study indicates that the Cdc34/SCF complex 

regulates cell integrity through the mediation o f Slt2 phosphorylation and likely cell wall 

synthesis. Both of these Cdc34/SCF cell integrity functions appear to be necessary to 

ensure proper cell wall integrity/synthesis during cell growth and in response to stress 

(Figure 3.10A).

A role for the Cdc34/SCF complex in the regulation of the cell integrity pathway 

is inferred from the observation that the induction of Slt2 phosphorylation is defective in 

both the cdc34-2 and cdc53-l strains in response to elevated temperature and caffeine 

(Figure 3.4). Synthetic cell integrity defects observed for the cdc34-2 knr4A and cdc53-l 

knr4A  strains also indicate that the role of the Cdc34/SCF complex converges with that o f 

Knr4 (27) (Figure 3.7). Knr4 plays a role in the induction o f Slt2 phosphorylation, given 

that the knr4A  strain shows constitutive Slt2 phosphorylation (27). This function o f Knr4
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is dependent upon the Cdc34/SCF complex, given that a cdc53-l knr4A strain does not 

exhibit any constitutive Slt2 phosphorylation (Figure 3.6).

A synthetic relationship between Sac7 and the Cdc34/SCF complex in the 

regulation of cell integrity is inferred from the observation that scic7A cells show only 

slight SDS sensitivity, while cdc34-2 sac7A  and cdc53-l sac7A cells show a severe 

synthetic defect under identical conditions (Figure 3.8A). Previous studies have 

suggested that constitutive Slt2 phosphorylation causes defects in growth and stress 

response (22, 45 ,46 , 48). Therefore, it is likely that the SDS sensitivity in SAC7 deletion 

strains at least partially stems from the constitutive phosphorylation of Slt2 (Figure 3.6), 

which may either desensitize or over-stimulate the pathway. This is supported by the fact 

that hyperactive alleles of R hol and M kkl are very toxic to cd c5 3 -I  and cdc34-2 

mutants. However, since the phosphorylation of Slt2 does not match the degree of the 

defects associated with SAC7  deletion in the cdc34-2 and cdc53-l strains, it is likely that 

additional defects in Cdc34/SCF mutants are exacerbated when cell integrity signaling is 

misregulated. Curiously, the sac7A  strains did not show additional caffeine sensitivity 

(Figure 3.8A), suggesting that SDS sensitivity may stem from the loss of some other Sac7 

function not directly related to Slt2 phosphorylation. Alternatively, it is possible that the 

response of the cell integrity MAPK pathway to caffeine is not affected by constitutive 

Slt2 phosphorylation by the deletion of SAC7.

Interestingly, a novel relationship with the cell cycle is evident for the function of 

the Cdc34/SCF complex in the regulation of cell integrity. This is suggested by an 

accumulated round cell morphology in Cdc34/SCF mutants, which is distinct from the 

elongated m ultibudded morphology associated with the stabilization o f S ic l. A 

correlation between this phenotype and the cell integrity defects is evident from the 

examination o f cdc53-l and cdc34-2 mutants (compare Figures 3.2A and 3.3A). Further 

support for this relationship is apparent from an increase in both the cell integrity defects 

and the round cell morphology in cdc34-2  and cdc53-l strains having either SAC7 or 

KNR4 deleted (Figures 3.7 and 3.8). A similar synthetic effect has also been reported for 

a cdc34-2 w sclA  strain (15). These observations indicate that perturbing the cell integrity 

function of the Cdc34/SCF complex leads to a novel cell cycle defect, distinct from that 

of Sicl turnover.
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The Cdc34/SCF complex appears to regulate cell wall synthesis in a manner that 

may be distinct from its role in Slt2 phosphorylation (Figure 3.10A). Deletion o f SLT2 in 

the cdc34-2 and cdc53-I backgrounds causes a severe lysis defect that is suppressed in 

the presence 1M sorbitol (Figure 3.5). These observations suggest that Slt2 and 

Cdc34/SCF function in parallel to ensure proper cell wall synthesis under normal growth 

conditions. We also propose that the regulation o f Slt2 phosphorylation and cell wall 

synthesis functions of the Cdc34/SCF complex are required to ensure cell wall integrity 

during conditions o f cellular stress, and possibly during vegetative growth.

The interplay between these cell integrity functions provides a theoretical basis 

for the different degree to which the cdc34-2 and cdc53-l strains exhibit cell integrity 

phenotypes. Both strains exhibit cell wall defects as revealed by the enhanced lysis 

defects that are caused by SLT2 deletion, and the ability to osmotically suppress these 

defects. However, these strains differ in the degree to which Slt2 phosphorylation is 

induced in response to stress. The mild cdc34-2 induction defect still allows for sufficient 

Slt2 phosphorylation that compensates for the cdc34-2  cell wall synthesis defect. As 

such, the cdc34-2 strain only shows cell integrity defects under harsher conditions, such 

as a higher SDS concentration (Figure IB). In the case of cd c5 3 -l , its cell wall defects 

would not be compensated for in a similar fashion given the inability o f this strain to 

induce Slt2 phosphorylation. These differences may also provide a basis for the distinct 

cell cycle phenotypes observed for the cdc53-l strain at both its permissive and non- 

perm issive tem peratures (Figure 2), although confirm ation o f this requires further 

experimentation.

The effect that Lrgl has on both cdc34-2 and cdc53-I may also be understood in 

relation to these Cdc34/SCF cell integrity functions. In addition to its role in cell integrity 

signaling (Figure 3.6) (21), Lrgl negatively regulates l,3-|3-glucan synthase activity by 

stimulating R h o l’s GTPase activity (44). Overexpression of Lrgl may therefore function 

to downregulate both Slt2 phosphorylation and 1,3-[3-glucan synthase activity, thus, 

leading to lethality in the cdc34-2 and cdc53-l strains (Figure 3.1). In contrast, deletion 

o f LRG1 increases 1,3-|3-glucan synthase activity that may function to suppress the lysis 

defect associated with the cdc34-2 and cdc53-l mutations. Deletion of LRG1 also causes 

constitutive Slt2 phosphorylation, which may account for the m inor cell integrity
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Figure 3.10 Proposed functions o f the Cdc34/SCF complex in the regulation of cell integrity.

(A) The Cdc34/SCF complex mediates both the phosphorylation of Slt2 and cell wall integrity/synthesis 
by targeting an unknown substrate for ubiquitination. (B) The Cdc34/SCF complex may function at many 

different levels to mediate cell integrity related functions. Attractive targets for Cdc34/SCF ubiquitination 

are the R hol-G A Ps, which function to mediate both Slt2 phosphorylation and cell wall synthesis. 

However, several other possible targets also exist.

R e p ro d u c e d  with p e rm iss ion  of  th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



169

phenotypes still apparent in the cdc34-2 IrglA  and cdc53-l IrglA  strains (Figure 3.9A). 

Thus, deletion of LRC 1  partially suppresses the cell integrity cdc34-2 and cdc53-l 

defects, allowing the cells to progress through the cell cycle even at 37°C, but does not 

appear to completely alleviate the Sicl turnover defect, given that the cdc34-2 IrglA  and 

cdc53-l IrglA  strains still show an elongated multibudded morphology (Figure 3.9B).

Since the Cdc34/SCF complex functions to ubiquitinate target proteins, its cell 

integrity role most likely reflect this activity. W hile we have not at this time identified 

such targets, likely candidates include negatively regulators o f Slt2 phosphorylation and 

of cell wall synthesis (Figure 3.10B). An appealing possibility is the direct regulation of 

the Rho-GAPs, such as L rg l, by ubiquitination. Regulation o f these effectors has the 

potential to mediate both Slt2 phosphorylation and cell wall synthesis, and can account 

for all the observed cell integrity defects in Cdc34/SCF mutants. Another possibility is 

that Cdc34/SCF mediated ubiquitination may function to stim ulate cell integrity 

signaling, rather than to inhibit a negative regulator, similar to that observed with other 

ubiquitination complexes (4). The identification of these cell integrity targets will 

ultimately provide a basis for the cell integrity function of the Cdc34/SCF complex in the 

regulation o f Slt2 phosphorylation and cell wall synthesis.

3.4 Materials and methods

3.4.1 Yeast Strains.

All yeast strains used were isogenic to K699 (the strains are listed in Table 3.1). 

The B AR I gene was knocked out using the pJG sstl plasmid (provided to us by David 

Stuart. University of Alberta), which contains an URA3-marked BAR1/SST1 deletion. The 

URA3 gene on this plasmid is flanked by redundant Escherichia coli HisG  sequences 

allowing for the loss o f the URA3 gene by recombination as previously described (7, 33).

Strains expressing S1C1 with a single carboxyl-terminal HA epitope (SIC 1-HA), 

were constructed in two steps. First, the pSicl::URA3 plasmid, which replaces the entire 

SIC1 ORF with the UR A3 gene, was used to knockout SIC1 in each strain. Second, the 

Y Iplacl28-SIC l-H A  plasmid that contains the SIC 1-HA coding region under control of
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Table 3.1 Yeast strains used in Chapter 3

Yeast Srains Genotype Source/Reference

W303 MATa ade2-101 his3-11,15 Ieu2-3,112 trp1-1 ura3-1 cam-■100 M. Tyers

MTY740 W303 MATa cdc53-1 M. Tyers

MTY670 W303 MATa cdc34-2 M. Tyers

BVY011 W303 MATa bar!A This Study

BVY012 W303 MATa cdc34-2 barlA This Study

BVY013 W303 MATa cdc53-1 barlA This Study

BVY029 W303 MATa barlA sicl ::URA3 LEU2::SIC1-HA This Study

BVY030 W303 MATa cdc34-2bar1A sic1::URA3 LEU2::SIC1-HA This Study

BVY031 W303 MATa cdc53-1 barl A sic1::URA3 LEU2::SIC1-HA This Study

BVY036 W303 MATa barlA Irg1::karf This Study

BVY037 W303 MATa cdc34-2 barlA lrg1::karf This Study

BVY038 W303 MATa cdc53-1 barlA Irg1::karf This Study

BVY039 W303 MATa barM slt2::karf This Study

BVY040 W303 MATa cdc34-2 barlA slt2::karf This Study

BVY041 W303 MATa cdc53-1 barlA slt2::karf This Study

BVY045 W303 MATa bar74 knr4::karf This Study

BVY046 W303 MATa cdc34-2bar1A knr4::karf This Study

BVY047 W303 MATa cdc53-1 barlA knr4::karf This Study

BVY086 W303 MATa sic1::karf This Study

BVY087 W303 MATa cdc34-2 sicl::karf This Study

BVY088 W303 MATa cdc53-7 sic1::karf This Study

BVY121 W303 MATa sac7::karf This Study

BVY122 W303 MATa cdc34-2 sac7::karf This Study

BVY123 W303 MATa cdc53-1 sac7::karf This Study

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



171

the SIC] promoter and terminator was used to integrate this gene into the leu2 locus of 

each siclA::U RA3  strain.

Strains harboring s ic  1 A::kanr, slt2A ::karf, knr4A ::kanr, sac7A::kanr, or 

lrglA::kanr deletions were generated by homologous recombination using PCR products. 

Each PCR product was synthesized from genomic DNA derived from the appropriate 

kanr deletion strain (Open Biosystems) and included the kari gene flanked by ~100-500 

bp of DNA sequence from the upstream and downstream flanking regions o f the target 

gene. Each strain was subsequently transformed with the appropriate PCR product and 

plated onto YPD medium containing 200 ug/ml G418 to select for integrants. For 

slt2A::kanr strains selection was carried out on medium containing both G418 and 1M 

sorbitol. The resulting knockout strains were then confirmed by PCR and functional 

analysis.

3.4.2 Growth media.

Yeast strains were cultured in rich liquid medium (1% yeast extract, 2% bacto- 

peptone) containing 2% dextrose (YPD). Exceptions included the slt2A  strains, which 

were grown in YPD medium supplemented with 1M sorbitol and strains transformed with 

either the YCP111.GAL (YCP) or YCpl 1 l.G A L-Lrgl (Y CP.Lrgl) plasmids (Figure 

3.1). which were cultured in liquid SD medium (0.67% yeast nitrogen base lacing amino 

acids, the appropriate amino acids) containing either 2% dextrose (SD-D), 2% galactose 

(SD-G) or 2% raffinose (SD-R). Solid YPD, SD-D and SD-G media were prepared as 

above except that 2% bacto-agar was added to each. For the cell integrity plating 

experiments. YPD solid medium was supplemented with 2mM caffeine. 1M sorbitol,

0.5M NaCl or sodium dodecyl sulphate (SDS) to a Final concentration of either 0.005% 

or 0.0075%.

3.4.3 Plating experiments.

For all plating experiments a single colony for each strain examined was used to 

inoculate YPD liquid medium. The slt2A  strains (Figure 3.4) were initially grown in YPD 

medium supplemented with 1M sorbitol. Each culture was incubated at 30°C and grown
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to mid log phase (O D ^  of ~ 0.5-1.0) prior to plating. A dilution series o f each culture 

was subsequently prepared, and 10 \ 10 \ 103 and 10: cells were spotted onto four separate 

plates of the appropriate solid culture medium. The plates were then incubated at 30°C, 

33°C, 35°C and 37°C for 3 days prior to documentation. All plating experiments were 

carried out in duplicate using two separate colonies and were confirmed by at least one 

repetition of the experiment.

For LRG I overexpression (Figure 3.1) the WT, cdc34-2 and cdc53-l strains were 

transformed with either an empty control plasmid (YCP11 l.GAL/YCP) or with the same 

plasm id carrying the L R G I  coding region under control o f the GAL1 promoter 

(YCP11 l.G A L -L rg l/Y C P .L rg l). Plating experiments using each transform ed strain 

followed the same procedure as described above except that single colonies were initially 

used to inoculate SD-R liquid medium. A dilution series o f each culture was subsequently 

prepared and the appropriate volume of each spotted onto SD-D or SD-G solid medium 

lacking leucine (for plasmid selection). Plates were then incubated at 30°C for 3 days 

prior to documentation.

Y C p lll .G A L  was constructed using a fragment o f the pESC(Trp) plasm id 

(Invitrogen) that contains a multiple cloning sequence, a transcriptional terminator and 

the GAL1  and G A L  10  prom oters. This fragm ent was generated by PCR using 

oligonucleotides that introduced a 5 ’ PstI and a 3 ' Mfel restriction site. These sites were 

used to ligate this fragment into the PstI and EcoRI restriction sites of the YCplacl 11 

plasmid (CEN/ARS, LEU2 plasmid). The LR G I  coding region was PCR amplified from 

genomic DNA and inserted into the EcoRI and SstI sites o f Y C p lll .G A L  multiple 

cloning sequence to generated Y Cpl 1 l.G A L-Lrgl.

3.4.4 S ic l Turnover Experiments.

A single colony of BVY029, BVY030 orBV Y 031 (see Table 3.1) was used to 

inoculate 50 ml of YPD liquid medium. Cultures were incubated at 30°C and grown to an 

O D ^  of -0 .5 . Cells were then collected by centrifugation and resuspended in YPD 

medium containing 100 nM a -fac to r and incubated at 30°C until >80% of the cells 

displayed mating factor polarizations. To release from a-fac to r arrest, the cells were 

collected by centrifugation, then resuspended in YPD. This wash was repeated twice to
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ensure complete removal of a-factor. After the final wash cells were resuspended in YPD 

to a final ODhU0 of ~1.0 then incubated at 30°C for an additional 2 hr. Aliquots were taken 

from each culture after the final resuspension and every ten minutes thereafter to 

determine the O D ^ . S icl-H A  protein levels and cell cycle state (see flow cytometry 

below) of each culture at each time-point.

The level of S icl-H A  present at each time-point was determined by western 

blotting analysis. To this end a 1.5 ml aliquot was taken at each time-point. the cells 

collected by centrifugation and the cell pellet immediately frozen in liquid nitrogen. Cells 

were subsequently lysed by resuspending the pellet in 2x SDS load buffer [500 mM Tris- 

HC1 pH 6.8, 20% glycerol, 10% SDS, 0.1% bromophenol blue, 100 mM DTT] followed 

by boiling for 5 minutes. The volume of 2x SDS load buffer used for each aliquot was 

normalized based on the O D ^  of each culture at each time point. Cells lysates were then 

clarified by centrifugation and subsequently loaded onto and ran over a 12% SDS- 

polyacrylamide gel followed by transfer to a polyvinylidene fluoride (PVDF) membrane. 

To visualize Sicl-H A  each membrane was initially blocked overnight at 4°C using TBS- 

T buffer [50mM Tris-HCl pH 7, 150 mM NaCl, 0.1% Tween-20] with 2% w/v skim milk 

powder. The membrane was then probed at room tem perature for 2-hours using a 

monoclonal, horseradish peroxidase (HRP) conjugated anti-HA antibody (3F10; Roche) 

diluted 1:1000 in TBS-T. Three 10-minute washes in TBS-T were then performed on the 

membrane, and Sic-HA was then visualized using ECL (Amersham Biosciences). As a 

loading control, the membranes were stripped and re-probed for Cdc2S using the 

m onoclonal anti-PSTA IR (Sigma) at a 1:4000 dilution and the secondary HRP 

conjugated anti-mouse IgG antibody (Promega) at a 1:2500 dilution.

3.4.5 Slt2 phosphorylation assays.

Cultures of BV Y011, BVY012 or BVY013 were grown in YPD liquid medium at 

30°C  to an O D ^  o f ~0.5 after which they were either shifted to 37°C. or the cells 

collected by centrifugation and resuspended in YPD liquid medium supplemented with 2 

mM caffeine and reincubated at 30°C. Aliquots of each culture were taken prior to (0 

minute), 30 ,60 , and 120 minutes after the temperature or medium shift for analysis.
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Cell lysis and subsequent western blot analysis for Slt2 or phosphorylated Slt2 

followed the same basic procedure as that outlined for S icl-H A  with the following 

exceptions. Cell lysates were loaded onto a 10% polyacrylamide gel. To detect dually 

phosphorylated Slt2, the membranes were probed with an anti-phospho-p44/42 MAPK 

(T h ru:/Tyr:o4) primary antibody (Cell Signaling Technology, New England Biolabs) 

diluted 1:1000 in TBS-T with 2% w/v skim milk powder overnight at 4°C. Membranes 

were then washed and probed with a HRP conjugated anti-rabbit (Cell Signaling 

Technology, New England Biolabs) secondary antibody at 1:1000 dilution in TBS-T for 

2 hours at room temperature. Total Slt2 was detected by stripping and reprobing the 

membranes with an anti-M pkl primary antibody (Santa Cruz Biotechnology) at 1:100 

dilution in TBS-T/M followed by a HRP conjugated anti-mouse antibody (Santa Cruz 

Biotechnology) at a dilution o f 1:1000 in TBS-T using the same conditions as described 

for detection of phosphorylated Slt2.

3.4.6 Microscopy.

To examine cellular morphologies, cells from an exponentially growing culture 

were initially fixed by the addition of formaldehyde to a final concentration of 4% v/v 

and subsequent incubation at temperature for 10 min. Cells were then collected by 

centrifugation, and resuspended in phosphate buffered saline (PBS) containing 4% 

form aldehyde, and incubated at room tem perature for 1 hour. The samples were 

subsequently washed two times with PBS, and briefly sonicated at the lowest setting to 

disperse cell clumps and spotted onto a microscope slide for analysis. Cells were 

visualized by DIC microscopy using a Zeiss Axioskop 2 microscope, and documented 

using a Spot digital cam era and Spot software 3.0.4 (D iagnostic Instruments). 

Percentages for each morphological category considered were determined from visual 

inspection o f at least 200 cells from each culture.

3.4.7 Flow Cytometry.

To assess the DNA content of cells, an aliquot of each culture was taken, and the 

cells collected by centrifugation. Cells were then fixed by resuspending them in 70% 

ethanol followed by overnight incubation at 4°C. Fixed cells were subsequently stained
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with propidium iodide and analyzed by flow cytometry using a FACScan instrument 

(Becton Dickinson), as described previously (8).
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CHAPTER 4 -  Characterization of the relationship between the 

Cdc34/SCF ubiquitination complex and transcription.

4.1 Introduction

Several signaling networks in eukaryotic cells mediate the highly complex series 

of events related to cellular growth. In the yeast Saccharom yces cerevisiae . a major 

driving force o f the cell cycle is the coordinated regulation o f these signals to the 

expression of distinct sets of genes (39, 60). In this way, yeast cells have developed an 

intricate m ethod o f responding to varying conditions. A significant mode of 

transcriptional regulation is ubiquitination, which involves the attachment of ubiquitin 

(Ub) onto protein substrates through an enzymatic cascade consisting of an Ub-activating 

enzyme, an Ub-conjugating enzyme, and an Ub-ligase. Ub or the assembly o f muiti-Ub 

chains onto a protein destines it for a variety of effects, commonly targeting that protein 

for proteasomal degradation. The relationship between Ub and transcription can be 

observed at many different levels, such as in the regulation o f plasma membrane sensors, 

the activity o f signal transduction effectors, and the function o f distinct transcription 

factors (48).

The Cdc34 U b-conjugating enzyme together with the SCF (Skpl-C dc53- 

Hrtl/Rbx-F.box) Ub-ligase functions as a vital regulator of several transcriptional events. 

The most direct link between the Cdc34/SCF complex and transcription is its role in 

mediating the activity of the transcription factors Gcn4 and Met4 (29, 33. 37). Gcn4 is a 

transcriptional activator that functions to regulate genes responsible for the biosynthesis 

of amino acids and purines in response to amino acid starvation (7, 49). Under favorable 

growth conditions, the Cdc34/SCF complex ubiquitinates G cn4. targeting it for 

proteasomal degradation (45). In this manner, Gcn4 protein levels are kept low, thereby 

sustaining minor expression o f its target genes. However, under conditions of amino acid 

starvation Gcn4 protein levels are stabilized largely as a result o f decreased ubiquitination 

(24,29), thereby adapting gene expression to cellular conditions.

Met4 also serves as a target for Cdc34/SCF mediated ubiquitination. Met4 has 

been observed to have several cellular roles, including a function in cell cycle regulation
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(50). However, the best-defined role for Met4 is in the activation of genes responsible for 

the synthesis of sulfur containing amino acids (such as methionine and cysteine) under 

conditions in which methionine levels are low (62). In the presence o f sufficient amounts 

o f methionine, the Cdc34/SCF complex assembles a multi-Ub chain onto Met4 (14), 

which leads to the reduction o f its activity in both a proteolytic and non-proteolytic 

manner (37). This provides a tightly regulated mode of Met4 activation, thus ensuring the 

controlled expression o f its target genes.

Several indirect connections also exist between the Cdc34/SCF complex and 

transcription. At least two signal transduction cascades, the mating pathway and the cell 

integrity pathway, are influenced by the activity of the Cdc34/SCF complex. Both these 

pathw ays consist o f  a series o f m itogen activated  protein kinase (M APK) 

phosphorylation events that mediate a specific program of gene expression (20). In the 

case of the mating pathway, the Cdc34/SCF complex is thought to target the MAPK 

kinase (MAPKK) Ste7 for ubiquitination in response to prolonged exposure to mating 

pheromone (66). The assembly o f multi-Ub chains onto Ste7 destines it for proteasomal 

degradation, ultimately leading to an attenuation of the MAPK signaling cascade. In this 

m anner, Ste7 kinase activity and downstream transcriptional regulation are tightly 

controlled.

The role for the Cdc34/SCF complex in the regulation o f the cell integrity 

pathway is less clear, but it appears to have an influence on cell growth (see Chapter 3). 

This pathway primarily functions to coordinate the dynamic integrity o f the cell wall with 

cell cycle progression. In response to varying signals, usually originating from plasma- 

membrane/cell wall localized sensors, this pathway is activated through the initiation of a 

MAPK cascade, resulting in the phosphorylation and activation o f the MAPK Slt2 (41). 

Activated S!t2 subsequently induces the action of downstream  transcription factors 

thereby promoting gene expression (2. 31). The studies described in Chapter 3 have 

indicated that defects present within Cdc34/SCF m utants are consistent with the 

m isregulation o f this pathway. Notably, these cells display a diminished response to 

pathway activating conditions, resulting in decreased Slt2 phosphorylation and cell 

growth defects.
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The primary transcription factors targeted by the cell integrity pathway are 

thought to be R lm l, and the SBF complex, which is composed of Swi4 and Swi6. Both 

Rlml and SBF mediate the expression of genes involved in cell wall biogenesis (32, 40). 

Signaling to Rlm l is dependent entirely on Slt2, which regulates the expression of at least 

25 genes (31, 32) (see Table 1.3). These genes respond prim arily to environmental 

stresses that activate the pathway, such as heat shock. Their primary function is to adapt 

the cell wall to such stressing conditions (31). Alternatively, cell integrity mediated 

regulation of the SBF transcription factor is directly integrated with progression of the 

cell cycle (27. 40). The SBF, together with the MBF transcription factor (made up of 

Mbp 1 and Swi6), are also responsible for the large transcriptional burst that occurs at the 

G l-S  phase transition o f  the cell cycle, which includes the expression o f the G1 and S 

phase cyclins (26, 47). These two factors direct the expression o f genes required for the 

early stages o f the cell cycle, such as DNA replication, SPB duplication and bud growth. 

Misregulation o f cell integrity signaling to the SBF transcription factor results in cell 

cycle defects, including the improper coordination of cell wall synthesis with cell growth 

(27.40).

The interrelationships between the Cdc34/SCF com plex and cell integrity 

signaling led me to investigate the affect that Cdc34/SCF mutations have on cell integrity 

mediated transcription. This analysis revealed an increase in the activity of the R lm l, 

SBF and MBF transcription factors. This transcriptional induction was largely dependent 

on Slt2 signaling, as deletion of SLT2 eliminated it. The widespread importance of the 

Cdc34/SCF complex in the regulation o f varying transcriptional events, such as the 

regulation of the Gcn4 and Met4 transcriptional activators, also prompted me to examine 

its transcriptional related roles on a global nature. I used DNA microarrays to examine 

the transcriptional variance in Cdc34/SCF mutants, revealing the induced expression of 

several distinct sets o f genes, including genes required for amino acid biosynthesis, sulfur 

metabolism, cell wall biosynthesis and cellular signaling, among others. This chapter 

highlights the importance of the Cdc34/SCF complex in transcriptional regulation, and 

provides us with the first view of the extent of its roles.
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4.2 Results

4.2.1 The activities o f the SBF, MBF and R lm l transcription factors are induced 

in the cdc34-2 and cdc53-l strains.

I have previously shown (in Chapter 3) that inducible phosphorylation of the cell 

integrity MAPK Slt2 in response to heat stress is impaired to different degrees in the 

cdc53-l and cdc34-2  strains. Downstream targets o f Sit2 include the transcriptional 

activators SBF and R lm l, which regulate the expression o f several cell integrity and cell 

cycle related genes (32, 40). As such, 1 wanted to determine whether the cdc53-l and 

cd c 3 4 -2  Slt2 phosphorylation defects correlated with the regulation o f these 

transcriptional activators.

To examine this, I utilized plasmids carrying a LacZ  reporter gene under the 

control of a minimal CYC I promoter, lacking any upstream activating sequences (UASs) 

{CYC1 ::LacZ). and driven by multiple SBF specific UASs (4x SCB elem ents -  

SCB::LacZ) (1), or Rlml specific UASs (2x [CTA(T/A),TAGj -  RLM lr.LucZ) (32). I 

also examined the effect on MBF specific transcription, which plays a somewhat 

redundant function with SBF during cell cycle progression. To this end, I used a similar 

reporter plasmid that is driven by multiple M BF specific UASs (4x MCB elements -  

MCB::LacZ) (64). These plasmids were individually transformed into a wild-type (W7), a 

cdc53-J , and a cdc34-2  strain for analysis. The strains were grown at their permissive 

temperature (30°C) to mid-log phase, and were then shifted to their non-permissive 

tem perature (37°C) for four hours. Sam ples o f each strain were taken at both 

temperatures, and the (3-galactosidase activity was measured in vitro. (3-galactosidase 

activity for each culture was then expressed in terms of fold change relative to the 

activity observed in the WT strain at 30°C.

It was expected that any transcriptional effects that might occur within the cdc53- 

I and cdc34 -2  strains would be apparent after the shift to their non-permissive 

temperature. Furthermore, it was expected that such transcriptional effects would reflect 

these strains impaired induction o f Slt2 phosphorylation. Thus, it was surprising to find 

that at 30°C (3-galactosidase activity in the cdc53-I and cdc34-2 strains was dramatically 

higher for both the SBF (-4-5 fold) and M BF (~5-foId) reporters by comparison to W T
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strain (Figure 4.1 A). At 37°C SBF and M BF activities were reduced in the W T  strain, 

consistent with previous observations that the activity of these transcription factors is 

reduced in response to heat shock (56). A similar decrease in SBF and MBF activity was 

observed in the cdc53-I and cd34-2 strains. However, the fold increase of SBF and MBF 

activities at 37°C cdc53-l and cdc34-2  strains showed a similar fold increase to that 

observed at 30°C when compared to the WT strain. Thus, while basal SBF and MBF 

activities are higher in the cdc53-I and cdc34-2 strains, these transcriptional activators 

remain responsive to stimuli, such as heat stress. Furthermore, the similar increase in SBF 

and MBF activity in cdc53-l and cdc34-2 strains does not correlate with the differences 

observed in their Slt2 phosphorylation defects (see Figure 3.4), suggesting that this effect 

is not related to Slt2 signaling.

Unlike SBF and M BF activity, Rlm l activity in the W T  strain increased at 37°C 

when compared to 30°C, consistent with previous observations (32). An increase in Rlml 

activity was observed in both the cdc53-l and cdc34-2 mutant strains when compared to 

the W T  strain at 30°C. However, Rlm l activity at this temperature in the cdc53-l mutant 

was significantly higher than that seen for the cdc34-2 mutant (~3-fold compared to ~ 1.5- 

fold, respectively). The cdc53-l and cdc34-2 stains also showed an increase in Rlml 

activity at 37°C when compared to the WT strain. Differences in Rlm l activity between 

the mutants are consistent with the stronger cell integrity defects associated with cdc53-l 

cells. However, the high basal levels observed in Rlm l activity inversely correlates to the 

defects in Slt2 phosphorylation observed for these strains (see Figure 3.4), suggesting that 

either the Rlm l dependent transcriptional effects are not related to Slt2 activity, or that 

the differences between the cdc53-l and cdc34-2  strains may be as a result of the 

misregulated direction of Slt2 activity.

To better understand the relationship between Slt2 activity and the effects 

observed for SBF, M BF and R lm l transcription in cdc53-l and cdc34-2 mutants, the 

reporter assays were carried out with SLT2 deletion strains 30°C. To prevent lysis of 

these strains were grown in liquid medium containing 1M sorbitol. The cells were 

subsequently transferred to liquid medium lacking sorbitol for a short growth period and 

|3-galactosidase assays were then conducted. SBF and R lm l basal activities were 

completely abolished when SLT2 was deleted, whereas M BF activity was substantially
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Figure 4.1 The SBF, M BF and  R lm l transcription factors show increased activity in cdc53-l and 

cdc34-2 m utan ts. (A) SBF. MBF and Rlml reporter assays. Wild-type (WT). cdc53-l and cdc34-2 cells 
were transformed with the SCBr.LacZ (SBF). MCBrLacZ (MBF). or Rlml rLacZ  (R lm l) plasmid. The 

strains were grown to mid-iog phase at 30°C and were then shifted to 37°C for 4 hours. Samples from each 

temperature were taken, lysates were prepared, and the (3-galactosidase activity was measured. The 

transcriptional activity of each mutant strain is represented as a fold change compared to the WT cells at 

30°C. (B) SLT2 is required for SBF, MBF and Rlml transcription. WT. cdc53-I and cdc34-2 cells with (in 

dark grey) and w ithout (in light grey) SLT2 deleted were transform ed w ith the SCBr.LacZ (SBF). 

MCBr.LacZ (MBF) or the Rlmlr.LacZ plasmid (Rlml). The strains were grown to mid-log phase at 30°C 

in medium containing 1M sorbitol, and were then shifted to medium without sorbitol for 4  hours. Samples 

for each were taken, lysates were prepared, and the (3-galactosidase activity was measured.
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reduced but was still detectable (Figure 4 . IB). Furtherm ore, the transcriptional 

differences observed between the WT. cdc53-I and cdc34-2 strains disappeared when 

SLT2 was deleted, indicating that the transcriptional induction that was observed in 

cdc53-I and cdc34-2 cells is dependent on signaling through the cell integrity pathway. 

The reduction in transcriptional activity in the slt2A strains was not a result of cell lysis, 

as this effect was observed in the W T  strain (which does not lyse at this temperature), and 

was also observed in samples from cells growing in 1M sorbitol. These results confirm 

the im portance o f  Slt2 dependent signaling in the regulation o f  R lm l and SBF 

transcription, and suggest that a key role exists for this pathway in the regulation of MBF 

transcription.

To confirm that the transcriptional misregulation in these strains is indicative of a 

novel defect associated with Cdc34/SCF ubiquitination I further analyzed SBF dependent 

transcription in these strains. I chose to investigate SBF transcriptional activity due to its 

role in both cell wall integrity and cell cycle progression (40). I initially looked to see if 

the transcriptional activation was specific to the m utations used. For this, I co

transformed a plasmid carrying either CDC53 or CDC34 under the control o f galactose 

inducible promoters with the SCBr.LacZ  reporter plasmid into the cdc53-J and cdc34-2 

cells, respectively. I also transformed an empty plasmid into WT, cdc53-l and cdc34-2 

cells as a control, and subsequently measured SBF transcriptional activities o f these 

strains growing at their permissive temperature (30°C) in either glucose or galactose 

media. In the presence of glucose medium, wherein expression o f either CD C53  or 

CDC34  is low, only a minimal reduction in SBF activity was observed (Figure 4.2A, 

glucose). However, when CDC53 and CDC34 expression were respectively induced in 

the presence of galactose medium, a significant drop in SBF activity to near that o f the 

W T  control occurred (Figure 4.2A, galactose). This indicated that the transcriptional 

effects observed are attributable to the respective mutations.

The SBF is composed o f a heterodimer consisting o f the Swi6 activator, also 

found in the MBF, and the DNA binding protein Swi4 that specifically recognizes the 

SCB element. Therefore, to ensure that the observed transcriptional activation o f the 

S C B r.L a cZ  reporter plasmid in cdc53-J  and cdc34-2  strains was specific to the 

misregulation of the SBF transcriptional factor I measured the (3-galactosidase activity in
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Figure 4.2 Cdc34/SCF mediated transcriptional effects a re  specific and  novel.
(A) Cdc34 and Cdc53 complement cdc34-2 and cdc53-I transcriptional defects respectively. WT, cdc53-l 
and cdc34-2 cells were transformed with SCBr.LacZ together with an empty plasmid (CTL). The cdc53-l 
and cdc34-2 cells were also transformed with SCBrLacZ together with a plasmid containing CDC53 or 

CDC34 under the control of a galactose promoter, respectively. The strains were grown to mid-log phase 

at 30°C in SD-raffmose medium and were then shifted into either SD-glucose (left panel) or SD-galactose 

m edium  (righ t p a n e l) fo r4  hours. Sam ples o f  each w ere taken , ly sa tes w ere p repared , and the 

[3-galactosidase activity was measured. (B) SWI4 is required for the induction o f SBF transcription in 

Cdc34/SCF mutants. WT, cdc53-I and cdc34-2 cells with (in dark grey) and without (in white) SLT2 
deleted were transformed with the SCBrLacZ. The strains were grown to mid-log phase at 30°C. Samples 

for each w ere ta k e n , ly sa tes  were p repared , and the |) -g a lac to s id a se  act ivi t y was m easured. 

(C) Transcriptional effect of Sic l stabilization. WT, cdc53-J and cdc34-2 cells were transformed with 

SCBrLacZ together with an empty plasmid (CTL). The WT cells were also transformed with SCBrLacZ 
together with a plasmid carrying a derivative of sicl that is not targeted for ubiquitin-mediated degradation 

(siclAP) under the control of a galactose inducible promoter. The strains were grown to mid-log phase at 

30°C in SD-raffmose medium and were then shifted into either SD-glucose or SD-galactose medium for 4 

hours. Samples o f each were taken, lysates were prepared, and the (3-galactosidase activity was measured.
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SWI4 deleted strains. SBF dependent transcription was completely eliminated when SWI4 

was deleted in all the strains, indicating that the induced transcriptional activity required 

the DNA binding component of the SBF (Figure 4.2B). Thus, increased transcription 

from the SBF reporter stems from an effect of the cdc53-l and cdc34-2 mutations on SBF 

activity rather then the result of some general transcriptional defect.

The Cdc34/SCF complex functions to target for ubiquitination a number of cell 

cycle regulators during the late G 1 phase of the cell cycle, the point in the cell cycle that 

SBF transcriptional activity is known to peak. This raised the possibility that the cdc53-l 

and cdc34-2 mutations effected cell cycle progression through the G l/S  transition to the 

extent that active SBF may accumulate. If true, such an accumulation could account for 

the increased activity observed for the SBF reporter assay. To test this possibility, a late 

G l phase arrest was induced in a WT strain by expressing a non-degradable derivative of 

the cyclin-CDK inhibitor SIC1 (sicJA P ) (63). W T  cells were co-transformed with the 

SC B r.LacZ  reporter plasmid and a plasmid expressing s ic lA P  under the control of a 

galactose inducible promoter. These cells were then grown to mid-log phase in raffinose 

containing medium, and shifted into either galactose or glucose containing medium. As a 

control, WT, cd c5 3 -l, and cdc34-2 cells carrying the SC B rL acZ  reporter plasmid and an 

empty plasmid were treated in a similar manner. Samples from each strain were taken, 

and the DNA content and (3-galactosidase activity were measured. The majority of the 

cells expressing sic lA P  arrested in the G l phase o f the cell cycle, resulting in a slight 

increase in SBF transcriptional activity (Figure 4.2C ). H ow ever, the extent o f 

transcriptional induction was much less than in the cdc53-l and cdc34-2 cells at their 

permissive temperature, which are not largely arrested in the G l phase o f the cell cycle 

(Figure 4.2C). This result suggests that the transcriptional induction of SBF activity 

cannot solely be explained by a late G l phase cell cycle arrest.

4.2.2 The transcriptional profile of cdc53~l and cdc34-2 strains.

The Cdc34/SCF complex clearly plays an important role in the transcriptional 

regulation o f several events. This includes the well-characterized role in the direct 

regulation of the Gcn4 and Met4 transcriptional activators, as well as the observed role in 

the regulation o f cell integrity mediated transcription. In order to gain a better
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understanding of the global extent of Cdc34/SCF mediated transcriptional regulation, and 

to determine possible expression patterns related to cell integrity, I pursued a DNA 

microarray analysis o f cdc53-l and cdc34-2 cells. To this end, I measured the transcript 

levels from three independent cultures of cdc53-l and cdc34-2 cells and compared them 

to W T  cells, all growing at mid-log phase at the permissive tem perature of 30°C. 1 

reasoned that at this temperature these cells would grow efficiently without any major 

cell cycle defects, yet still exhibit selected transcriptional defects, such as those observed 

with the LacZ reporter plasmids.

The analysis revealed that 211 genes (approximately 3.35% o f the genome) in 

cdc53-l cells, and 180 genes (approximately 2.85% of the genome) in cdc34-2 cells had 

an average expression change o f 2-fold or greater compared to the W T  cells (see 

Appendix 4.1). The effect on expression was almost entirely due to gene induction, as 

174 genes in the cdc53-l mutant and 143 genes in the cdc34-2  mutant were induced 2 

fold or greater, suggesting that the Cdc34/SCF complex primarily functions as a negative 

regulator o f transcription. Only 17 genes in the cdc53-l mutant and 16 genes in the 

cdc34-2 mutant were repressed by 2 fold or greater. A relatively high correlation between 

the overall expression patterns o f the cdc53-l and cdc34-2 cells is observed (r=0.533. 

Figure 4.3). The two mutants share 95 genes that were significantly expressed (45% of 

the c d c 5 3 - l ,  and 53% o f the cdc34-2  expressed genes), and 7 genes that were 

significantly repressed in both mutants (41% of the cdc53 -I  and cdc34-2  repressed 

genes). The high similarity in expression patterns indicates that Cdc53 (and most likely 

the SCF) functions with Cdc34 to regulate transcriptional responses.

Functional analysis o f the significantly induced genes shared between both 

mutants reveals an enrichment for several groups of genes. Based on Gene Ontology 

annotations there is an enrichment o f genes involved in sulfur utilization and assimilation 

(31.0-fold enrichment: 3.1% o f the genes in the dataset versus 0.1%  genes in the 

genome), vitamin metabolism (9.3-fold enrichment), amino acid metabolism (5.0-fold 

enrichment), cell wall organization and biogenesis (3.5 fold enrichment), responses to 

mating pherom one (3.4-fold enrichm ent), responses to external stim ulus (3.0-fold 

enrichment), and ion transport (2.8-fold enrichment). A large portion o f the induced 

genes have unclassified functions (approximately 40%). Interestingly, very few cell cycle
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cdc53-1 cdc34-2

Induced

F igure 4 3  A strong  co rre la tion  exists between the  transcrip tiona l profiles o f  cdc53-l an d  cdc34-2 
m utan ts. (A) Log;0 ratio scatter plot comparing the expression profiles of cdc53-l and cdc34-2 cells. A 

scatter plot com paring the expression profiles o f  the cdc53-l and cdc34-2  m icroarray experim ents 

performed at 30°C is shown. A linear trendline was generated from this comparison (middle line) and the 

genes whose expression varied by 2-fold or greater from that o f the trendline are shown outside the upper 

and lower lines. Genes that are induced for expression are shown in red. and genes repressed in their 

expression are shown in green (the greater the fold change, the brighter the color). (B) A side-by-side 

comparison o f the transcriptional profiles o f cdc53-J and cdc34-2 mutants. T he expression profile of 

cdc53-l mutants at 30°C is shown (on the left) in descending order from the most highly induced genes (in 

red) to the most repressed genes (in green). The same genes are depicted from the expression profile o f the 

cdc34-2 mutant at 30°C (on the right).
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regulated genes had a variance in their expression, suggesting that the observed 

transcriptional effects are most likely linked to a direct function of the Cdc34/SCF 

complex rather than with defects associated with cell cycle progression.

The few genes that are significantly repressed in both the cdc53-l and cdc34-2 

cells do not group into distinct processes, as most o f them have unknown functions 

(Table 4.1). However, insight into these repressed genes may be observed from the three 

genes that have been characterized: D IPS , which encodes an amino acid permease, 

C H A L  which is involved in the catabolism of hydroxy amino acids, and D SE4 . which 

expresses a cell wall glucanase.

Differences between the expression profiles o f cdc53-I and cdc34-2 cells do exist. 

A significant induction of 166 distinct genes was observed within the cdc53-l cells, and 

conversely, 85 distinct genes were induced in the cdc34-2 cells. A substantial proportion 

of these genes grouped into similar processes as those shared between the two strains, 

such as genes involved in amino acid metabolism and sulfur metabolism. However, 

distinct processes within each strain were also apparent. The cdc34-2 mutant expressed 

genes involved in purine base metabolism (22-fold enrichment), and in carbohydrate 

metabolism (9.1-fold enrichment). Alternatively, cdc53-l cells exhibited an increase in 

genes involved in sporulation and spore wall assembly (5-fold enrichment), and signal 

transduction (2.4-fold enrichment). Interestingly, genes encoding the Ub-conjugating 

enzymes Cdc34 and Ubc5 were also induced within the cdc53-l cells, suggesting that 

Cdc34 and possibly Ubc5 function with the SCF to relieve the defects associated with the 

cdc53-l mutant.

Differences between the cdc53-l and cdc34-2  cells are also evident in the 

repression of genes (Table 4.1). Consistent with previous studies, the cdc53-l cells 

exhibit a reduced expression of two glucose transporters (H T X I , and HTX4), both of 

which are regulated by the SCFG"‘ complex. O f the genes characterized, the largest 

grouping of repressed genes is observed in the cdc34-2 cells. Three sets are evident, 

which include three ammonium transporter genes (M E P L MEP2 and M EP3), two genes 

involved in nitrogen catabolism (GAT1 and DAL3), and three genes encoding amino-acid 

permeases (CAN1 , GAP1 and PUT4). In fact, one o f these genes (P U T 4 ), which is 

considerably repressed in the cdc34-2 cells, is significantly induced in the cdc53-l cells.
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Table 4.1 G e n e s  r ep resse d  in cdc53-1 and cdc34-2cells.

Fold re p re ss io n

ORF N am e D escrip tion cdc53-1 cdc34-2

YAR066W Uncharacterized -4.35

YAR068W Uncharacterized -5.88

YCL064C Cha1 Catabolism of hydroxy amino acids -12.50 -4.00

YDL037C Bsc1 Similarity toglucan 1,4-alpha-glucosidase -2.56

YDL038C Uncharacterized -4.35 -2.78

YDL039C Prm7 Pheromone-regulated protein -3.57 -2.38

YEL063C C am Arginine permease -2.78

YFL021W G an Involved in nitrogen catabolite repression -2.08

YGR121C M epl Ammonia permease -2.00

YHR092C Hxt4 High-attinity glucose transporter -2.13

YHR094C Hxtl Low-atfinity glucose transporter -2.00

YIR032C Dal3 Ureidoglycolate hydrolase -3.33

YJL213W Uncharacterized -2.38 -2.33

YJR003C Uncharacterized -2.00

YKR039W G apl General amino acid permease -33.33

YMR006C Plb2 Lysophospholipase/phospholipase B -3.23

YNL024C Putative S-adenosylmethionine-dependent 
methyltransterase -2.04

YNL034W Uncharacterized -2.22

YNL083W Uncharacterized -2.17

YNL119W Ncs2 Plays a role in invasive growth -2.38

YNL142W Mep2 Ammonia permease -5.26

YNR067C Dse4 Glucanase -2.94 -2.27

YOL014W Uncharacterized -2.22 -7.69

YOR032C Hms1 Overexpression confers hyperfilamentous growth -2.13

YOR348C Put4 Proline-specific permease,
also capable of transporting Ala and Gly +2.35 -2.22

YPL265W Dip5 Dicarboxylic amino acid permease,
also a transporter for Gin, Asn, Ser, Ala. and Gly -3.03 -3.85

YPR138C M ep3 Ammonia permease -2.08
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Taken together, these observations are suggestive that although Cdc34 and Cdc53 

function prim arily together, the c d c 5 3 -l  and cdc34 -2  mutations display several 

differential defects.

The variance in expression levels of all of these genes does not clearly implicate 

the misregulation of only one transcription factor, and suggest that multiple defects occur 

that may either directly cause or indirectly signal for these transcriptional effects. 

Analysis of the promoter regions strengthens this idea, as potential promoter elements for 

several transcription factors are evident (see Appendix 4.2). Interestingly, many of these 

genes have potential binding sites for multiple transcription factors, suggesting the 

possibility of the misregulation of several transcription factors that may act on the same 

gene to cause the observed effects in the cdc53-l and cdc34-2 mutants.

4.2.3 Variation in cell wall related transcripts in cdc53-l and cdc34-2 mutants.

A considerable fraction o f the induced genes (32 genes) in both the cdc53-l and 

cdc34-2 cells function either directly or indirectly with the yeast cell wall (listed in Table

4.2). The expression patterns of several of these genes parallel that of cell wall damage 

and misregulation o f the cell integrity pathway (5, 17). From this overall grouping, 6 

different sets o f related genes can be highlighted. The first subgroup comprises 9 genes 

(ECMS, ECM13, FMP45, FKS2, FKS3, ECM17, P1R3, KTR2, ECM40, and PKH2) that 

are involved in cell wall organization and biogenesis. Compromised cell wall integrity 

results in the transcriptional induction of at least three of these genes (FKS2, PIR3 and 

KTR2). Two of these genes, FKS2 (a catalytic component o f the l,3-|3-glucan synthase) 

and PIR3 (a protein linked directly to l,3-|3-glucan), have also been shown to be directly 

regulated by the cell integrity pathway (12, 17. 31, 68). A further link to the cell wall 

integrity is evident by the induction o f PKH2. This gene encodes a yeast homologue of 

m am m alian 3 'phospho inositide  kinase 1 (PD K 1), which has been show n to 

phosphorylate and activate P k c l, thereby activating the MAPK cascade o f the cell 

integrity pathway (28).

A comparison between the transcriptional profiles o f mutants that activate the cell 

integrity pathway (such as hyperactive alleles o f Rhol and Pkcl) and the Cdc34/SCF 

mutants reveals that they parallel each other relatively well. In fact, there is a 3-fold
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Table 4.2 Cell integrity related g e n e s  induced in cdc53-1 a n d  cdc34-2  cells.

Fold c h a n g e s P u ta tiv e  P ro m o te r  e le m e n ts

ORF N am e D escrip tion cdc53-1 cdc34-2 SCB MCB R lm l Met4 G cn4 STRE HSTF

Cell wall o raan iza tio n /b io aen es is*

YBR076W Ecm8 Cell wall organization 
and biogenesis 2.5 2.4 2 0 2 0 2 0 0

YBL043W Ecm13 Cell wall organization 
and biogenesis 4.5 3.3 0 0 0 0 3 0 2

YDL222C Fmp45 Cell cortex protein 3.5 4.5 0 0 0 0 3 1 1

YGR032W2 Fks2 Catalytic component of 
1,3-|S-g!ucan synthase 3.4 2.3 2 0 2 1 0 0 0

YJR137C Ecm17 Sultite reductase |5-subunit 2.2 0 0 1 0 4 0 2

YKL163W Pir3 Cell wall organization 
and biogenesis 2.9 0 0 1 1 0 1 1

YKR061W Ktr2 N-linked gtycosylation of 
cell wall mannoproteins 2.0 0 0 0 0 1 0 2

YMR062C Ecm40 Mitochondrial ornithine 
acetyltranslerase 4.1 2.2 0 0 0 0 4 0 0

YMR306W2 Fks3 1,3-p-glucan synthase 2.3 3 3 0 0 0 0 2

YOL100W Pkh2 Ser/Thr protein kinase, 
cell wall biogenes 2.1 0 0 0 2 1 1 1

P o ly sa c c h a rid e  b io sy n th es is*

YER096W3 She! Activator of Chs3p 
(chitin synthase 111) 2.3 0 1 0 0 3 1 1

YLR273C Pig! phosphatase regulatory subunit 2.1 2 2 0 0 3 0 2

G PI-anchored  cell wall D roteins1

YAL063C Flo9 Thought to be involved in 
flocculation 2.3 0 0 0 0 1 0 0

YER011W Tir1 Protein ot the Srp1 p/Tipl p 
family of Ser-Ala-rich proteins 2.5 0 0 0 0 2 0 0

YIR019C Muc1 Regulated viaSte12. 
Teel and FI08 3.2 0 0 0 0 1 0 2

YLR042C Uncharacterized protein 4.9 3.5 2 0 2 0 1 1 0

YLR343W Uncharacterized protein 2.0 0 0 1 0 1 0 0

YOL132W G as4 Uncharacterized protein 2.3 2.0 0 0 0 0 1 0 0

YOL155C Similarity to
glucan 1,4-u-glucosidase 4.7 4.1 0 0 0 0 4 1 2

YOR382W Fit2 Involved in the retention 
of siderophore-iron in the cell wall 3.1 1 0 1 0 0 1 1

S p o re  wall a s se m b ly  & soo ru la tio n "

YDR104C Spo71 Required lor 
spore wall formation 2.1 0 0 2 0 1 0 1

YDR523C Sps1 Ser/Thr Kinase required 
for spore wall lormation 2.2 1 1 1 0 2 0 0

YIL099W S g al Glucan 1,4-alpha-glucosidase 
activity 4.1 2.7 1 0 0 0 3 5 0

YNL202W Sps19 Functions during 
spore wall formation 3.3 3.9 0 0 0 0 1 1 0

YOL091W Spo21 Component of the 
meiotic outer plaque 3.5 0 0 0 0 0 0 2

YOR177C Mpc54 Component of the 
meiotic outer plaque 2.1 0 0 2 0 2 0 0

co n tin u ed  on  n ex t p a g e

* baswd on C*n« Ontology annotations. 1 based on ref.(11). ^  also included «  polysaccharide C»osynthesiS group. ̂  also included a> sooro wall assembly & sporulation group
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Table 4.2 continued. Cell integrity related g e n e s  induced in cdc53-1 and  cdc34-2  cells.

Fold c h a n g e s  P u ta tiv e  P ro m o ter e le m e n ts

ORF Nam e D escrip tion  cdc53-1 c dc34-2 SCB MCB Rlm l Met4 G cn4 STRE HSTF

Cell s u r fa c e  receD tor linked s la n a l transduction*

YCR073C Ssk22 Protein kinase, activation of 
MAPKK during osmolarity sensing 2.1 1 1 1 0 1 1 0

YDR085C4 Ain regulation ol a-factor signalling, 
induction of morphogenesis 2.3 0 0 2 0 0 1 1

YDR461W4 Mfa1 §-factor mating pheromone precursor 2.7 0 0 0 0 1 0 0

YKL178C4 Ste3 Cell surface a-factor receptor, 
pheromone response 2.0 2.1 0 0 2 0 2 1 1

R e sD o n se  to  ex te rn a l stim ulus*

YBR093C Pho5 Glycoprotein at cell surface, 
acid phosphatase 2.1 0 0 1 0 3 0 0

YBR040W Fig1 Integral membrane protein involved 
in regulation of signaling tor mating 5.3 0 0 1 0 1 0 2

YDL223C Hbt1 Involved in mating projection formation, 
polarized cell morphogenesis 2.5 2.1 0 1 1 0 0 2 0

YEL060C3 Prbl Cell wall protein Involved 
in vanadate resistance 2 0 0 1 0 1 1 1

YFL014W Hsp12 Responds to dessication, 
heat shock and osmotic stress 2.8 0 0 2 0 0 5 0

YGL032C Aga2 Adhesion subunit of 
a-agglutinin of a-cells 2.4 2.2 0 0 1 0 2 1 2

YIL121W Odr2 similarity to antibiotic 
resistance proteins 4.8 2.7 0 0 0 0 2 0 0

YMR175W Sip18 Responds to dessication 
and osmostress 4.1 0 0 0 0 3 3 0

YOR031W Crs5 Copper-binding metallothionein 2.5 2.1 0 0 1 0 2 2 0

YPL163C Svs1 Cell wall protein involved 
m vanadate resistance 2.2 2.4 2 1 1 0 1 0 2

YPL223C Gre1 Hydrophilin.
induced by osmotic stress 2.7 3.2 0 0 0 0 1 0 2

3  also included <n spore wall oscomtXy & sporutatioo group, included >n the response to external stimulus group
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enrichment of genes that are induced by activation of Rho 1 and a 2-fold enrichment of 

genes induced by the activation of Pkcl (see Appendix 4.3). Furthermore, analysis of the 

promoter regions of the induced genes reveals that a significant proportion of the genes 

have potential SBF (22% of the cdc53-l, and 29% of the cdc34-2 genes). MBF (16% of 

the cdc53-I and 18% of the cdc34-2 genes) and Rlml (49% of the cdc53-l, and 42% of 

the cdc34-2 genes) promoter binding sites. The induction of these genes is consistent with 

the reporter assay results, which suggest a relationship to the cell integrity pathway.

Related to genes involved in cell wall biogenesis is the second group of induced 

genes, which encodes two proteins involved in polysaccharide biosynthesis (SHC1 and 

PIG1). Shcl has been shown to act as an activator o f the chitin synthase III (CSIII) 

enzyme, and is expressed at alkaline pH conditions or during the sporulation process (25, 

58). Pigl encodes a glycogen-targeting subunit of the type I protein phosphatase Glc7, 

which is involved in regulating ion homeostasis (67).

The third subset of induced genes encodes glycosyl-phosphatidylinositol (GPI)- 

anchored cell wall proteins (F L09. TIR1, F LO l 1/M U CL GAS4, FIT2 , YLR042C, 

YLR343W , and YOL155C). These mannoproteins are largely incorporated into the yeast 

cell wall to mediate several o f the cells responses to environmental conditions. The genes 

induced constitute a substantial portion of the known GPI-anchored proteins, as there are 

approximately 60-70 that have been identified (11). The best characterized of these genes 

is TIR I, which has been implicated in the cell’s adaptation to anaerobic conditions and 

low temperatures (11). TIRI has also been implicated in responses to cell wall damage 

and acid pH adaptation, which are mediated by a branch of the cAMP pathway (6). A role 

for TIRI has also been suggested in vegetative growth, as it is induced for expression at 

the S-G2 phase transition o f the cell cycle (10). The only other characterized gene of this 

group is FLO l I, which has a role in mediating cell-cell and cell-surface adhesion, and as 

such, its induction results in invasive or filamentous growth (22). The induction of this 

gene is primarily under the control o f MAPK signaling, the cAMP cascade and the Gcn4 

transcription factor (8, 57).

The fourth group is made up o f genes involved in the regulation o f sporulation 

(SP071, SP021, SPS1, SGAJ, SPSI9, and MPC54). Two of these genes (SP 07I, and  

S P SI) are key to the formation of the spore wall. SPSJ encodes a serine/threonine kinase

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



197

that is highly similar to the Ste20 MAPK, and is required for the proper progression of 

transcriptional, biochemical and morphological events during sporulation (15). The 

induction o f these genes suggests that cclc34-2 and cdc53-l mutants possess defects 

related to either signaling and/or transcription in the sporulation pathway.

The final two groups are made up o f genes encoding proteins that mediate signal 

transduction from cell surface receptors, and proteins that are involved in responses to 

external stimulus (SSK22, STE3, AFR1, M FA1, P H 05, FIC1, HBT1, PRB1. HSPJ2, 

AGA2, QDR2, SIP18. CRS5. SVS1, and GRE1). Several of these genes (ST E 3 , AFR1, 

M FAI, FIG I, H B T I , and A G A 2 )  are involved in the mating signaling pathway. 

Curiously, the majority of these genes are normally expressed in M A T a cells. For 

example. AGA2 encodes the adhesion subunit of the a-agglutinin protein found in M ATa 

cells, which functions to mediate cell-cell association during mating (9). and STE 3  

encodes the cell surface a-factor receptor found normally only in M A T a cells, which 

mediates a MAPK signaling cascade in response to pheromone (21 ,61). Signaling from 

Ste3 in response to mating pheromone results in the induction of a M APK cascade that 

leads to the induced expression o f many genes, including A F R I . M F A I. Interestingly, 

ubiquitination o f  a PEST-like sequence within Ste3 has been im plicated in its 

endocytosis, and thereby in the regulation its signaling properties (54, 55). Since my 

analysis was o f MATa cells, these observations indicate the occurrence o f mating related 

signaling and/or transcriptional defects in cdc53-l and cdc34-2 mutants.

Within this subset of genes there are also four genes (SSK22, H SPI2, SIP18, and 

G R E J) that are induced in response to osmotic and temperature stress. Expression of 

these genes is largely dependent on Hogl MAPK and cAMP signaling, as w'ell as the 

Msn2-Msn4 transcription factors (16, 43. 46, 51). Interestingly, analysis o f the promoter 

regions of the induced genes in the cdc53-J and cdc34-2 mutants reveals that a large 

percentage of these genes possess either STRE promoter elements (49% of the cdc53 -l, 

and 47% of the cdc34-2 genes), which are recognized by the stress related transcription 

factors Msn2 and Msn4, or HSTF promoter elements (62% of the c d c5 3 -I , and 65% of 

the cdc34-2 genes), which are recognized by the heat shock transcription factor.
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4.2.4 Gcn4 regulated  tran scrip ts  a re  induced in cdc53-l an d  cdc34-2 m utants.

A well-defined target of Cdc34/SCF ubiquitination is the transcription factor 

Gcn4. The primary function of Gcn4 is to activate the expression o f  genes required for 

am ino acid biosynthesis in response to amino acid deprivation. However, global 

expression profiling of gcn4 mutants has revealed that Gcn4 functions in numerous other 

processes, which include purine base biosynthesis, vitamin biosynthesis, glycogen 

metabolism, and amino acid transport (49). Under normal growth conditions Gnc4 is 

targeted for ubiquitination by the Cdc34/SCFCdc'1 complex and is subsequently degraded 

by the 26S proteasome (45). Therefore, increased levels o f Gcn4 would alter the 

transcription o f its targets and may affect the growth of cells, which is evident from 

observations that over-expression o f Gcn4 results in toxicity to cells (45).

Analysis of the altered gene expression resulting from the cdc53-l and cdc34-2 

mutants suggests that stabilization o f Gcn4 protein levels significantly contributes to the 

overall expression patterns observed. A comparison between the genes induced by two

fold or greater in the cdc53-l or cdc34-2 mutants with that of the genes induced two-fold 

or greater from a previous study on the global gene expression mediated by Gnc4, reveals 

an approximately 3.5-fold enrichment for Gcn4 target genes in the cdc53-l and cdc34-2 

mutants (Figure 4.4). This enrichment includes 44% of the up-regulated genes in cdc53-l 

(85 genes) and cdc34-2 (71 genes), which had similar expression patterns as that of the 

Gcn4 experiment (see Appendix 4.3).

Several of the induced genes are also characterized transcriptional targets of 

Gcn4. These genes include HIS3, HIS4, ARG1, ADE1, ADE2, M ET 16, A R 03 , CPA2, 

CPA1, GDH3, PH 05, and PCL5, and the majority of these genes are involved in the 

regulation o f amino acid biosynthesis. The only characterized target gene within this 

group that is not directly involved in this process is PCL5, which encodes a cyclin for the 

Pho85 cyclin dependent kinase (CDK) (44). PCL5  expression is induced when Gcn4 

protein levels are high, and Pcl5-Pho85 functions in a negative feed back loop to 

phosphorylate Gcn4, which targets it for ubiquitination and subsequent degradation (59). 

The induction of PCL5  within the cdc53-l and cdc34-2 mutants further indicates that 

Gcn4 protein levels are high, and its expression might function to regulate Gcn4 protein 

levels sufficiently for cell viability.
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gcn4 
(791 genes)

cdc53-1 
(194 genes)

662

cdc34-2 
(163 genes)

F igu re  4.4 O verlap  betw een the  significantly  induced genes in cdc53-l an d  cdc34-2 m u tan ts  a n d  

those suggested to  be G cn4 targets. A Venn diagram is shown illustrating the overlap o f genes that are 

significantly induced for expression by 2-fold or greater from the expression profiles o f cdc53-l and 

cdc34-2 mutants, and from  an experim ent examining the effects o f the G cn4 transcription factor by 

comparing a wild-tvpe strain to a gcn4A strain that have been treated with 1 OOmM SAT (ref. 49).
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Promoter analysis of the induced genes (see Appendix 4.2) reveals that approximately 

80% of the genes induced in the cdc53-J and cdc34-2 mutants possess potential Gcn4 

binding elements, which supports the idea that Gcn4 is a major contributor to the 

observed gene induction. However, Gcn4 does not appear to be the sole source of the 

observed defects, as many of the induced genes either contain no Gcn4 promoter 

elements, or their expression patterns vary tremendously from Gcn4 regulated expression.

4.2.5 M et4 specific transcrip ts a re  induced in cdc53-l and  cdc34-2 m utants.

Another transcription factor that is directly regulated by Cdc34/SCF is Met4. It 

functions primarily as a transcriptional activator of genes required for methionine 

biosynthesis, and its activity is negatively regulated by the Cdc34/SCFM';I:,0 complex 

ubiquitination. Therefore, under conditions that would compromise Cdc34/SCF function, 

Met4 transcriptional activity would be expected to be higher. This hypothesis is 

confirmed from my analysis of gene expression in cdc53-J  and cdc34-2 mutants. I 

observe that a number o f characterized targets of Met4 are induced for expression (Table

4.3), which include MET10, MET16, MET14, and MET3. Furthermore, M ET32, which 

encodes a Met4 cofactor, and two other methionine metabolism genes (METJ and MET2) 

are also induced for expression. M et4 promoter elements were found in approximately 

12% o f the genes induced in both the c d c 5 3 -l  and cdc34-2  mutants (Appendix 4.2). 

Together these observations suggest that a portion o f the genes induced in these mutants 

result from the improper regulation o f Met4 activity.

4.2.6 A role for the  Cdc34/SCF complex in m ain tain ing  genomic integrity.

A close inspection of the induced genes in the cdc53-l and cdc34-2 mutants 

reveals additional transcriptional patterns that suggest a role for the Cdc34/SCF complex 

in maintaining genomic integrity. This role is evident from the significant induction of 

several genes that are involved in mediating DNA damage repair (RNR3 , M1G3, HU GE  

RAD55. RAD59, M SH6 . PES4, and REC102). While a number of these genes are known 

targets of the SBF and MBF transcription factors and are cell cycle regulated, they appear 

to group into a similar functional group. For example, a significant induction of RNR3  

occurs, which encodes a large subunit of ribonucleotide reductase (13). RNR3 is thought
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Table 4.3 Sulfur metabolism and Met4 related genes induced in cdc53-1 and cdc34-2cells.
Fold c h a n g e s P u ta tiv e  P ro m o te r  e lem en ts

ORF N am e D escrip tion cdc53-1 cdc34-2 M et31/M et321
[AAACTGTG(G)! [TGGCAAATG]*

M et4/Cbf13
: [TCACGTG]

C h a rac te rized  Met4

YFR030W Met10

ta rq e t q e n e s
Subunit alpha ol 
assimilatory sulfite reductase 3.5 3.7 0 0 0

YKL001C M etl4 Adenylylsulfate kinase 3.4 0 0 1
YJR010W Met3 Catalyzes the primary step 

of intracellular sulfate activation 3.1 4.9 0 0 2
YPR167C Met16 Phosphoadenylylsullate reductase 2.6 2.7 0 0 1
Sulfur m e tab o lism  q e n e s

YBR294W SuM High affinity sulfate permease 3.2 2.7 0 0 0
YDR253C

YKR069W

Met32

Met1

Transcriptional regulalor 
of sulfur amino acid metabolism 
Siroheme synthase S-adenosyl-L-methionine 
uroporphyrinogen III transmethylase

2.0
2.2

0
•1

0
0

0
0

YLR092W Sul2 High affinity sulfate permease 2.1 3.5 0 0 2
YNL277W Met2 L-homoserine-O-acetyltranslerase 3.5 0 0 1

O ther a e n e s  c o n ta in in a  M et4 D rom oter e le m e n ts

YAL067C Seo1 

YCL026C-A Frm2

YDL059C Rad59

Putative permease
Involved in the integration of lipid signaling 
pathways with cellular homeostatis 
Repair of double-strand 
breaks in DNA

3.7

3.0

4.0

2.9

1
0
0

0
1
0

0
0
1

YDL182W Lys20 Homocitrate synthase 2.8 0 1 0

YDL198C Ggct Mitochondrial GTP/GDP transporter 2.0 0 1 0

YDR076W Rad55 Recombinational repair 
of double-strand breaks 2.0 0 0 1

YDR088C Slu7 Involved in splicing 2.2 0 1 0
YFR023W P es4 Poly(A) binding protein 4.9 4.7 1 0 0
YER081W Ser3 3-phosphoglycerate dehydrogenase 3.7 2.4 1 0 0

YGL081W Uncharacterized 2.9 3.2 1 0 0

YGL121C G pgl Involved in regulation of 
pseudohyphal growth 2.0 0 1 0

YGR032W Fks2 Catalytic component of 
1,3-p-glucan synthase 3.4 2.4 1 0 0

YJL038C Uncharacterized 17.7 11.1 1 0 0

YJL045W S d h lb similar to succinate dehydrogenase 
flavoprotein (sdhl) 3.3 0 1 0

YJR130C Str2 Cystathionine gamma-synthase activity 2.9 0 1 0
YKL163W Pir3 Cell wall organization and biogenesis 2.9 1 0 0
YLR280C Uncharacterized 2.1 1 0 0
YMR169C Ald3 Aldehyde Dehydrogenase (NAD(P)+) 2.1 1 1 0
YMR107W Spg4 Required for survival at high temperature 4.9 3.0 1 0 0
YMR118C Uncharacterized 3.3 0 1 0
YNL333W Snz2 Stationary phase-induced gene family 2.2 0 1 0
YNR050C Lys9 Lysine biosynthesis 2.4 2.0 1 0 0
YOL100W Pkh2 MAPKKK cascade 

during cell wall biogenes 2.1 1 0 1

YPL081W Rps9A Ribosomal protein 2.1 0 1 0
YPL171C Oye3 NAD(P)H dehydrogenase 4.6 5.1 0 0 1
1 2 3
ret.(4), ref.(34). ref.(36)
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to respond to the accumulation of DNA lesions, and has been shown to be induced for 

expression (sometimes more than 100-fold) during DNA damage (13, 30). Furthermore, 

RAD 55  and RAD 59  encode proteins that mediate a response to repair double stranded 

DNA breaks through recombinational repair mechanisms.

Another interesting relationship to the maintenance of genomic integrity is the 

induction of MTW1 and N SL1 , which are essential components o f the MIND complex 

(made up of M tw l-N nfl-N sll-D sn l). This complex is involved in joining kinetochore 

subunits that contact DNA to those that contact microtubules, and is required for accurate 

chromosome segregation. As such, this observation suggests a role for the Cdc34/SCF 

complex in the regulation of the MIND complex.

It therefore appears that the overall effects observed within cdc53-I and cdc34-2 

m utants reveal a variety of roles for the Cdc34/SCF complex in the mediation of 

transcription, suggesting that numerous uncharacterized targets of ubiquitination exist.

4.3 Discussion

We have previously shown that the Cdc34/SCF complex functions to mediate cell 

integrity . M utations within this complex result in several cell integrity related 

phenotypes, including caffeine sensitivity, and temperature sensitive lysis defects that can 

be osmotically suppressed (Chapter 3). Defects in the induction o f Slt2 phosphorylation 

were also observed in Cdc34/SCF mutants, so it was therefore expected that there would 

also be defects in the activation o f its downstream functions, such as the induction of 

Rlm l and SBF transcription (32. 40). Therefore, it was somewhat surprising to find that 

Rlm l and SBF transcriptional activity was significantly induced in cdc53-I and cdc34-2 

mutants. (Figure 4.1 A). These mutants displayed transcriptional effects even at their 

permissive temperatures, indicating that defects are present in these cells under favorable 

growth conditions. The transcriptional effects o f these defects were dependent on 

signaling from Slt2, as deletion of SLT2  eliminated the reporter activity from these 

transcription factors (Figure 4.1B). Interestingly, M BF transcriptional activity was also 

increased in a Slt2 dependent manner, suggesting an uncharacterized role for the cell 

integrity pathway in the regulation of this transcription factor, which might relate to the
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role of Slt2 in the regulation o f the Swi6 activator (40). The differences observed 

between SBF and MBF regulation may be accounted for from the observation that Slt2 

regulates the SBF in a Svvi6 dependent and independent fashion (2), suggesting that 

separate signals mediate different responses. Further analysis of the increase in SBF 

transcriptional activity confirmed that this effect was caused by defects associated with a 

novel function for the Cdc34/SCF complex in the regulation of this pathway (Figure 4.2).

The cell integrity related transcriptional effects observed in cdc53-J and cdc34-2 

mutants can be rationalized in terms of a simple model for Cdc34/SCF function (Figure 

4.5). This model places the function of the Cdc34/SCF complex either at the level of the 

signaling pathway, resulting in the regulation o f transcription, or at the level of the 

transcription factors them selves. Evidence supporting both potential roles has been 

observed for the Cdc34/SCF complex in the mediation o f several transcriptional effects. 

Support for a role in signaling is most apparent from its role in the regulation of the 

MAPKK Ste7 o f the m ating pathway. Ste7 is targeted for ubiquitination by the 

Cdc34/SCF complex and subsequent degradation in response to prolonged mating 

pheromone, thereby affecting downstream transcription (65). My observations suggest 

that a sim ilar mode o f regulation might occur for Slt2 phosphorylation, particularly in 

response to pathway inducing stress conditions. Such an effect would very likely result in 

transcriptional variation. However, from what is known about Slt2 activity, it is predicted 

that the downstream transcriptional activity would be reduced rather than induced when 

Slt2 is not phosphorylated properly. Since this does not appear to be the case in the 

cdc53-I and cdcJ4-2 mutants, another explanation should exist. Slt2 activation may not 

correlate with its phosphorylation state. In fact, such an idea has been suggested from 

studies on the Slt2 effector protein Km4, which reveal that deletion o f KNR4 results in an 

increase in Slt2 phosphorylation, but a decrease in R lm l transcription (42). It could 

therefore be possible that the Cdc34/SCF complex mediates the interaction between Slt2 

and such effectors, thereby resulting in the regulation of downstream  transcription. 

However, the Cdc34/SCF complex may function directly on the R lm l, SBF and MBF 

transcription factors in a similar manner to that observed for other transcription factors, 

such as Met4 or Gcn4 (37, 45).
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Signaling

Cdc34/SCF

TF

Gene

Figure 4.5 A simplified model illustrating the known modes o f Cdc34/SCF mediated regulation of 

transcrip tion . The Cdc34/SCF complex has been shown to regulate transcription either directly by affect

ing the function o f the transcription factor (as in case of the Gcn4 and Met4 transcription factors), or at the 

level of signaling to the transcription factor (as in the case of the Ste7 MAPKK).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



205

Comparison of global gene expression patterns of cdc53-l and cdc34-2 mutants to 

those of wild-type cells growing at the permissive temperature of 30°C reveals that the 

Cdc34 and the SCF complex function together to regulate diverse transcriptional effects 

in the cell. This function is primarily geared to negatively regulate transcription, as over 

90% of the genes that had a 2-fold or greater variance in transcription were induced. 

Analysis of these Cdc34/SCF mutants at their permissive temperature proved to be ideal, 

as these cells had relatively normal growth characteristics with no cell cycle arrests, and 

we did not have to deal with transcriptional variance that would most likely occur from 

elevated temperatures (18). Examination o f this sort for other tem perature sensitive 

alleles of essential genes could also prove to be very informative.

The most apparent function for the Cdc34/SCF complex in transcription is in the 

regulation o f the Gcn4 and M et4 transcription factors, which function to primarily 

mediate amino acid biosynthesis. Both of these proteins are targeted for ubiquitination by 

the Cdc34/SCF complex, resulting in the inhibition of their activity (37, 45). The 

regulation of several of other transcription factors is also suggested by this analysis, 

including the SBF, MBF. R lm l. Msn2-Msn4, and the H sfl. However, it is not apparent at 

what level this regulation occurs. For example, Cdc34/SCF may function directly on the 

transcription factor, as with Gcn4 or Met4, or it may function as a regulator o f a signaling 

pathway, as with the MAPKK Ste7 or the MAPK Slt2 (Figure 4.5).

The transcriptional regulation of several proteins related to signal transduction is 

affected by the cdc53-l and cdc34-2  mutations, including proteins related to the cell 

integrity pathway, the sporulation pathway, the mating pathway, the HOG pathway, and 

the cAMP pathway. These signaling pathways are all linked to either the regulation of 

factors at the cell wall, or to factors that respond to signals from the cell wall (Table 2.1). 

It is therefore possible that the cell integrity defects we observed in the Cdc34/SCF 

mutants may be a result of a combined misregulation of all these pathways. At least two 

of these pathways appear to be directly regulated by the Cdc34/SCF complex: 1) the cell 

integrity pathway, as we have observed a role in Slt2 phosphorylation (see Chapter 3). 

and 2) the mating pathway, since the MAPKK Ste7 is a known ubiquitination target (66). 

A more thorough study of the Cdc34/SCF complex in the regulation o f signaling 

pathways may reveal more direct relationships with several of these pathways.
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Interesting relationships that are not normally associated with C dc34/SC F 

function are also evident from the microarray analysis. Since the analysis was of MATa 

cells, there was a curious expression of several M A Ta specific mating genes, which was 

observed in the Cdc34/SCF mutants examined. The cause for these effects is not clear, 

but it may relate mating signaling defects. Alternatively, it is possible that the Cdc34/SCF 

complex may play a role in genomic silencing, particularly at the MAT locus, as Cdc34 

has been implicated in the regulation of chromatin assembly (23). Another interesting 

observation was the induction of several genes that respond to DNA damage, suggesting 

that the Cdc34/SCF complex functions to mediate genomic integrity. Several other 

responses may also be included in the transcriptional programs of the cdc53-l and cdc34- 

2 mutants, which might not be as obvious.

The observations made in this chapter highlight the functions o f the Cdc34/SCF 

complex in the regulation o f transcription. While these roles appear to be complex, it is 

evident that this ubiquitination complex impacts on selected events. It primarily does so 

in a negative manner either by targeting transcription factors directly, or by targeting 

other factors (many of which appear to be unknown). It rem ains to be seen how 

interconnected these transcriptional effects are, and further study on their specifics will 

surely shed some light on these roles.

4.2 Materials and methods

4.4.1 Plasmids and yeast strains.

The Y C P11 l.G A L plasmid was constructed by inserting the GAL1/10 promoter 

and term inator regions o f the pESC(Trp) plasmid (Stratagene) into Y P C la c lll .  This 

region was amplified by PCR using oligonucleotides possessing the PstI and M fel 

restriction sites, and inserted into the PstI and EcoRI restriction sites o f YCPlacl 11. The 

CDC53 gene was cut from pESC200 (see Section 2.4.1). and inserted into Y CP11 l.GAL 

using the BamHI and Xhol restriction sites to generate Y C P 111.GAL-Cdc53. The 

CD C34  gene was amplified by PCR and inserted 3’ of the FLAG epitope tag in the 

YCP11 l.G A L  plasm id using the X hol and Kpnl restriction sites to generate 

Y C P111.GAL-Cdc34. For the Y C P11 l.G A L-siclA P plasmid, the GAL promoter region
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followed by a gene encoding a nondegrudable version of Sicl (sicJAP) (63) was removed 

from Y IP.G A L-Sicl AP (provided to us by David Stuart, University of Alberta) and 

inserted into YCPlacl 11 using the EcoRI and Hindlll restriction sites.

All the yeast used were isogenic to the K699 (W303) strain (ade2-101 his3-11,15 

Ieu2-3,112 trp l-1  ura3-l canl-100). The slt2A  and sw i4 A strains were constructed by 

homologous recombination. The G418 gene flanked 3’ and 5 ’ by a region extending from 

approximately 100 to 500 base pairs (bp) upstream and downstream of the gene to be 

knocked out was generated by PCR from genomic DNA isolated from the BY4741 yeast 

deletion collection. This resulting DNA product was transformed into the target strain 

and selected for by growth on G41S. The resulting knockout strain was confirmed by 

PCR and functional analysis.

4.4.2 p-Galactosidase reporter assays.

Cells carrying a plasmid with the LacZ  gene under the control of the minimal 

CYC1 promoter region, lacking upstream activating sequences (C TLr.LacZ , pLGASS 

(19)), or under the control of 4xSCB  promoter elements (SC B ::LacZ, pBA251 (1)), 

4xM CB  promoter elements (M CBr.LacZ , pBA487 (64)) or 2xR lm l promoter elements 

(Rmll::LacZ, p l434  (32)) were grown in SD medium (0.67% yeast nitrogen base and the 

appropriate amino acids) lacking uracil (-Ura) to an optical density at 600 nm (O D ^ ) of

0.5 - 0.8. Cell samples were collected by centrifugation and a liquid f)-Galactosidase 

assay using O-nitrophenol (3-D-galactopyranoside (ONPG) as a substrate was performed 

according to the procedure outlined by CLONETECH Laboratories, Inc. Briefly, cells 

were lysed by rapid freeze thaw in Z buffer [60 mM N a,H P04, 40 mM NaH:P 0 4, 10 mM 

KC1, 1 mM M gS 04, pH 7.0] and incubated in the presence o f (3-mercaptoethanol and 

ONPG [0.67 mg/ml final] at 30°C until a yellow color developed. Reactions were 

stopped by the addition of Na;CO-, [300 mM final]. The |3-galactosidase units were then 

determined (1 unit |3-galactosidase is defined by the amount that hydrolyzes liim ol of 

ONPG to o-nitrophenol and D-galactose per minute per cell (3). All samples were 

assayed in triplicate, and an average of the (3-galactosidase units with standard deviation 

is shown in the results. The pLGASS, pBA251 and pBA487 plasmids were provided to 

use by Brenda Andrews (University o f Toronto), and the p!434 plasmid was provided to
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use by David Levin (Johns Hopkins University).

4.4.3 Microarray cultures and RNA Isolation.

Triplicate cultures of isogenic W303 wild-type (WT), cdc53-l and cdc34-2 cells 

were grown at 30°C in YPD (1 % yeast extract, 2% bactopeptone and 2% dextrose) to an 

ODnki of 0.8. Cells were collected by centrifugation, washed twice with ice-cold water 

and total RNA was immediately extracted from the cells by the hot acid phenol method 

(35). Messenger RNA (mRNA) was then isolated using the Easy-mRNA kit (Qiagen), 

and cDNA was synthesized from the mRNA by reverse transcription, and biotin-labeled 

cRNA was constructed and purified using the procedures described by Affymetrix. UV 

spectroscopy was used to quantitate the RNA.

4.4.4 Microarray Analysis.

Biotin-labeled cRNA was hybridized to Affymetrix yeast S98 whole-genome 

oligonucleotide microarray chips according to the manufacturers procedures. The chips 

were processed using the Affymetrix Fluidics Station 400 and the arrays were imaged 

using the Affymetrix GeneArray Scanner (570 nm. 3 pm  pixel resolution). Each array 

was scanned twice and the images were averaged. The acquired images were then 

analyzed using the default parameters in Affymetrix's MicroArray Suite 5.0 (MAS 5.0). 

Subsequently the data was analyzed using Micro DB, Data M ining Tool 3.0 (DMT 3.0) 

and GeneSpring 6.2.

Statistical analysis (according to MAS 5.0) revealed that 84% and 85% of the 

genome in the cdc53-l and cdc34-2 cells, respectively, produced a statistically relevant 

signal. Approximately 14% of the genes were absent in all the samples analyzed. The 

relevant genes from the triplicate cdc53-l and cdc34-2 samples were compared in every 

various combination to those from the triplicate WT samples (for example, nine different 

fold changes were calculated for the cdc53-l strain by comparing the three cdc53-J  

samples to the three different W T  samples), and from this an average fold gene 

expression was generated.
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4.4.5 Promoter analysis.

Promoter regions ranging from -600 bp to the ATG codon were analyzed for 

potential regulatory elem ents using the prom oter database from Sacchciromyces 

cerevisiae (SCPD; http://cgsigma.cshl.org/iian). A search for R lm l regulatory elements 

(CTA(T/A)4TAG; with one mismatch) was performed manually using the same promoter 

regions.
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Appendix 4.1 Genes induced by 2 fold or greater in tdi-53-J and cdc34-2 mutants

ORF Yeast name cdc53-l fold-change cdc34-2 fold-change Description

YAL034W-A M twl 2.32 Essential component of the H IN D  kinetochore complex

YAL061W 2.41 2.37 Similarity to alcoholsorbitol dehydrogenase

YAL062W Gdh3 2.35 2.03 NADP-linked glutamate dehydrogenase, NADP( + )-dependent glutamate dehydrogenase

YAL063C Flo9 2.33 Lectin-like protein with similarity to Flolp, thought to be expressed and involved in flocculation

YAL067C Seol 3.65 4 Putative permease, member of the allantoate transporter subfamily

YAR015W A del 2.42 Required for 'de novo' purine nucleotide biosynthesis

YAR069C 2.16 Potential membrane protein

YBL043W Ecm l3 4 .46 3.32 Extracellular Mutant cell wall organization and biogenesis

YBL065W 2.08 2.13 Questionable ORF

YBR040W Fig 1 5.32 Integral membrane protein required for efficient mating

YBR043C Qdr3 2.05 Similarity to benomylmethotrexate resistance protein

YBR047W Fmp23 3.25 2.02 The authentic, non-tagged protein was localized to the mitochondria

YBR076W Ecm8 2.5 2.44 Extracellular Mutant

YBR093C PhoS 2.08 One of 3 repressible acid phosphatases, transported to the cell surface

YBR096W 2.35 Hypothetical protein

YBR116C 2.28 Questionable ORF

YBR117C Tkl2 2.16 Transketolase, homologous to tk li

YBR145W Adh5 2.99 2.13 Alcohol dehydrogenase isoenzyme V

YBR147W 9.19 3.94 Strong similarity to hypothetical protein YOL092W

YBR256C RibS 2.19 Riboflavin synthase alpha-chain

YBR285W 3.79 4.13 Hypothetical protein

YBR294W Sull 3.22 2.68 Sulfate uptake is mediated by specific sulfate transporters SUL1 and SUL2

YBR295W Peal 2.23 Putative P-type Cu(2+)-transporting ATPase, coupled to transmembrane movement of ions

YBR296C Pho89 3.79 Na+Pi cotransporter, active in early growth phase

YCL024W Kcc4 2.35 SerThr kinase of the bud neck involved in the septin checkpoint, negatively regulates S w el

YCL026C Frm2 3.01 Protein involved in the integration of lipid signaling pathways with cellular homeostatis

YCL030C His4 3.7 3.62 Histidinol dehydrogenase

YCR073C Ssk22 2.14 Protein kinase, activation of MAPKK during osmolarity sensing

YCR098C Git 1 2.24 Permease Involved In the uptake of glycerophosphoinositol (GroPIns)

YDL021W Gpm2 2.85 Converts 3-phosphoglycerate to 2-phosphoglycerate in glycolysis

YDL059C Rad59 2.85 Protein Involved in the repair of double-strand breaks in DNA

YDL170W Uga3 2.23 Zinc-finger transcription factor of the Zn(2)-Cys(6) binudear cluster domain type

YDL181W In h l 2.06 2.46 Protein that inhibits ATP hydrolysis by the FIFO-ATP synthase

YDL182W Lys20 2.76 Homocitrate synthase, highly homologous to YDL131W
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Appendix 4.1 Genes induced by 2 fold or greater in cdc53-t and cdv34-2 mutants

ORF Yeast name cdcS3-l fold-change cdc34-2 fold-change Description

YDL198C Ggcl 2 t4itochondrial GTPGDP transporter, essential for mitochondrial genome maintenance

YDL218W 3.13 2.92 Weak similarity to hypothetical protein YNR061c

YDL222C Fmp45 3.46 4.46 Localized to the mitochondria; cell cortex protein

YDL223C Mbtl 2.54 2.08 Substrate of the Ifu b lp  ubiquitin-fike protein that localizes to the shmoo tip (mating projection)

YDR010C 2.06 2.02 Hypothetical protein

YDR034W-B 3.13 Identified by SAGE expression analysis

YDR035W Aro3 3.15 DAHP synthase; a.k.a. phospho-2-dehydro-3-deoxyheptonate aldolase

YDR038C Ena5 2.62 Protein with similarity to P-type ATPase sodium pumps

YDR039C Ena2 3.13 Plasma membrane; P-type ATPase sodium pump, involved in IVa + efflux to allow salt tolerance

YDR041W RsmlO 2.05 Mitochondrial ribosomal protein of the small subunit

YDR042C 3.32 2.89 Hypothetical protein

YDR046C Bap3 2.05 Valine transporter, branched-chain amino acid permease

YDR048C 2.76 2.03 Questionable ORF

YDR0S4C Cdc34 2.96 Ubiquitin-conjugating enzyme, E2

YDR0S6C 2.19 Hypothetical protein

YDR058C Tgl2 2.62 TriGlyceride Lipase

YDR059C UbcS 3.27 Ubiquitin-conjugating enzyme

YDR061W 2.41 Mitochondrial protein, member of the ATP-binding cassette (ABC) transporter family

YDR068W Dos2 2.06 Unknown function

YDR070C Fm pt6 3.46 2.5 The authentic, non-tagged protein was localized to the mitochondria

YDR073W S n f l l 2.06 component of SW1SNF global transcription activator complex

YDR076W Rad5S 2.03 Involved in the recombinational repair of double-strand breaks in DNA

YDR085C A frl 2.3 Coordinates regulation of alpha-factor receptor signalling and induction of morphogenesis during conjugation

YDR088C Slu7 2.16 Involved in 3' splice site choices and acts in concert with P rpl8 during the 2nd step of splicing.

YDR089W 2 Weak similarity to Streptococcus transposase, membrane organization and biogenesis

YDR097C Msh6 2.52 Protein required for mismatch repair in mitosis and meiosis

YDR104C Spo71 2.06 Required for spore wall formation during sporulation; dispensible for nuclear divisions during meiosis

YDR105C Tm sl 2.24 Putative membrane protein, conserved in mammals

YDR215C 10.24 Hypothetical protein

YDR216W Adrl 4.42 2.46 Controls expression of ADH2, peroxisomal genes, & genes required for EtOH, glycerol, S fatty acid use

YDR242W Amd2 3.22 Putative amidase
YDR2S3C M et32 2.02 Zinc finger DNA binding factor, transcriptional regulator of sulfur amino acid metabolism

YDR304C CprS 2.96 2.48 Peptidyl-prolyl cis-trans isomerase (cydophilin) of the endoplasmic reticulum

YDR374C 2.42 2.19 Similarity to hypothetical A. thaliana protein BAC F21M12
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Appendix 4.1 Genes induced by 2 fold or greater in c<tc53-l and cdc34-2 mutants

ORF Yeast name cdcS3-l fold-change cdc34-2  fold-change Description

YDR3B0W ArolO 3.08 2.58 Phenylpyruvate decarboxylase, catalyzes decarboxylation of phenylpyruvate to phenylacetaldehyde

YDR406W Pdrl5 2.06 Probable multidrug resistance transporter, ATP-binding cassette (ABC) transporter activity

YDR461W M fal 2.68 a-factor mating pheromone precursor

YDR523C Spsl 2.16 Serinethreonine kinase homologous to Ste20p, required for spore wall formation

YEL008W 4.78 Hypothetical protein

YEL059W 2.7 Hypothetical protein

YEL060C Prbl 2 Vacuolar protease B, needed for protein degradation during sporulation, & proper spore morphology

YEL065W S itl 2.06 Ferrioxamine B transporter, transcription is induced during iron deprivation and diauxic shift

YER011W Tirl 2.46 Encodes a stress-response cell wall mannoprotein, regulated by acidic pH & cold-shock

YER028C Mig3 4.46 Probable transcriptional repressor involved in response to toxic agents such as hydroxyurea

YER029C Sm bl 2.18 Associated with U1 snRNP

YER073W Aid 5 2.21 Aldehyde dehydrogenase (NAD+), activated by K+

YER081W Ser3 3.73 2.44 3-phosphoglycerate dehydrogenase, catalyzes the first step in serine and glycine biosynthesis

YER096W Shcl 2.32 Sporulation-specific activator of Chs3p,transcriptionally induced at alkaline pH

YER121W 2.56 Hypothetical protein

YER175C Tm tl 3.56 2.05 Trans-aconitate Methyltransferase 1

YER187W 2.13 Similarity to killer toxin KHS precursor

YFL014W Hspl2 2.79 2.08 Induced by heat shock, entry into stationary phase, depletion of glucose, and addition of lipids

YFL017C G nal 2.02 Involved in UDP-N-acetylglucosamine biosynthesis

YFL017W-A Smx2 2.3 2.02 snRNP G protein, nuclear mRNA splicing, via spliceosome

YFL030W Agxl 2.02 Alanine : glyoxylate aminotransferase, catalyzes the synthesis of glycine from glyoxylate

YFR018C 2.23 Similarity to human glutaminyl-peptide cyclotransferase

YFR023W Pes4 4.89 4.67 Poly(A) binding proteinSuppressor of DNA polymerase epsilon mutation

YFR030W M etlO 3.48 3.73 Subunit alpha of assimilatory sulfite reductase.

YGL032C Aga2 2.44 2.21 Adhesion subunit of a-agglutinin of a-cells

YGL063W Pus2 2.24 Pseudouridino synthase 2

YGL081W 2.89 3.17 Hypothetical protein

YGL117W 6.7 2.64 Hypothetical protein

YGL121C Gpgl 2.02 Involved in regulation of pseudohyphal growth; requires G pblp  or Gpb2p to interact with Gpa2p

YGL184C Str3 2.62 Sulfur Transfer

YGL230C 4 .49 Hypothetical protein

YGR032W Fks2 3.38 2.35 Catalytic component of 1,3-beta-D-glucan synthase

YGR049W Scm4 2.26 Protein that suppresses ts allele of CDC4 when overexpressed

YGR053C 2.18 2.21 Hypothetical protein
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Appendix 4.1 Genes induced by 2 fold or greater in <<lc53-l and cdc34-2 mutants

ORF Yeast name cdc53-l fold-change cdc34-2 fold-change Description

YGR065C V h tl 2.08 Similarity to P.putida phthatate transporter, vitamin H transporter

YGR131W 2.08 Strong similarity to Nce2p

YGR236C Spgl 2.21 Protein required for survival at high temperature during stationary phase

YGR243W Fmp43 2.76 2.81 The authentic, non-tagged protein was localized to mitochondria

YGR278W Cwcl 2.48 2.05 Essential protein, component of a complex containing C eflp , putative spliceosomal component

YHL035C V m rl 3.17 Protein of unknown function, member of the ATP-binding cassette (ABC) family, integral to membrane

YHR018C Arg4 5.36 2.56 Argininosuccinate lyase

YHR022C 3.2 RAS-related protein

YHR029C 2.39 Thymidylate synthase

YHR033W 5.53 4 .39 Unknown function

YHR054C 2.06 Weak similarity to YOR262w

YHR071W Pci 5 6.02 3.68 Cydin, interacts with Pho85

YHR137W Aro9 2.62 Aromatic aminotransferase, catalyzes the first step of Trp, Phe, and Tyr catabolism

YHR176W Fmol 2.08 Flavin-containing monooxygenase

YIL024C 2.02 Hypothetical protein

YIL059C 2.37 3.05 Hypothetical protein

YIL063C Yrb2 2.14 2.44 Nuclear protein, involved in nuclear export

YIL066C Rnr3 2.66 Ribonucleotide-diphosphate reductase (RNR), large subunit

YIL099W Sgal 2.68 4 .13 Intracellular sporulation-specific glucoamylase, glucan 1,4-alpha-glucosidase activity

YIL121W Qdr2 4 .78 2.72 Similarity to antibiotic resistance proteins

YI1.136W OM45 2.02 Major constituent of the mitochondrial outer membrane

YIL152W 2.33 2 Hypothetical protein

YIL155C Gut2 2 .06 Mitochondrial glycerol-3-phosphate dehydrogenase; expression is repressed by glucose and cAMP

YIL160C Potl 2.19 Peroxisomal 3-oxoacyl CoA thiolase

YIL164C N itl 2.5 Nitrilase, member of the nitrilase superfamily

YIL165C 2.85 Putative pseudogene

YIR010W 2.16 Hypothetical protein

YIR019C M uclF lol 1 3.22 GPl-anchored cell surface glycoprotein required for pseudohyphal formation and invasive growth

YIR028W Dal4 3.73 Allantoin permease; expression sensitive to nitrogen catabolite repression and induced by allophanate

Y1R034C Lvsl 2.24 Saccharopine dehydrogenase, lysine biosynthesis, aminoadipic pathway

YIR043C 2.05 2.72 Putative pseudogene

YJL037W 3.08 2.19 Strong similarity to hypothetical protein YJL038C

YJL038C 17.68 11.14 Strong similarity to hypothetical protein YJL037w

YJL045W SDH lb 3.25 Strong similarity to succinate dehydrogenase flavoprotein (sd h l)
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Appendix 4.1 Genes induced by 2 fold or greater in cdc53-l and cdv34-2 mutants

ORF Yeast name cdc53-l fold-change cdc34-2 fold-change Description

YJL079C Pryl 3.01 2.66 Protein of unknown function

YJL088W Arg3 2.74 Ornilhino carbarnoyltransferase (carbamoyiphosphale L-ornithine carbamoyltransferase)

YJL089W Sip4 2.46 2.35 Shows homology to DNA binding domain of Gal4p, has a leucine zipper motif and acidic region

YJR010W Met3 3.08 4.92 ATP sulfurylase, catalyzes the primary step of intracellular sulfate activation

YJR025C Bnal 2.99 2.72 3-hydroxyanthranilic acid dioxygenase, required for biosynthesis of nicotinic acid

YJR072C Npa3 2.26 2.85 Protein required for cell viability

YJR078W Bna2 4.56 4.78 Required for biosynthesis of nicotinic acid from tryptophan via kynurenine pathway

YJR079W 5 4.78 Questionable ORF

YJR109C Cpa2 3.56 Catalyzes a step in the synthesis of citrulline, an arginine precursor

YJR112W N nfl 2.37 Essential component of the MIND kinetochore complex

YJR130C Str2 2.89 Cystathionine gamma-synthase activity

YJR137C Ecm l7 2.23 Sulfite reductase beta subunit, involved in amino acid biosynthesis.

YJR1S4W 2.44 Hypothetical protein

YJR1S5W AadlO 2.05 Putative aryl-alcohol dehydrogenase

YJR1S6C T h il l 2.32 2.66 Proposed biosynthetic enzyme involved in pyrimidine biosynth. Pathway

YKL001C M etl4 3.35 Required for sulfate assimilation and involved in methionine metabolism

YKL023W 2.21 Weak similarity to human cylicin I I

YKL050C 2.05 Similarity to YMR031C

YK1093W M brl 2.08 MBR1 protein precursor

YKL162C-A 3.51 Similar to PIR1, PIR2 and PIR3 proteins

YKL163W Pir3 2.92 Cell wall organization and biogenesis

YKL178C Ste3 2 2.05 Cell surface a factor receptor, transcribed in alpha cells and required for mating by alpha cells

YKL188C Pxa2 2.44 Peroxisomal ABC transporter 2

YKL199C Ykt9 2.14 Protein of unknown function

YKL218C 3.51 2.52 Threonine dehydratase

YKR053C Ysr3 2.0 2 Dihydrosphingosine 1-phosphate phosphatase, membrane protein involved in sphingolipid metabolism

YKR061W Ktr2 2.03 Putative mannosyltransferase, involved in N-lmked glycosylation of cell wall mannoproteins

YKR069W M etl 2.23 Involved In sulfate assimilation, methionine metabolism, and siroheme biosynthesis

YKR080W M tdl 3.79 NAD-dependent 5,10-methylenetetrahydrafolate dehydrogenase

YLL012W 2.05 Similarity to triacylglycerol lipases

YLLOS5W 2.23 Similarity to Dal5p

YLL057C Jlpl 3.68 Similar to Fe(ll)-dependent sulfonateatpha-ketoglutarate dioxygc-nase

YLL067C 2.33 Strong similarity to subtelomeric encoded proteins

YLR042C 3.48 4.92 Hypothetical protein
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Appendix 4.1 Genes induced by 2 fold or greater in nlr53-J  and ak'34-2  mutants

ORF Yeast name cdc53-l fold-change cdc34-2 fold-change Description

YLR053C 2.08 Hypothetical protein

YLR092W Sul2 2.09 3.51 High affinity sulfate permease, sulfate uptake is mediated by SUL1 and SUL2

YLR099C Ic tl 2.54 Protein of unknown function, null mutation leads to an increase in sensitivity to Calcofluor white

YLR100W Erg27 2.18 2.62 3-keto sterol reductase

YLR152C 2.35 Similarity to YOR3165w and YNL095C

YLR231C Bna5 2.09 2.89 Kynureninase, required for biosynthesis of nicotinic acid from tryptophan

YLR237W Thi7 2.99 4.49 Thiamine transporter

YLR273C Pigl 2.13 Putative type 1 phosphatase regulatory subunit

YLR280C 2.13 Questionable ORF

YLR329W rec l02 2.26 mRNA is induced early in sporulation, required for wifd-type level of chromosome pairing

YLR343W 2.03 Strong similarity to G aslp and C.albicans pH responsive protein

YLR364W 2.37 Hypothetical protein

YIR377C Fbpl 2.03 Fructose-1,6-bisphosphatase, required for glucose metabolism

YML058W Hugl 2.72 Involved in the M eclp-m ediated checkpoint pathway, responds to DNA damage or replication arrest

YML070W D akl 2.05 Putative dihydroxyacetone kinase response to stress

YML109W Zds2 2.92 2.33 Protein that interacts with silencing proteins at the telomere, involved in transcriptional silencing

YML133C 2.21 Hypothetical protein Y .2

YMR062C Ecm40 4.09 2.16 Catalyzes the fifth step in arginine biosynthesis

YMR070W Mot3 2.11 DNA-binding protein implicated in heme-dependent repression

YMR095C Snol 5.2 3.85 Stationary phase Induced gene

YMR096W Snzl 4.06 2.62 Involved in cellular response to nutrient limitation and growth arrest

YMR101C S rtl 2.46 2.52 Cis-prenyltransferase Involved in dolichol synthesis

YMR107W Spg4 4.89 2.96 Protein required for survival at high temperature during stationary phase

YMR118C 3.3 Strong similarity to succinate dehydrogenase

YMR120C A del7 4 Enzyme of 'de novo' purine biosynthesis

YMR169C Ald3 2.14 Aldehyde Dehydrogenase (N A D (P )+), induced in response to heat shock, and osmotic stress

YMR175W S ip l8 4.06 Responds to dessication and osmostress

YMR263W Sap30 2.52 Subunit of the histone deacetylase B complex

YMR279C 2.11 Strong similarity to aminotriazole resistance protein

YMR303C Adh2 3.1 Alcohol dehydrogenase I I

YMR306W Fks3 2.23 Has similarity to 1,3-beta-D-glucan synthase catalytic subunits Fkslp and Fks2p

YMR322C Sno4 3.88 2.32 Possible chaperone and cysteine protease

YNL046W 2.16 2.08 Hypothetical protein

YNL202W S psl9 3.3 3.85 Late sporulation specific gene which may function during spore wall formation
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Appendix 4.1 Genes induced by 2 fold or greater in cdc53-l and cilc34-2 mutants

ORF Yeast name cdc53-l fold-change cdc34-2 fold-change Description

YNL228W 11.85 Questionable ORF

YNL270C Alpl 3.1 2.23 Basic amino acid transporter, involved in uptake of cationic amino acids

YNL277W Met2 3.51 Catalyzes the first step of the methionine biosynthetic pathway

YNL289W Pell 2.37 2.81 G1 cyclin that associates with PH085

YNL333W Snz2 2.21 Stationary phase-induced gene family

YNROSOC Lys9 2.35 2.02 Lysine biosynthesis, aminoadipic pathway, saccharopine dehydrogenase

YNR064C 3.15 2.79 Similarity to R.capsulatus 1-chloroalkane halidohydrolase

YNR065C Ysnl 3.15 2.66 Sortilin homolog, interacts with proteins of the endocytic machinery

YNR073C 2.32 2.39 Strong similarity to E.coli D-mannonate oxidoreductase

YOLOIOW Rcll 2.18 RNA terminal phosphate cyclase-like protein involved in rRNA processing at sites AO, A l,  and A2

Y0L024W 7.02 8.57 Hypothetical protein

YOL037C 4.81 Questionable ORF

YOL058W A rg l 4 .56 3.7 Arginosuccinate synthetase

YOL091W Spo21 3.48 Component of the meiotic outer plaque of the spindle pole body, required prior to prospore membrane formation

YOLIOOW Pkh2 2.08 SerThr protein kinase, Pkb-activating Kinase Homologue, MAPKKK during cell wall biogenes

YOL104C N djl 2.35 Meiosis-specific telomere protein

YOL132W Gas4 2.33 2 Similarity to glycophospholipid-anchored surface glycoprotein Gaslp, localizes to the cell wall

YOL155C 4.74 4.13 Similarity to glucan 1,4-alpha-glucosidase S ta lp  and YAR066w

YOL160W 6.2 5.7 Hypothetical protein

Y0L161C 2.74 Strong similarity to members of the S rp lp T ip lp  family

YOR011W Ausl 2.56 Transporter of the ATP-binding cassette family, involved in uptake of sterols and anaerobic growth

YOR028C Cin5 2.74 Basic leucine zipper transcriptional factor, mediates drug resistance and salt tolerance

YOR031W Crs5 2.52 2.06 Copper-binding metallothionein, required for wild-type copper resistance

YORIOOC Crcl 3.46 2.32 Similarity to mitochondrial carrier proteins

YOR114W 2.08 Hypothetical protein

YOR128C Ade2 2.68 Phosphoribosylamino-lmidazole-carboxylase

YOR177C Mpc54 2.11 Component of the meiotic outer plaque, a membrane-organizing center

YOR185C Gsp2 2.39 Involved in the maintenance of nuclear organization, RNA processing and transport

YOR192C 2.08 Strong similarity to ThilOp

YOR202W His3 3.05 2.46 Imidazoleglycerol-phosphate dehydratase, catalyzes the sixth step in histidine biosynthesis

YOR203W 2.96 2.56 Protein required for cell viability

YOR226C Isu2 2.08 NifU-like protein A

YOR253W NatS 2.09 Peptide alpha-N-acetyltransferase activity

YOR302W 2.7 CPA1 leader peptide
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Appendix 4.1 Genes induced by 2 fold or greater in cdc53-I and cdc34-2  mutants

ORF Yeast name cdc53-l fold-change cdc34-2 fold-change Description

YOR303W Cpal 2.64 Catalyzes a step in the synthesis of citrulline, an arginine precursor

YOR348C Put4 2.35 Proline-specific permease (also capable of transporting alanine and glycine)

YOR382W Fit2 3.08 GPl-achored cell wall mannoprotein, involved in the retention of siderophore-iron in the cell wall

YPL017C 2.32 Putative S-adenosylmethionine-dependent methyltransferase of the seven beta-strand family

YPL033C 5.08 Weak similarity to YTR426w

YPL058C P drl2 2.16 Plasma membrane, weak-acid-inducible ATP-binding cassette (ABC) transporter

YPL081W Rps9A 2.08 Ribosomal protein S9A (S 13) (rp 2 1) (Y S 11)

YPL092W Ssul 4.67 3.48 Sensitive to sulfiteputative sulfite pumpplasma membrane

YPL135W Isu l 2.33 NifU-like protein A, Iron-sulfur cluster nifU-like protein

YPL163C Svsl 2.23 2.41 Serine and threonine rich protein, involved in vanadate resistance. Cell wall.

YPL171C Oye3 4 .56 5.12 NAD(P)H dehydrogenase

YPL223C G rel 2.66 3.25 Stress induced (osmotic, ionic, oxidative, heat shock & heavy metals); regulated by the HOG pathvray

YPL258C Thi21 2.79 2 Transcribed in the presence of low level of thiamine and repressed in high level of thiamine

YPL264C 3.51 2.16 Strong similarity to YMR253c

YPR006C Id 2 2.18 Functions in the methylcitrate cycle to catalyze the conversion of 2-methylisocitrate to succinate and pyruvate

YPR027C 2.23 Similarity to  YNL019C and YNL033W

YPR077C 2.35 Questionable ORF

YPR078C 2.85 Hypothetical protein

YPR143W 2 2.33 Hypothetical protein

YPR167C M e tl6 2.64 2.72 3 phosphoadenylylsulfate reductase

YPR193C Hpa2 2.44 Tetrameric histone acetyltransferase, similarity to Gcn5p, H atlp , Elp3p, and Hpa3p

YPR194C Opt2 2.66 Oligopeptide transporter

YPR195C 2.3 Hypothetical protein

YPR204W 2.09 Strong similarity to subtelomeric encoded proteins

21
7
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Appendix 4.2 Promoter analysis o f the induced genes in ah-53-1 and cdc34-2 mutants

ORF Yeast nam e SCB elem ents MCB elem ents GCN4(1 m ism atch) GCN4 p tom oter R lm l (1 m ism atch) Rlml prom oter STRE elem ents HSTF elem ents m et31 /32  prom oter Cbfl prom oter Met4 prc
YAL034VV-A Mtwl 1 0 2 0 0 0 0 1 0 0 0

YAL061W 0 0 1 0 1 0 3 3 0 0 0

YA1062W Gdh3 0 0 3 0 2 0 0 0 0 0 0

YAL063C Flo9 0 0 1 0 0 0 0 0 0 0 0

YAL067C S eo l 0 0 1 0 0 0 1 2 1 0 0

YAR015W A del 0 0 3 2 0 0 1 1 0 0 0
YAR069C 0 0 0 0 0 0 0 1 0 0 0

YBL043W E cm l3 0 0 3 2 0 0 0 2 0 0 0

YB1065W 0 0 3 1 0 0 0 0 0 0 0
YBR040VV Figl 0 0 1 0 1 0 0 2 0 0 0

YBR043C Qdr3 0 0 4 1 1 0 0 1 0 0 0
YBR047W Fmp23 0 0 0 I 0 0 2 1 0 0 0

YBR076W Ecm8 2 0 2 2 2 0 0 0 0 0 0
YBR093C Pho5 0 0 3 0 1 0 0 0 0 0 0

YBR096W 0 0 2 0 0 0 0 0 0 0 0

YBRU6C 0 0 2 1 0 0 0 3 0 0 0

YBRl17C Tkl2 0 0 1 0 0 0 1 1 0 0 0

YBR145W Adh5 2 0 4 1 0 0 1 3 0 0 0

YBR147W 0 0 3 2 0 0 1 0 0 0 0
YBR256C RtbS 0 1 3 0 1 0 0 0 0 0 0
YBR285W 0 0 2 0 1 0 2 3 0 0 0
YBR294W Sull 0 0 4 1 1 0 0 1 0 0 0

YBR295W Peal 1 0 1 0 3 0 0 0 0 0 0

YBR296C Pho89 0 0 3 1 1 0 0 1 0 0 0
YCL024W KCC4 1 2 2 0 0 0 1 1 0 0 0
YCC026C Frm2 0 0 2 0 0 0 0 1 0 0 1

YC1030C Hts4 0 1 6 3 0 0 1 0 0 0 0
YCR073C Ssk22 1 1 1 0 1 0 1 0 0 0 0
YCR09BC Git 1 \ 0 3 0 0 0 2 2 0 0 0

YD1021W Gpm2 2 0 1 0 1 0 1 2 0 0 0

YDL059C Rad59 0 1 0 0 2 0 0 1 0 1 0

YD1170W Ugo3 0 0 4 1 0 0 1 0 0 0 0

YOL161YV (nh l 0 0 2 I 1 0 2 2 0 0 0
YDL182W LY520 0 0 1 0 0 0 0 1 0 0 1

YDL198C G gcl 1 0 6 2 0 0 0 0 0 0 1
YD1218W 0 0 2 0 0 0 1 0 0 0 0

YDL222C Fmp45 0 0 3 1 0 0 1 1 0 0 0
YD1223C llb t l 0 1 0 0 1 0 2 0 0 0 0
YOROIOC 0 0 2 0 0 0 1 0 0 0 0

YDR034W-B 0 0 0 0 1 0 3 1 0 0 0
YDR035W Aro3 0 0 1 0 1 0 1 0 0 0 0
YDR038C Ena5 0 1 0 0 2 0 0 1 0 0 0
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Appendix 4.2 Promoter analysis of the induced penes in ak'53-l and cdc34-2 mutants

ORF Yeast nam e SCO elem ents MCB e lem ents GCN4(1 m ism atch) GCN4 prom oter Rlm l ( l  m ism atch) Rlml prom oter STRE elem ents HSTF elem ents m et31 /32  prom oter Cbfl prom oter Met4 prc

YDR039C Ena? 0 0 0 2 0 0 0 0 0

YDR041W RsmlO 0 0 4 0 0 0 0 0

YDR042C 2 2 2 0 0 0 0 0 0 0

YOR046C Dap3 0 2 0 0 0 0 0 0 0

YDR04BC 0 0 2 0 0 0 0 0 0

YDR054C Cdc34 0 0 0 0 0 0 0 0 0

YDR056C 0 0 4 0 3 0 0 0 0

YOR058C Tgl2 0 3 3 0 0 0 0 0 0 0 0

YDR059C Ubc5 0 2 0 0 0 0 0 0 0

YDR061W 0 0 2 0 0 0 0 0

YDR068W Dos2 0 0 2 0 0 0 0 0 0
YDR070C F m p!6 0 0 0 0 0 0 0 0

YDR073W S n fl 1 0 0 2 0 0 0 0

YDR076W RadSS 0 2 0 0 0 0 0 0

YDR085C Afrl 0 0 0 0 2 0 0 0 0

YDR088C Slu7 0 0 0 0 0 0 2 0 0 1
YDR089W 0 0 2 2 0 0 0 0 0

YDR097C Msh6 2 0 0 0 2 2 0 0 0

YDR104C Spo71 0 0 0 2 0 0 0 0 0
YDR105C Tm sl 0 0 0 0 0 0 1 0 0 0

YDR21SC 0 0 0 0 0 1 0 0 0

YDR216W Adrl 0 0 0 0 0 0 1 0 0 0

YOR242W Amd2 0 0 2 0 S 0 0 0 0 0 0

YOR253C Met32 0 0 2 0 0 0 2 0 0 0

YDR304C CprS 0 0 5 0 0 1 2 0 0 0

YDR374C 0 3 0 0 0 0 0 0 0 0

YDR380W ArolO 0 0 0 0 0 1 0 0 0

YDR406W P drlS 0 0 0 0 0 0 3 0 0 0 0

YDR461W Mfal 0 0 0 0 0 0 0 0 0 0

YDR523C S psl 2 0 0 0 0 0 0

YEL008W 0 0 0 0 0 1 0 0 0 0

YEL059W 0 0 3 0 1 1 0 0 0

YEL060C Prbl 0 0 0 0 1 0 0 0

YE1065W Sit! 0 0 t 0 0 0 0 0 0 0 0

YEROUW Tirl 0 0 2 0 0 0 0 0 0 0 0

YER028C M.g3 0 2 0 0 0 1 1 0 0 0

YER029C S m bl 0 0 4 0 0 0 1 1 0 0 c

YER073W Atd5 0 0 3 0 0 1 1 0 0 0
YER081W Ser3 0 0 0 0 0 1 2 1 0 0

YER096W Shcl 0 3 0 0 1 I 0 0 0

YER121W 0 0 3 0 2 2 0 0 0

YER175C Tm ll 0 0 6 0 0 0 0 0 0
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Appendix 4.2 Promoter analysis of the induced genes in alc53-I and alc34-2 mutants

ORF Yeast nam e SCB elem ents MCB elem ents GCN4fl m ism atch) GCN4 prom oter Rlm l (1 m ism atch) Rlm l prom oter STRE elem ents HSTF elem ents m e t3 ! /3 2  prom oter Cbfl prom oter Met4 prc
YER187W 0 0 2 0 0 0 0 0 0 0 0
YFL0I4W H spl2 0 0 0 0 2 0 5 0 0 0 0

YF1017C G nal 0 0 1 0 0 0 0 7 0 0 0

YF1017W-A Sm>c2 0 0 4 0 2 0 2 0 0 0 0

YFL030W Agiri 0 0 1 0 2 0 1 1 0 0 0

YFR018C 1 1 2 1 1 0 1 0 0 0 0

YFR023W Pes4 1 0 2 0 1 0 0 0 1 0 0
YFR030VV MetlO I 1 5 0 1 0 1 2 0 0 0

YG1032C Aga2 0 0 2 0 1 0 1 2 0 0 0

YGL063W Pus2 0 0 1 0 1 0 1 1 0 0 0

YGL081W 0 0 0 0 0 0 0 2 1 0 0

YGL117W 0 0 2 1 1 0 0 0 0 0 0
YGL121C Gpgt 0 0 0 0 1 0 0 2 0 0 1
YGL184C Str3 1 0 s 2 0 0 0 2 0 0 0

YGL230C 0 0 2 0 1 0 0 2 0 0 0

YGR032W Fks2 2 0 0 0 2 0 0 0 1 0 0

YGR049W Scm4 1 0 2 0 0 0 0 0 0 0 0

YGR053C 0 0 1 0 0 0 1 1 0 0 0

YGR065C Vhtl ! 0 3 t 1 0 0 0 0 0 0
YGR131W 1 0 0 0 0 0 0 1 0 0 0

YGR236C Spgl 0 1 1 0 0 0 0 1 0 0 0

YGR243W Fmp43 0 0 0 0 0 0 1 1 0 0 0

YGR278W Cwcl 0 0 2 0 2 0 0 3 0 0 0

YML03SC Vmrl 0 0 0 0 1 0 2 0 0 0 0

YHR018C Arg4 1 0 3 1 0 0 1 1 0 0 0

YMR022C 0 0 0 0 0 0 0 3 0 0 0

YHR029C 0 0 3 0 1 0 0 0 0 0 0

YMR033W 0 0 0 0 1 0 1 1 0 0 0

YHR054C 0 0 2 0 0 0 1 1 0 0 0

YHR071W PclS 0 0 1 0 0 0 1 1 0 0 0

YHRI37W Aro9 0 0 2 \ 0 0 0 0 0 0 0

YHRI76W Fm ol 1 0 0 0 0 0 1 1 0 0 0

YI1024C 0 0 3 0 0 0 0 1 0 0 0

YIL059C 0 0 4 0 3 0 1 0 0 0 0

YIL063C Yrb2 1 \ 6 1 0 0 1 1 0 0 0

YIL066C Rnr3 3 2 1 0 1 0 0 1 0 0 0

YIL099W S gal 1 0 3 0 0 0 5 0 0 0 0

YIL121W Qdr2 0 0 2 0 0 0 0 0 0 0 0

YIL136W OM45 0 0 2 1 0 0 2 3 0 0 0
YI1152W 0 0 1 0 0 0 1 1 0 0 0

Y11155C Gut2 0 0 2 0 0 0 1 1 0 0 0

YIL160C Potl 0 1 0 0 1 0 0 2 0 0 0

to
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Appendix 4.2 Promoter analysis of the induced genes in ctlt-53-J and ctk'34-2 mutants

ORF Yeast nam e SCB elem ents MCB elem ents GCN4(1 m ism atch) GCN4 prom oter Rlml (1 m ism atch) Rlml prom oter STRE elem ents MSTF elem ents m et31 /32  prom oter Cbfl prom oter Met4 prom oter

YI1164C Nttl 2 0 3 1 0 0 0 0 0

YIL165C 0 0 1 0 0 2 0 0 0

YIR010W 0 2 0 2 0 0 0 0 0

YIR019C M udF lo l 1 0 0 1 0 0 0 0 2 0 0 0

Y1R028W Dal4 0 0 0 0 0 0 0 0 0 0

YIR034C ty s l 0 0 5 3 0 0 0 0 0 0

YIR043C 0 0 1 0 0 0 0 0 0

YJL037VV 0 0 2 0 0 0 0 0

YJL038C 0 0 1 0 0 0 0 0 0

YJL045W SOHlb 0 1 0 0 0 0 0 0 1

YJL079C Prvl 0 2 2 0 0 0 0 0

YJL088W Arg3 2 6 2 0 0 0 2 0 0 0

YJL089W Sip4 0 0 2 1 0 0 0 0 0 0

YJR010W Met3 0 0 1 0 0 0 0 0 2 0

YJR025C Bnal 0 0 2 1 0 0 0 0 0 0

YJR072C Npa3 2 1 0 0 0 0 0

YJR076W Bna2 0 3 2 0 0 0 0 0

YJR079W 0 0 0 0 0 0 0 0 0

YJRJ09C Cpa? 0 0 3 2 3 0 2 0 0 0

YJR112W Nnfl 0 0 4 0 0 0 0 0 0 0

YJR130C 5tr2 0 0 2 0 0 0 0 2 0 0 1

YJR137C Ecm l7 0 0 4 1 0 0 2 0 0 0

YJR154W 2 6 1 0 0 0 0 0

YJR155W AadlO 0 0 3 0 0 0 0 1 0 0 0

YJR156C T h ill 0 1 0 0 0 0 0 0 0

YKL001C MC114 3 0 0 0 0 4 0 0

YKL023W 0 0 2 0 0 0 2 0 0 0

YKL050C 2 2 0 0 2 3 0 0 0

YKL093W Mbrl 0 0 1 0 0 0 0 0 0 0

YKL162C-A 0 0 3 0 0 0 0 0 0 0

YKU63W Ptr3 0 0 0 0 0 0

YKL178C Stc3 0 0 2 0 2 0 0 0 0

YK1188C Pxa2 0 0 3 0 0 0 0 0 0 0 0

YKL199C YM9 0 1 0 0 0 0 0 0 0 0

YKL218C 0 0 5 1 0 0 0 0 0 0 0

YKR0S3C Ysr3 0 1 0 0 0 0 0 0

YKR061W Ktr2 0 0 1 0 2 0 1 0 0 0

YKR069W M etl 0 0 7 0 0 0 2 1 0 0

YKR080W Midi 0 0 4 2 0 0 0 0 0 0
YL1012W 0 1 0 0 4 0 0 0 0 0

YLL05SW 0 0 4 0 0 0 2 1 0 0 0

YL1057C Jlpl 0 0 4 1 0 0 2 0 0 0
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Appendix 4.2 Promoter analysis of the induced penes in alc53-l and vdc34-2 mutants

ORF Yeast nam e SCB elem ents MCB elem ents GCN4(1 m ism atch) CCN4 prom oter Rlm l (1 m ism atch) Rlm l prom oter STRE elem ents HSTf elem ents m e t3 l/3 2  prom oter Ct>fl prom oter Met4 prc

YLL067C 0 2 0 0 0 0 0 0

YIR042C 2 0 0 2 0 0 0 0 0
Y1R0S3C 2 2 0 0 0 0 0 0
YLR092W Sul? 0 0 2 0 0 0 0 0 2 0

YLR099C k t l 0 2 0 0 0 0 0 0

YIR100W Crg?7 0 0 0 0 0 0 0 0 0

YLR152C 0 0 2 0 0 0 0 0

YIR231C BnaS 0 0 0 0 0 0 0 0
YLR237VV Tht7 0 0 0 0 3 0 0 0
YLR273C Pig I 2 2 3 0 0 0 0 2 0 0 0

YLR280C 0 0 0 0 0 0 3 0 0

YIR329W rcclO? 0 0 2 0 0 0 0 0 0
YLR343W 0 0 0 0 0 0 0 0 0

YIR364W 0 0 0 0 0 0 0 0 0

YLR377C Fbpi 0 0 0 0 0 3 0 0 0
YML058W Hugl 0 0 0 0 0 0 0 0 0 0
YML070W Dakl 0 0 0 0 0 0 0 0

YMt.lOSW 7ds2 0 0 0 0 0 0 0 0 0

YMLI33C 0 0 0 0 0 0 0 0 0
YMR062C Fcm40 0 0 4 0 0 0 0 0 0 0
YMR070W Mot3 0 0 0 0 0 0 0 0

YMR095C Snol 0 0 6 3 0 0 0 0 0 0
YMR096W S n /I 0 0 5 3 0 0 0 0 0 0

YMR101C S rtl 0 0 0 0 0 0 0 0 0

YMR107W spg4 0 6 0 2 0 0 0 0
YMR118C 0 0 1 0 0 0 0 0 1

YMR120C A del? 0 0 5 2 0 0 0 0 0

YMR169C Ald3 0 0 2 0 0 2 0 1

YMR17SW S.P18 0 0 3 0 0 0 3 0 0 0 0

YMR263W Sap30 0 0 0 0 0 0 0 2 0 0 0

YMR279C 0 0 0 0 2 0 0 0
YMR303C Adh2 0 0 0 2 0 2 0 0 0 0
YMR306W Fks3 3 3 0 0 0 0 0 2 0 0 0

YMR322C Sno4 0 0 2 0 0 0 2 5 0 0 0

YN1046W 0 0 2 0 0 0 0 0 0

YNL202W S p sl9 0 0 1 0 0 0 0 0 0 0

YNL228W 0 0 3 0 0 0 0 0 0 0

YN1270C Atpl 0 0 2 0 0 0 0 0 0 0

YNL277W Met2 0 0 4 0 0 0 0 0

YNL289W Pell 4 0 0 0 0 0 0 0 0

YNL333W Sn/2 0 0 1 0 0 0 0 3 0 0 1

YNR050C lv s9 0 0 2 0 0 0 3 0 0
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Appendix 4.2 Promoter analysis of the induced genes in c<lc53-l and ctU-34-2 mutants

ORF Yeast nam e SCB elem ents MCB elem ents GCN4(1 m ism atch) GCN4 prom oter Rlml ( l  m ism atch) Rlml prom oter STRE elem ents MSTF elem ents m et3 1 /3 2  prom oter Cbfl prom oter Mel4 prc

YNR064C 0 0 6 0 0 0 0 0 0 0 0

YNR065C Ysnl 0 0 2 0 1 0 0 1 0 0 0

YNR073C 2 0 b 0 2 0 0 0 0 0 0
YOIOIOW Rcll 1 0 1 0 1 1 1 1 0 0 0

YOL024W 0 0 3 0 2 0 0 0 0 0 0

YOL037C 1 0 2 1 2 0 1 0 0 0 0

YOIOS8W Arg! 0 0 6 2 1 0 0 0 0 0 0

YOL091W S p o il 0 0 0 0 0 0 0 2 0 0 0

YOLIOOW Pkh2 0 0 1 0 0 0 1 1 1 1 0

YOLJ04C Ndjl 0 0 0 0 2 0 0 0 0 0 0

YOL132W Gas4 0 0 1 1 0 0 0 0 0 0 0

YOL155C 0 0 4 0 0 0 1 2 0 0 0

YOLI60W 0 0 0 0 0 0 1 1 0 0 0

Y01161C 1 1 1 0 1 0 1 1 0 0 0

YOROIIW Ausl 0 0 0 0 0 0 0 2 0 0 0
YOR028C Ctn5 0 0 0 0 0 0 1 1 0 0 0

YOR031W CrsS 0 0 2 0 1 0 2 0 0 0 0

YORIOOC Crcl 0 0 3 1 0 0 1 1 0 0 0

YORU4W 2 1 2 0 0 0 1 I 0 0 0

YOR128C Ade2 1 0 5 2 0 0 0 2 0 0 0

YOR177C Mpc54 0 0 2 0 2 0 0 0 0 0 0
Y O R 1 8 5 C G s p 2 0 0 4 1 l 0 2 1 0 0 0
YOR192C 0 0 1 0 0 0 0 0 0 0 0
YOR202W His3 0 0 S 2 0 0 0 3 0 0 0

YOR203W 0 0 2 0 0 0 2 2 0 0 0

YOR226C Isu2 0 0 4 2 1 0 1 0 0 0 0

YOR253W Nat5 0 0 0 0 1 0 0 2 0 0 0

YOR302W 0 0 3 2 0 0 3 0 0 0 0

YOR303W Cpal 0 0 3 2 1 0 2 0 0 0 0

YOR348C Put4 0 1 1 0 2 0 3 3 0 0 0

YOR382W Fit2 1 0 0 0 1 0 1 1 0 0 0

YP1017C 1 1 2 0 0 0 2 1 0 0 0

YPL033C 0 0 3 1 2 0 0 1 0 0 0

YPL058C P drl2 0 0 0 0 0 0 0 1 0 0 0

YPL08IVY Rps9A 1 2 i 0 0 0 2 0 0 0 1

YPL092W S su! 0 0 4 0 0 0 2 0 0 0 0

YPL135W Isu l 0 0 3 1 1 0 2 2 0 0 0

YPU63C S vsl 2 1 1 0 1 0 0 2 0 0 0

YPL171C Oye3 1 0 1 0 2 0 0 1 0 1 0

YPL223C G rcl 0 0 1 0 0 0 0 2 0 0 0

YPL258C Thi21 0 3 0 0 1 0 1 2 0 0 0

YPL264C 1 0 5 1 1 0 1 2 0 0 0
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Appendix 4.2 Promoter analysis of the induced penes in ctlc53-l and ak-34-2 mutants

ORF Yeast narne SCB elem ents MCB elem ents GCN4( 1 m ism atch) GCN4 prom oter Rlm l (1 m ism atch) Rlml prom oter STRE elem ents MSTF elem ents m et31 /32  prom oter Cbfl prom oter Met4 prc

YPR006C let? 0 0 0 0 0 0 0 1 0 0 0

YPR027C 0 0 1 0 0 0 0 0 0 0 0

YPR077C 0 0 0 0 0 0 0 0 0 0 0

YPR078C 1 0 1 0 1 0 0 0 0 0 0

YPRI43W 0 0 4 0 0 0 0 1 0 0 0

YPR167C Met 16 0 0 4 1 0 0 0 1 0 1 0

YPR193C Hpa2 0 0 3 0 ! 1 1 1 0 0 0

YPR194C Opt2 0 0 3 0 1 0 1 2 0 0 0

YPR195C 0 0 4 1 2 0 0 1 0 0 0

YPR204W 1 1 2 0 0 0 0 0 0 0 0
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CHAPTER 5 -  Summary and future directions.

5.1 Thesis summary

The Cdc34/SCF complex is one of the central regulators of the budding yeast cell 

cycle (19). Many of its functions are highly conserved in higher eukaryotes, including 

several roles in the regulation of the human cell cycle. The overall objective of this thesis 

was to provide insight into the function of the Cdc34/SCF complex from both a 

mechanistic and cellular perspective. The principal arguments in this thesis have been 

separated into three chapters (Chapters 2, 3 and 4), and together significantly contribute 

to the knowledge o f Cdc34 and the SCF complex, and provide a novel framework for 

their future study.

5.1.1 Summary of Chapter 2

Chapter 2 was aimed at providing insight into catalytic mechanism of function of 

the Cdc34 Ub-conjugating enzyme. It had previously been hypothesized that E2 

enzymes, including Cdc34, self-associate to facilitate the assembly of poly-Ub chains 

(18, 22). However, such an interaction had only been shown to occur in the presence o f a 

cross-linker in vitro (18). All other analysis o f Cdc34 described it as a monomeric species 

that was capable of building poly-Ub chains onto protein substrates (18). I chose to test 

whether Cdc34 self-associates in a more direct manner. The approach I used was aimed 

at determining if Cdc34 self-associates in yeast cells, which would reduce the occurrence 

o f any possible artifactual interactions.

Using a co-immunoprecipitation strategy from whole cell extracts, I showed that 

Cdc34 does in fact self-associate. I extended my analysis in an attempt to determine its 

properties and potential role(s) of this interaction. Several key residues that facilitated the 

self-association of Cdc34 paralleled residues that had previously been described to be 

important for its function in vivo (1, 6). Interestingly, these residues were predicted to 

group around and include the catalytic cysteine residue required for Ub thiolester 

formation, suggesting that Ub thiolester was involved in facilitating the interaction. This 

was shown to be the case in vitro, as purified Cdc34~Ub thiolester interacted as dimeric
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species. However, the formation of Cdc34~Ub thiolester was not the only determinant in 

Cdc34 self-association, since one of the derivatives (S97D - which lies very near the 

active site cysteine) that was observed to be defective in the interaction was still capable 

o f forming Ub thiolester. Therefore, it appears that Cdc34 self-association is a complex 

interaction, which requires the formation and most likely the proper positioning of Ub 

thiolester at its catalytic site.

Analysis of the autoubiquitination properties o f the Cdc34 derivatives defective in 

self-association showed that they were also defective in the formation of poly-Ub chains. 

Furthermore, in vitro analysis showed that purified Cdc34~Ub thiolester dimer efficiently 

assembled di-Ub conjugates, but was defective in the formation of higher order chains in 

the absence o f a continuous source of Ub thiolester. These results suggest that a dimeric 

species o f Cdc34~Ub thiolester facilitates the formation o f poly-Ub chains. Although 

many questions still remain unanswered, these observations provide us with a better 

understanding o f the mechanism of Cdc34 function, and may represent a general view of 

E2 function.

5.1.2 Sum m ary  o f C hap ter 3

Chapter 3 deals with the central issue o f  the biological function(s) o f the 

Cdc34/SCF complex. Analysis of temperature sensitive cdc53-I (R 48SC -a/c53) and 

cdc34-2  (G58R-cdc34) S. cerevisiae  mutants revealed that in addition to their 

characterized phenotypes, such as the accum ulation o f S icl (21). these cells also 

displayed novel defects that appear to be separate from the known functions of the 

Cdc34/SCF complex. These defects include a cell cycle arrest, resulting in an unbudded 

round morphology and diminished cell wall integrity. The growth characteristics of these 

cells under stress conditions were consistent with a role for the Cdc34/SCF complex in 

mediating the cell integrity signal transduction pathway. I addressed this possibility by 

analyzing the signal through this pathway at the level of Slt2 phosphorylation (the MAPK 

o f the cell integrity pathway). I observed that Slt2 phosphorylation in cdc53-l and cdc34- 

2 mutants was defective under conditions that normally activate the pathway, such as heat 

stress o r the presence of caffeine, suggesting a role for the Cdc34/SCF complex in 

mediating this signal. Furthermore, genetic interactions with several components of the
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cell integrity pathway were observed, one of which displayed synthetic suppression of the 

temperature sensitive growth defects associated with both cclc53-l and cdc34-2 mutants. 

Despite not identifying potential ubiquitination targets that may account for these defects. 

Chapter 3 highlights the importance of this novel function, and suggests that it is one of 

the principal roles for the Cdc34/SCF complex in mediating cell growth.

5.1.3 Summary of Chapter 4

The final issue addressed in this thesis (in Chapter 4) is the role o f the Cdc34/SCF 

complex in the regulation o f cellular transcription. This analysis was prompted by the 

observation that dow nstream  transcriptional targets o f the cell integrity signal 

transduction pathway (Rlm l and the SBF complex) were induced in their activity in 

cdc53-l and cdc34-2  mutants. The induction was dependent on signaling through this 

pathway, as deletion of SLT2 in these strains abrogated the activity of these transcription 

factors. Furthermore, the induced activity was not a result of Sicl accumulation in these 

cells, suggesting that these observations are due to a novel function for the Cdc34/SCF 

complex. These observations, together with the known functions o f the Cdc34/SCF 

complex in the regulation of the Gcn4 and Met4 transcription factors, as well as its role in 

the regulation o f other signaling pathways, indicated that the Cdc34/SCF complex was an 

important regulator of several distinct transcriptional programs (4, 5, 12, 27). As such, I 

performed a global microarray analysis of the cdc53-l and cdc34-2 mutants to examine 

any possible influence the Cdc34/SCF complex may have on transcription.

The microarray analysis o f these cells provided many interesting observations: 1) 

The cdc53-l and cdc34-2 cells displayed a highly similar overall gene expression pattern, 

with slight differences in their significantly induced or repressed genes; 2) A considerable 

proportion of gene expression was most likely due to the increased activity of the Gcn4 

transcription factor, as a significant number of these genes possessed potential Gcn4 

promoter binding sites and their expression resembled the expression patterns of previous 

microarray studies performed with a gcn4A  mutant: 3) The transcriptional activator Met4 

contributed to the overall expression patterns, as many genes possessed Met4 promoter 

elements and several known target genes were upregulated; 4) Several signal transduction 

pathways seemed to be misregulated in these cells, resulting in the induction o f a variety
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of genes. The most obvious appeared to relate to signaling through the mating pathway 

and the cell integrity pathway; 5) Very few G l-S phase regulated genes were induced for 

expression, suggesting that these mutants, under the conditions that we examined, possess 

growth defects unrelated to their known roles in cell cycle progression; 6) Finally, the 

transcriptional defects in these mutants appeared to be quite specific (only approximately 

3% o f the genome was significantly affected), and were not a result o f global 

transcriptional misregulation. Overall this analysis provides us with a view of the global 

effects of the Cdc34/SCF complex on transcription. At the present time many of the 

defects observed are not well understood, but these results will provide a solid framework 

for future studies.

5.2 Future directions

Several potential projects could stem from the studies in this thesis, many of 

which would address important new issues regarding the Cdc34/SCF complex. This final 

section discusses the possible direction o f future studies, and introduces some initial 

observations that may provide some insight into these potential investigations.

5.2.1 Cdc34 self-association and the assembly of poly-Ub chains.

The most obvious study missing in the analysis of Cdc34 self-association is the 

examination o f this interaction in the ubiquitination o f a distinct target protein (such as 

S ic l). It remains to be seen what specific effect Cdc34 self-association has on target 

ubiquitination. Such a study would be relatively easy to perform, as the in vitro 

ubiquitination of several target proteins for Cdc34 has been previously described (23, 24, 

28). Purified Cdc34, Cdc34~Ub thiolester, or Cdc34 derivatives defective in self

association could be used in these reactions to determine the effects o f these E2 

derivatives on target ubiquitination. Additionally, recent studies have described a 

potential role for Cdc34~Ub thiolester, and possibly Cdc34 self-association, in the 

dissociation o f Cdc34 from the SCF complex (2). As such, examining the role o f Cdc34 

self-association in the dissociation from the SCF complex would provide important 

insight into the mechanism of Cdc34 function.
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Despite not having information on the ubiquitination of a Cdc34/SCF target 

protein, we did gain insight into the role of Cdc34 self-association in the assembly of 

poly-Ub chains by the analysis of Cdc34 autoubiquitination, as described in Chapter 2. 

Although the biological role for Cdc34 autoubiquitination is unclear (and should be 

addressed with more studies), in vitro analysis of this function for Cdc34 does have its 

advantages over the examination of other target proteins. Unlike other in vitro systems, 

the autoubiquitination of Cdc34 depends solely upon Cdc34, Ub and E l. without the 

requirement for an E3 and a target protein. Thus, examination of this process in detail 

may provide mechanistic insight into the catalysis o f poly-Ub chain assembly and the 

function of E l in this process, which might otherwise be difficult to examine.

One observation that I made while examining the ability o f purified Cdc34~Ub 

thiolester to assemble autoubiquitin chains was that Ub is transferred primarily to a 

Cdc34 within a dimer, and in order for higher order chains to be assembled, an active El 

is required to recharge the existing Cdc34-Ub conjugates (see Figure 2.10). I examined 

this observation in a little more detail to better understand the role o f E l in this process. 

Purified Cdc34~Ub thiolester was incubated with 35S labeled Ub (35S-Ub), and with or 

without E l in the presence or absence o f ATP cocktail. As described in section 2.3.8, El 

was required for the formation of higher order poly-Ub chains, and the catalytic activity 

o f E l was necessary for this function, as the active site cysteine was required (see Figure 

2.10). However, under these in vitro conditions E l could perform this function in an ATP 

independent manner (Figure 5.1), suggesting that Ub is capable o f back-transferring from 

Cdc34~Ub thiolester to the active site o f E l. The active E l~U b thiolester most likely can 

then recharge Cdc34-Ub conjugates leading to the formation of higher order poly-Ub 

chains. Such a back-transferring mechanism has not been reported for the Ub pathway 

and raises the possibility that such a mechanism might occur in the cell. This process 

could potentially be used to scavenge unused E2~Ub thiolester in the cell, and could be a 

general function for E l.
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Fi gure  5.1 ATP independent  funct i on for  E l  in Cdc34~Ub thi o l e s t er  mediated  
autoubiquitination of Cdc34.
Purified Cdc34~-'5S-Ub [lOOnM] was incubated at 30°C with or without Ubal (E l) [lOnM] in the presence 

or absence of ATP cocktail. DTT was added to all the samples to terminate the reactions, and products 

from each reaction were subsequently separated by 12% SDS-PAGE and visualized by autoradiography. 

The positions o f Cdc34-Ubn conjugates are indicated by the arrow, as is the position of free Ub. The aster

isk (*) indicates a contamination band that purifies with ■'•'’S-Ub.
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5.2.2 The role of S73 and S97 phosphorylation with respect to thiolester formation, 

Cdc34 self-association, and poly-Ub chain assembly.

Cdc34 catalytic function appears to depend on several residues in its catalytic core 

domain. I have identified a role for some of these residues in Cdc34 self-association, 

notably Ser73 and Ser97. These residues function in co-operation with the unique 12 

amino acid insert near the catalytic active site of Cdc34. Our collaborator (Mark Goebl. 

Indiana University) has shown that Ser73 and Ser97 are phosphorylated. Since these 

residues play an important role in Cdc34 self-association, Ub thiolester utilization, and 

autoubiquitination, it is logical that phosphorylation of these residues might play a role in 

these processes. I performed an initial experiment to investigate this possibility by 

examining the ability of phosphorylated Cdc34 to catalyze autoubiquitin chain formation.

The kinase responsible for the phosphorylation of these residues is not known, so 

the phosphorylation of Cdc34 could not be performed in vitrv. I therefore utilized an 

antibody specific for the Ser97 phosphorylated form of Cdc34 (anti-phospho-Ser97, 

given to us by Mark Goebl, Indiana University) to isolate Cdc34 by immunoprecipitation 

from yeast whole cell extracts. Cdc34 amino-terminally tagged with a Flag epitope tag 

(Flag-Cdc34) under the control o f a galactose-inducible promoter was overexpressed in 

yeast cells by growth in galactose-containing medium. The cells were lysed and subjected 

to immunoprecipitation using either an anti-Flag antibody to pull down the major cellular 

constituent of Cdc34, or the anti-phospho-Ser97 antibody to pull down phosphorylated 

Cdc34. The immunoprecipitates were then incubated together with j5S-Ub, and with or 

without E l and ATP cocktail, and subsequently analyzed by im m unoblotting to 

determine the amount of Cdc34 pulled down, and autoradiography to examine the extent 

o f autoubiquitin chain form ation. Cdc34 pulled down with the anti-Flag antibody 

efficiently assembled autoubiquitin chains in the presence of E l, whereas the phospo- 

Ser97 form of Cdc34 did not, suggesting that the phosphorylation o f S97 on Cdc34 

results in the inhibition of its catalytic activity (Figure 5.2). However, problems exist in 

this experiment that need to be addressed before any conclusions can be made, including 

the method of phospho-Ser97 Cdc34 purification, which involved the binding o f an 

antibody to the phospho-Ser97 residue. Since Ser97 lies adjacent to the catalytic cysteine 

residue, it is very possible that the binding o f the antibody to this site occludes the
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Figure 5.2 A utoubiquitination of phopho-S97 Cdc34.

Flag-Cdc34 was expressed in YPH499 yeast cells. Cdc34 and Cdc34 phosphoiylated on Ser97 (phospho- 

Ser97) were immunoprecipitated with anti-Flag and anti-phospho-Ser97 antibodies, respectively. Protein 

levels were measured and 100 nM Cdc34 was incubated with 200 nM 35S-Ub and with (+E1) or without 

(- E l)  10 nM Ubal and ATP cocktail for 2 hours. Samples were subsequently analyzed by 12% SDS- 
PAGE, followed by immunoblotting (IB) with anti-FLAG antibody to detect the total Cdc34 in the 

reaction, and by autoradiography to determine the extent of poly-Ub chain assembly. Ub, di-Ub and 

Cdc34-Ub conjugates are indicated.

i
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formation of Ub thiolester, thereby preventing Cdc34 activity. Despite this problem 

however, the result would still suggest that modification of this area within Cdc34 

disrupts its function, inciting the need for further analysis of Cdc34 phosphorylation.

Identifying the kinase(s) responsible for Cdc34 phosphorylation (of both Ser73 

and Ser97, as well as other potential residues) would help clarify the function of this 

modification. Several approaches can be used to identify such a kinase, which could 

range from genetic approaches to high-throughput biochemical analysis. Identification of 

this kinase would allow us to phosphorylate Cdc34 in vitro , and apply the methods 

described in Chapter 2 to analyze the role of this modification in more detail. Analysis in 

vivo could also provide some information into its function. For example, simple 

experiments such as examining the phosphorylation state of Cdc34 under varying cell 

cycle or environmental stress conditions could be done, or the localization o f Cdc34 

phospho-forms could be followed. It remains to be seen what the role for Cdc34 

phosphorylation is, but based on my observations it appears that this modification will be 

important in regulating Cdc34 function.

5.2.3 Structural analysis of Cdc34 and Cdc34~Ub thiolester.

Very little is known about Cdc34 from a structural perspective. Cdc34 is 

predicted to have a typical E2 structure consisting o f  a core Ub-conjugating domain 

(UBC) domain within which lies the catalytic cysteine. Cdc34 is also known to possess a 

number o f distinct features, including amino- and carboxyl-terminal extensions and a 12 

amino acid residue catalytic domain insert (see figure 2.13). However, the structural role 

that these regions play in Cdc34 function is not established. The carboxyl-terminal 

extension has been shown to contribute to Cdc34’s ability to interact with the SCF 

complex, but this extension is not predicted to lie near the conserved patch of residues 

that has been shown to mediate the interaction with RING finger domain E3s (2, 8, 17, 

18). The results in Chapter 2 indicate that this extension is not required for Cdc34 self

association, but other studies have indicated a contributing role for it in this process (18). 

Furtherm ore, NM R analysis o f U bc l, which also possesses a carboxyl-term inal 

extension, suggests that this region interacts with its catalytic active site region to 

possibly mediate Ub thiolester formation (13). In collaboration with Sean McKenna (a
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graduate student in our lab at the time), an initial structural analysis o f Cdc34 was 

attempted using an NMR approach. Our initial analysis revealed that at least the 51 

carboxyl-terminal residues of Cdc34 did not contribute much to the typical secondary 

structure, as determined by comparison of the 2D ‘H -I5N HSQC spectra o f Cdc34 and 

Cdc34A244 (residues 244-295 deleted) (9). Additional comparisons between Cdc34 and 

Cdc34A244 revealed that the 51 carboxyl-terminal residues o f Cdc34 did not affect the 

formation or utilization of Cdc34~Ub thiolester (9).

The importance for Ub thiolester in Cdc34 function is obvious from my studies. 

However, little is known about it from a structural perspective. NMR chemical shift 

perturbation m ethodologies using Ub that was selectively l5N-labeled have been 

previously employed to successfully map the surface of Ub that interacts with E2 

enzymes (3, 11). Therefore, a similar NMR approach was undertaken in an attempt to 

gain insights into the Cdc34~Ub thiolester bond. The most significant interactions upon 

thiolester formation were determined, and mapped to a solvent-exposed face on Ub 

stretching from the carboxyl-terminal Gly76 towards the centrally positioned Lys4S 

(Figure 5.3). A sim ilar face on Ub appeared to be used in other E2~Ub thiolester 

interactions, with a few notable differences observed (3. 10).

Potentially the most interesting observation made by our NMR analysis was that 

Ub non-covaiently interacted with Cdc34 in the absence of E l and ATP/M g2*. We 

observed changes in the 'H -'5N-HSQC NM R spectrum of l5N-Ub for several residues 

involved in this interaction: lie 13, Asp24, Gln40, Leu43, Gly47, Arg48, Gln49, His68, 

Leu69, Val70, and Leu71. W hen mapped onto the surface structure of Ub, these residues 

cluster to a face centrally located on one side of the Ub molecule (Figure 5.4). This 

interaction does not appear to involve the same residues as thiolester formation, although 

the general surface region is similar, and could be a result of an interaction with the 

thiolester site. A non-covalent interaction has the potential to: (i) Mediate Cdc34 self

association, as this interaction is dependent on Ub thiolester: (ii) A llow for the 

positioning of Ub in such a way as to mediate poly-Ub chain assembly. This has been 

observed for the complex of U bcl3 and the Ub-conjugating-Iike protein Mms2, in which 

Mms2 non-covalently interacts with Ub to position a specific lysine (Lys63) on Ub near 

the active site o f U bcl3. A curious observation is that Lys48 within Ub is one o f the
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F igu re  5 3  D istinct surface regions on Ub responsible fo r m ediating the  th io lester in teraction  w ith 

Cdc34. Surface residues o f Ub that undergo significant 1H-15N HSQC NMR chemical shift changes 

upon the formation Cdc34~Ub thiolester are shown in red. Residues important for thiolester formation 

that are common to the E2’s studied are labeled in white, as well as Arg74 and Gly75 which are known to 

participate in the interface. The work in this figure was done by Scan McKenna.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



2 4 4

Figure 5.4 A non-covalent interaction between Ub and Cdc34.
The surface residues within Ub that underwent significant changes in chemical shift upon a non-covalent 

interaction with Cdc34 arc shown in red, as determined by NMR analysis. Glv76 is also indicated as a 

point o f reference. This experiment was done by Sean McKenna.
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residues involved in the non-covalent interaction. This does not necessarily negate the 

positioning of Ub for Lys48 linked poly-chain formation, as the interaction may shift 

Lys4S in a favorable position for conjugation; (iii) Be involved in Cdc34’s interaction 

with the E l. Structural studies have revealed an Ub resembling domain within El that has 

been implicated in E2 binding. The observed non-covalent interaction between Ub and 

Cdc34 might resemble the interaction between Cdc34 and the Ub-like domain in E l. I 

would like to caution that these results are preliminary and the role of this non-covalent 

interaction in Cdc34 function is unclear, and requires further investigation. However, this 

interaction does appear to be relevant, as it is supported by genetic observations in vivo 

(16).

Taken together, my observations suggest that the interactions between Cdc34 and 

Ub are central in mediating C dc34’s catalytic function. Therefore further investigation 

into these interactions is necessary for understanding Cdc34’s mechanism of action.

5.2.4 Identification of Cdc34/SCF target protein(s) that relate to cell integrity.

Examination of the temperature sensitive cdc53-J and cdc34-2 mutants provided 

us with a novel relationship between the Cdc34/SCF complex and the regulation of 

cellular integrity. As such, an extensive search fo r ubiquitination target(s) that are 

involved in mediating these affects is a required future study.

Several potential targets may m ediate signaling through the cell integrity 

pathway. Candidate targets include the RhoGAP proteins, which include Sac7 and L rgl. 

Many of these proteins, including Sac7 and L rg l, contain several PEST sequences, which 

have been shown to target proteins for phosphorylation and subsequent interaction with 

the SCF com plex (20). Sac7 has been shown to be a target o f cyclin-CDK 

phosphorylation further suggesting this possibility (26). The observation that the deletion 

o f LRC1 rescues the temperature sensitivity o f the cdc53-l and cdc34-2 mutants supports 

the idea that L rg l could be a critical target (Figure 3.9). This is further supported by the 

toxicity of LRG1 over-expression in Cdc34/SCF mutants (Figure 3.1). Misregulation of 

R hol activity in such a manner could explain both the cell wall biosynthesis and cell 

integrity signaling defects associated with these mutants. I have performed some initial 

experiments to address these possibilities, but my results were not conclusive, and were

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



24 6

not pursued due to time limitations. Another potential ubiquitination target in the cell 

integrity pathway is the Slt2 MAPK. This protein has been identified as being 

ubiquitinated in a high-throughput exam ination o f ubiquitinated proteins (15). 

Furthermore, the Ub pathway has been observed to regulate several other MAPKs, 

suggesting this as a strong possibility. Since I have not examined this possibility, it 

remains open for future studies.

Due to the nature of ubiquitination, it is not easy to identify target proteins, and 

only a small group has been identified for the Cdc34/SCF complex (see Table 1.2). 

Examination o f individual proteins within the pathway is not the best approach at 

identifying such a target. Rather, it would be better to perform genetic screens on 

Cdc34/SCF mutants under cell integrity specific conditions. A potentially easy screen 

could be an over-expression analysis of the genome in Cdc34/SCF mutants grown on 

either 1M sorbitol (at 37°C) or 0.005% SDS (at 30°C). The overexpression of a target 

protein under both these conditions should cause lethality. Another potential screen could 

utilize the LacZ reporter plasmids described in Chapter 4. Synthetic suppression of the 

high transcriptional activity could be examined in a genetic screen by mating the yeast 

genomic deletion set with the cdc53-J and cdc34-2 mutants, and determining which 

genes when deleted could suppress this effect. Regrettably, I again did not have the time 

to pursue such studies.

5.2.5 Identifying the F.box component(s) o f the SCF complex that mediate cell 

integrity.

One issue that was not directly addressed in my studies, regarding the role o f the 

Cdc34/SCF complex in mediating cell integrity, relates to the F.box protein component of 

the SCF involved in this process. Initial analysis of the cdc4-l mutant suggests that Cdc4 

does not significantly contribute to this function. Unlike the cdc53-l cells, the cdc4-J 

mutant displayed only slight defects related to cell integrity. This included negligible 

osmotic suppression of its growth defects in the presence of 1M sorbitol, and a minor 

sensitivity to lysis in the presence of 0.005% SDS (Figure 5.5). However, these slight 

defects do suggest that Cdc4 does contribute to a certain extent in this process, supporting 

the idea that proper G l-S  progression contributes to cellular integrity, and may relate to
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1M Sorbitol

Figure 5.5 Cell integrity defects associated with cdc4-l cells.
cdc4-l budding yeast cells were grown in liquid YPD at 30°C to mid-log phase. Serial dilutions of the 

cells were prepared and 105, 104, 103 and 102 cells were spotted onto plates with YPD. YPD containing 
1 M sorbitol, and YPD containing 0.005% SDS. The cells were then grown at 30°C. 33°C, 35°C. and 

37°C for 3 days.
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the function of Cdc4 in targeting Sicl for Ub-mediated degradation. Analysis o f other 

F.box mutants was not conducted, and it remains unclear what the targeting subunit(s) 

may be. Identifying this component o f the SCF complex may aid our search for an 

ubiquitination target related to this function.

5.2.6 Investigating the cell cycle relationship between the Cdc34/SCF complex and 

cell integrity.

There is an apparent cell cycle relationship between the Cdc34/SCF complex and 

the cell integrity pathway. Mutations within the Cdc34/SCF complex have been known 

for years to arrest in the G1 phase of the cell cycle, primarily due to the accumulation of 

Sicl (21). Deletion of SIC1 in these cells allows them to replicate their DNA, but a defect 

remains in these cells that causes them to arrest following DNA replication, and prior to 

mitosis (21). The cause o f this arrest is not known. One exception to the typical 

Cdc34/SCF mutant phenotype is the cdc53-l mutation, which has been suggested to have 

a "leaky” cell cycle defect, as it does not primarily arrest in the G1 phase of the cell 

cycle, but rather displays a mixed population of cells with replicated and unreplicated 

DNA (Figure 3.1 and (7)). However, this mutant displays severe growth defects, and my 

data indicates that the cdc53-l mutant is deficient in cell integrity signaling and displays 

strong cell integrity related defects. Additionally, this mutant displays cell cycle 

progression defects that appear to be unrelated to Sicl degradation at both the G1 and 

G2/M phases o f the cell cycle (Figure 3.1). As such, it is possible that the cell cycle 

phenotypes associated with cdc53-l, which may also exist in other Cdc34/SCF mutants, 

may in part be mediated by cell integrity defects.

Several checkpoints could potentially mediate the observed cell cycle delays in 

the cdc53-I  mutant. One is the morphogenesis checkpoint, which inhibits the mitotic 

activation of Cdc2S by increasing Swel and decreasing M ihl function in response to the 

depolarization o f the cell. An activation of this checkpoint in a cdc53-l mutant could 

occur for num erous reasons. First, we have observed a regulatory function for the 

Cdc34/SCF complex in cell integrity signaling, which is required for the checkpoint. 

Second, we have observed depolarization of the actin cytoskeleton and chitin distribution 

in these cells. Third, the stability o f Sw el is dependent on Cdc34/SCF ubiquitination.
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Taken together with the observed phenotypes associated with the cclc53-l strain, a strong 

circumstantial argument can be made for the activation of the morphogenesis checkpoint 

in these cells, and should therefore be pursued.

An additional checkpoint, which is known as the cell integrity checkpoint, has 

recently been observed to respond to defects in cell wall biosynthesis. This checkpoint 

regulates the transcription factor Fkh2 through a relatively unknown pathway, resulting in 

the reduced expression o f Clb2 and a G2/M cell cycle delay (25). Since Cdc34/SCF 

mutants exhibit cell integrity related defects the cell cycle delays we observe in cdc53-l 

cell may possibly be attributed to this checkpoint. As such, it would be of interest to 

investigate this potential relationship in more detail.

Activation o f checkpoints that relate to cell wall biosynthesis and polarization in 

Cdc34/SCF mutants can possibly account for the G2/M delays observed in these cells 

when Sicl is deleted. However, these m utants (especially the cdc53-l mutant) also 

possess G i related cell cycle defects that cannot be attributed to the misregulation of 

S ic l. These defects are much more pronounced when com bined with deletions of 

regulatory com ponents of the cell integrity pathway, such as S A C 7 or K N R 4 .  A 

temperature sensitive synthetically lethal growth phenotype is observed in these cells, 

which primarily results in a G l arrest that is uncharacteristic o f a Sicl mediated arrest 

(Figure 3.5). It is therefore possible that a checkpoint in this stage of the cell cycle 

monitors some aspect of cell integrity, such as bud form ation or cell polarization. 

Although this is speculation at the moment, my observations are consistent with such an 

idea.

5.2.7 Further examination of the roles o f the Cdc34/SCF complex in cell integrity 

pathway mediated transcription.

While I have characterized an increased transcriptional response in Cdc34/SCF 

mutants in relation to the misregulation of the cell integrity pathway, I have not examined 

this effect thoroughly. The observation that cell integrity related transcription was 

induced in cdc53-l and cdc34-2 cells suggests two possibilities: 1) The increase in 

transcription contributes to the defects; 2) The increase in transcription mediates the 

suppression of the defects. As an initial test for this, I overexpressed the Swi4 component
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of the SBF transcription factor in cdc53-J and cclc34-2 mutants to see how this would 

affect these cells. Overexpression of SWI4 was much more toxic to cdc53-l and cdc34-2 

cells than it was to wild type cells, suggesting that general induction o f this transcription 

factor did not have any suppressive effects, and provides evidence to support the idea that 

misregulation of this transcription factor might contribute to the defects in these mutants. 

The microarray analysis o f cdc53-l and cdc34-2  mutants did not answer whether 

induction of these genes contributes to the defects, but it did reveal that only specific 

genes were induced, and suggested that this effect was not due to a general up-regulation 

o f the cell integrity related transcription factors. Rather, the m icroarray analysis 

suggested that a specific part of the cell integrity pathway is misregulated. Overall, it 

appears that the transcriptional connection with the cell integrity pathway is an important 

one, and further studies will undoubtedly reveal interesting results.

5.2.8 Cdc34/SCF regulation of Gcn4 and M et4, and their connection to cell 

growth.

An interesting observation that was made from the microarray analysis of the 

cdc53-l and cdc34-2  mutants was their induction o f Gnc4 and M et4 target genes. 

Misregulation o f the activity o f these transcription factors can result in growth defects; 

over-expression of Gcn4 leads to slower growth o f wild-type cells (12), and stabilization 

of Met4 (as a result of inactivation of Met30) results in GI-S cell cycle defects (14). The 

specific effects of misregulation o f either o f these transcription factors has not been 

characterized, and would be worth pursuing due to their effects on cellular growth. It 

would be of interest to see if increased protein levels of Gcn4 or Met4 contribute to the 

growth defects observed in Cdc34/SCF mutants. Simple analysis of such effects in wild- 

type cells over-expressing CCN4 or MET4 would provide some initial clues into such a 

relationship. For example, it would be interesting to see if cells that have higher levels of 

Gcn4 or Met4 result in cell integrity defects similar to that observed in Cdc34/SCF 

mutants.

One final point worth mentioning is that stabilization of these transcription factors 

appears to result in a specific up-regulation of their transcriptional activity. For this 

reason, it can be conceived that increasing the levels o f any transcription factor may
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result in the expression o f their respective target genes. A central issue in studying gene 

transcription is the identification o f distinct transcriptional targets. Therefore, based on 

these results one can predict that overexpression of a transcription factor would provide a 

means to uncover its target genes. Further analysis of this hypothesis could prove to be 

very valuable in the study o f numerous transcription factors.

5.3 Conclusions

The Cdc34 Ub-conjugating enzyme, together with the SCF Ub-ligase, makes up 

one of the central regulators o f the budding yeast cell cycle. This complex functions to 

mediate the activity of a variety o f processes through the targeted ubiquitination of 

several proteins. This thesis provides a careful examination of the mechanism of Cdc34 

function, revealing that its catalytic function is dependent on its ability to self-associate. 

The importance o f Ub thiolester formation in Cdc34 self-association is described, 

providing a strong model of this E 2 's  mode o f action. This thesis also examines a novel 

function for Cdc34 and the SCF complex in m ediating cell growth through the 

maintenance of cellular integrity. My analysis reveals that Cdc34/SCF complex performs 

this function via the regulation o f the cell integrity signal transduction pathway. 

Furthermore, a role for the Cdc34/SCF complex in directing cellular transcription is 

examined, indicating a complex network of regulation that includes its role in mediating 

signal transduction and specific transcriptional factor activity. Overall this thesis 

significantly contributes to the understanding o f this ubiquitination complex.

5.4 Materials and Methods

5.4.1 Autoubiquitination o f  phospho-Ser97 Cdc34.

Flag-Cdc34 under the control o f a galactose inducible promoter (pESC l, see 

Table 2.1) was expressed in exponentially growing YPH499 yeast cells by growing the 

cells in the presence of SSG medium (0.67% yeast nitrogen base, 2% galactose, and the 

appropriate amino acids). The cells were harvested, washed with water and lysed in ice- 

cold lysis buffer [50mM HEPES (pH 7.5), lOOmM NaCl, 1 mM EDTA, protease
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inhibitor cocktail (Sigma)] using glass beads. Lysates were then centrifuged at 10 000 g 

for 15 minutes at 4°C to remove debris. The supernatants were precleared with 25 ul of 

protein G-agarose (Roche) for 1 hour with gentle rotation at 4°C. This was followed by 

incubation of the lysates with 5 p.1 of anti-Flag antibody [0.4 mg/ml] (M2. Sigma) or with 

the equivalent concentration of anti-phospho-Ser97 antibody (provided to us by Mark 

Goebl. Indiana University) for 2 hours at 4°C, and then by incubation with 20 ul of 

protein G-agarose for 2 hours with gentle rotation at 4°C. The iinmunoprecipitate-bead 

complexes were gently washed 2 times ice-cold lysis buffer and I time with ATP cocktail 

[30 mM HEPES (pH 7.5), 5mM MgCl; , 5 mM ATP, 0.6 units/ml inorganic phosphatase], 

and then resuspended in 50 ul of ATP cocktail. Cdc34 protein concentrations were 

estim ated by coom assie blue staining o f  a SDS-PAGE analysis o f  a portion o f  the 

immunoprecipitates, as compared to a BSA standard curve.

100 nM of Flag-Cdc34 or phospho-Ser97-Flag-Cdc34 was incubated with 200nM 

o f purified ^S-Ub (see section 2.5.4 for purification) and with (+EI) or without (-E1) 10 

nM purified yeast Ubal (see section 2.5.4 for purification) for 2 hours. The reactions 

were then boiled in SDS load buffer + lOmM DTT for 5 minutes, and subjected to 12% 

SD S-PAG E, transferred to polyvinylidene fluoride m em brane, and analyzed by 

immunoblotting with anti-Flag Horseradish Peroxidase (HRP) conjugated antibody (M2, 

Sigma) to confirm the amount of Cdc34 present within each reaction. The membrane was 

also analyzed by autoradiography to determine the extent o f poly-35S-Ub chain formation.

5.4.2 ATP independent Cdc34~Ub thiolester autoubiquitination reactions.

Autoubiquitination reactions were performed by incubating 100 nM o f purified 

Cdc34~r,5S-Ub thiolester (see section 2.5.5 for purification) in the presence or absence of 

10 nM yeast Ubal (E l, see section 2.5.4 for purification), and in the presence or absence 

o f ATP cocktail at 30°C for 2 hours. All reactions were terminated by the addition o f 10 

mM DTT, immediately followed by precipitation with 10 % trichloroacetic acid. Samples 

were then resuspended and boiled for 5 m inutes in SDS load buffer, followed by 

separation by 12% SDS-PAGE and analysis by autoradiography.
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5.4.3 NMR spectroscopy.

NMR analysis was done by Sean McKenna (a graduate student in our lab) and is 

described elsewhere (9).

5.4.4 Cell integrity related examination of the cdc4-l mutant.

The cdc4-l mutant was isogenic to the K699 (W303) strain (ade2-I01 his3-l 1,15 

leul-3 ,112 t rpl - I  ura3-J canl-100). The cells were grown in liquid YPD medium at 

30°C to mid-log phase (O D ^  of approximately 0.5). Serial dilutions o f the cells were 

prepared and 105, 10', 103 and 102 cells were spotted onto plates w ith YPD, YPD 

containing 1 M sorbitol, and YPD containing 0.005% SDS. The cells were then grown at 

30°C, 33°C, 35°C, and 37°C for 3 days.
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