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Abstract 

The transcription factor Ste12 is a heavily phosphorylated protein 

that activates genes required for mating, as well as filamentous growth of 

the yeast Saccharomyces cerevisiae. Both processes require activation by 

an upstream MAPK cascade, and this model system is representative of 

signal responsive transcription in higher organisms. 

I have identified a signaling pathway that utilizes the RNA 

polymerase holoenzyme machinery as a means to simultaneously transmit 

information to potentially all gene specific transcription factors. In my 

thesis research I have demonstrated that Srb10, a CDK in the mediator sub-

complex of the RNA Pol II holoenzyme, directly phosphorylates Ste12, and 

targets the protein for ubiquitin dependent proteolysis. Using tryptic 

phosphopeptide mapping I identified two serine residues on Ste12 that are 

phosphorylated by Srb10 in vitro and required for phosphorylation by 

Srb10 in vivo. These phosphorylations, at S261 and S451, have a negative 

effect on Ste12 activity, and filamentous growth as mutation of these sites 

to alanine results in elevated Ste12 dependent transcription, and 

hyperfilamentous growth. The ability of Srb10 to phosphorylate Ste12 is 

dependent on fermentable carbon, an observation that is consistent with 

the model that Srb10 activity is sensitive to environmental and nutritional 

stress. Together these observations support a model whereby Srb10 limits 
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Ste12 activity and filamentous response in rich media. Starvation 

antagonizes Srb10, causing stabilization of Ste12, facilitating induction of 

filamentous response genes. Because other transcription factors are also 

regulated by Srb10 phosphorylation, this pathway appears to coordinate 

expression of diverse gene sets with the growth potential of the cell. 
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Introduction 

Chapter 1 Introduction 

1.1 Yeast differentiation as a model for signal transduction 

Eukaryotic cells proliferate in diverse environmental conditions by sensing 

and adapting to a plethora of stimuli. For non-motile unicellular organisms, like 

the yeasts, the ability to monitor, and adjust to various conditions is critical for 

survival. Of particular importance to such organisms is the immediate availability 

of the essential organic molecules. The study of nutrient-induced adaptive 

growth in Saccharomyces cerevisiae has led to the discovery of multiple 

signaling cascades which ultimately modulate the gene expression to permit 

proliferation in an otherwise limited supply of nutrients (155). 

The yeasts have established a hierarchy for sources of a given nutrient. 

For example, glucose is the most abundant sugar found in nature, and is also the 

preferred carbon and energy source for yeast. Other sugars are not metabolized 

when glucose is present, and accordingly, the genes required for utilization of 

alternate carbon sources, such as sucrose or galactose are actively repressed 

when glucose is detectable (23, 85). Similarly, yeast will not catabolize inferior 

nitrogen sources such as proline or urea when ammonium ions are present in the 

growth media (85). Thus sensing mechanisms exist to monitor the presence, 

and quality of nutrients in the environment. 
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Introduction 

Several signal transduction pathways are sensitive to nutrient availability, 

and these information networks function to amplify, and integrate or disseminate 

signals. To survive with poorer substrates, a cell needs to drastically modify 

multiple programs. This information is relayed to multiple targets to coordinate a 

survival response. Signals reach transcription factors in the nucleus to tailor gene 

expression to the particular needs of the cell, cell wall components are 

reorganized to facilitate attachment to surfaces, translation rates are slowed, cell 

cycle delays are exaggerated in accord with slower metabolism, and transposon 

retrotransposition is induced to create genetic diversity in the clonal populous 

(140). 

Saccharomyces cerevisiae isolated from the wild are primarily diploid (141, 

142). After exhausting available carbon and nitrogen sources, a diploid will 

undergo meiosis and sporulate to generate four haploid spores contained in a 

fortified protein rich ascus. These spores are extremely rugged and can endure 

indefinite incubation without nutrients, and germination only occurs when 

sufficient nutrients are present. Because meiosis generates two pairs of 

haploids of opposite mating type, germination in the wild is frequently followed by 

mating to restore the diploid state. 

If a yeast cell is deprived of only nitrogen a different outcome is observed. 

With ample carbon and energy, the diploid yeast cell will scout the vicinity for a 

more suitable substrate, catabolizing intracellular macromolecules to provide 
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nitrogen in the interim (174). How does a cell ascertain what lies beyond the 

immediate area without motility? Alteration of budding pattern, cell-cycle delays, 

and growing in a polarized fashion dramatically reshapes single cells, and 

resultant colonies. Instead of growing in an ovoid form, with a bipolar budding 

pattern (as is observed in rich media), nitrogen starved diploids grow in 

elongated chains. Mother and daughter cells do not separate and long 

projections, comprised of multiple cells, emerge from the initial site of 

colonization. 

Haploid yeast undergo a similar morphological transition in response to 

depletion of fermentable carbon (44). Termed haploid invasive growth, because 

of noticeable agar penetration, this phenomenon is closely related to the 

pseudohyphal response because many of the genes required for one process 

are also required for the other. Invasively growing haploids also grow in chains, 

remain attached after completion of mitosis, and form projections to forage. 

Precisely why the absence of different nutrients elicits the same response in two 

cell types remains an unanswered question in the field, but both cell types 

possess the ability to forage for nutrients. 

1.2 Pathogenic fungi 

The ability to alter morphology in response to external stimuli is not unique 

to baker's yeast. The opportunistic fungal pathogen Candida albicans also can 

grow as filamentous forms, and it is these isolates that cause disease in 
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immunocompromised individuals (123, 127). The pathogenic fungi Cryptococcus 

neoformans also adopts filamentous forms in response to environmental signals, 

and although this morphology is not required for pathogenesis perse (127), 

filamentous differentiation may be involved in dissemination of infectious particles 

in the environment (219). Furthermore, the MAPK and cAMP signal transduction 

pathways which are essential for filamentous growth in Saccharomyces 

cerevisiae also control dimorphism in Candida and Cryptococcus (17, 123). 

1.3 Multiple signals regulate differentiation 

At least 4 separate signaling pathways are involved in controlling 

filamentous growth in Saccharomyces cerevisiae and the conservation of these 

signal transduction modules in pathogenic fungi and man underscores the 

importance of the information provided by studies in Saccharomyces. 

The RAS-cAMP pathway was the first signaling pathway shown to control 

development in yeast (67). Later, the pheromone response MAPK cascade was 

implicated in the same response (120), and this was the first report of a function 

for this pathway in diploid yeast. Recent work on the TOR kinases, which sense 

nutrient quality and disseminate information to transcription and translation 

factors, suggest they may also regulate the transition to filamentous growth (45). 

Finally, the Snf1 protein kinase which participates in the glucose sensing 

pathway, may be involved in regulating haploid invasive growth (44). Both the 

pheromone response MAPK pathway and glucose sensing pathway contain G 

protein-coupled receptors, and the TOR and cAMP systems have well known 
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homologues in man. Thus study of filamentous response in the genetically 

defined yeast Saccharomyces cerevisiae will further our understanding of how 

evolutionarily conserved eukaryotic signaling proteins function. This review will 

focus on the cAMP and MAPK pathways, and their role in the regulation of 

filamentous responsive transcription. The reader is referred to excellent reviews 

on TOR and glucose repression (23, 179). 

1.4 Life cycle of the veast Saccharomyces cerevisiae 

1.4.1 Pheromone response 

Saccharomyces cerevisiae can grow mitotically as either a haploid or 

diploid. Haploid cells of opposite mating type recognize mating partners by 

secreting peptide mating pheromones, which upon binding to cognate receptors, 

initiate a cascade of signaling events that prepare cells for fusion to generate a 

diploid cell (Figure 1.1).- A diploid cell will divide mitotically until carbon and 

nitrogen sources are depleted, when the cell undergoes meiosis to generate four 

haploid gametes in a process called sporulation. The four spores are contained 

in a rugged ascus, in which spores remain viable for extended periods of time. 

When growth conditions improve, haploid spores germinate, and the life cycle 

continues from the haploid state. 

Both haploid and diploid yeast can undergo morphological transitions in 

response to limiting nutrients (Figure 1.1). Haploid yeast adopt an invasively 

growing 
5 



Introduction 
Figure 1.1 The life cycle of Saccharomyces cerevisiae 

Budding yeast exists in one of two haploid mating types, designated MATa (a), or 

MATa(a). Peptide pheromones secreted by mating partners stimulate cells 

Fmate forming a diploid a/a cell. Upon exhaustion of nitrogen and carbon 

sources, diploid cells undergo meiosis and sporulate, generating four spores 

protected in a rugged ascus. When nutrients are available spores can 

germinate, and haploid cells can grow mitotically until a mating partner is found. 

Starvation for fermentable carbon initiates invasive growth in haploids, while 

nitrogen limitation stimulates pseudohyphal growth in diploids. The Ste12 

transcription factor regulates both processes; genes required for mating are 

controlled by Ste12 oligomers, while genes necessary filamentous growth are 

responsive to Ste12-Tec1 heteromeric complexes. 
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Invasive Growth 
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morphology when starved for fermentable carbon (44), while diploids undergo 

pseudohyphal growth in response to limiting nitrogen (67). The relatedness of 

these two transitions is apparent in the similarity of gene products required for 

both developmental programs, and the term filamentous growth refers to both 

invasive and pseudohyphal growth. The mating of haploid cells and the 

transition to filamentous growth require components of the pheromone response 

MAPK pathway, which ultimately activates the Ste12 transcription factor (81). 

Ste12 oligo- or multimers activate genes required for mating (61), while Ste12-

Tec1 heterodimers control expression of the filamentous growth program (131). 

Thus the pheromone response pathway regulates separate classes of genes in 

response to distinct stimuli in the same cell. Insight into how the pheromone 

response pathway responds to two separate stimuli, eliciting appropriate outputs 

will further understanding of how MAPK pathways function. 

1.4.2 The pheromone response MAPK cascade. 

The mitogen activated protein kinase (MAPK) cascade is a highly 

conserved signaling module minimally comprised of three sequentially activated 

protein kinases. Utilized by all eukaryotes, it is an effective means of regulating 

numerous cellular processes in response to a variety of external stimuli (72, 185). 

Saccharomyces cerevisiae has six MAPK cascades, four of which share a 

common protein kinase (72). The pheromone response pathway links a G 

protein coupled receptor for mating pheromone to multiple intercellular targets 

including transcription factors, the actin cytoskeleton, and cell cycle regulators. 
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Figure 1.2 The STE-MAPK Cascade 

The pheromone response pathway of the budding yeast Saccharomyces 

cerevisiae is a prototypical MAPK cascade. Peptide pheromones activate the 

heterotrimeric G-protein coupled receptor, stimulating the Cdc42 GTPase, and 

the Ste20 PAK kinase. Subsequent sequential phosphorylations of the MAP 

kinase components Ste11, Ste7 and Fus3/Kss1 ultimately activate Ste12-Dig 

complexes, bound to pheromone response elements (PREs), inducing 

transcription of genes required for mating. Components of the pheromone 

response MAPK pathway below Ste20 (excluding Ste5), are required for both 

pheromone and filamentous response. Ste12-Tec1 hetero-dimers bind 

filamentous response elements (FREs) to activate genes necessary for 

filamentous response. Dig1 and Dig2 are direct negative regulators of STE12, 

the Kss1 and Fus3 MAPK have overlapping roles in filamentous and pheromone 

response (see text). As noted, the stimulus which activates the STE-MAPK 

during filamentation is not known. 

9 



Introduction 

Mating 
Pheromone Nutrient 

Limitation ? 

Activation of Activation of 
mating genes filamentation genes 

10 



Introduction 

Signal transduction proceeds via the Gp subunit of the heterotrimeric receptor, 

the Cdc42/42 GTPase, and the Ste20 PAK kinase before activating the three 

kinases of the MAPK cascade. The MEKK Stel 1, the MEK Ste7 and the MAPKs 

Fus3 and Kss1 are sequentially phosphorylated and the active MAPKs target 

effectors of pheromone response (Figure 1.2). 

1.4.3 The pheromones and the G protein coupled pheromone 
receptors 

MATa and MATa haploid cells recognize each other by secreting peptide 

mating pheromones. MATa cells secrete a-factor, a 12 amino acid product of the 

MFA1 and M F A 2 genes that is a farnesylated and carboxymethylated peptide 

(21, 52). Similarly, Mata cells express MFa2, producing a-factor, a diffusible 13 

amino acid peptide (62). Each peptide is recognized by a cognate G-protein 

linked receptor on the surface of cells of the opposite mating type; MATa cells 

have an a-factor receptor (Ste2), a cells an a factor receptor (Ste3) (7). 

Pheromone receptors are classical serpentine or seven transmembrane 

receptors that are coupled to the heterotrimeric G-proteins via their third 

intracellular loop (25). Binding of peptide pheromone, results in 

hyperphosphorylation of the receptor (171, 231), and induces a conformational 

change that results in exchange of GDP for GTP on the G a subunit Gpa1, 

followed by dissociation of the lipid anchored Gpy subunits Ste4/Ste18 (115). 

The Gp subunit initiates downstream signal, as Gp contacts effectors of 

pheromone response (59, 91, 218, 234). 

11 



Introduction 

The carboxyl-terminal domain of the Ste2 pheromone receptor is the site 

of several phosphorylations (29) and ubiquitination (82), and these sequential 

modifications signal the protein for endocytosis and transport to the lysosome. 

Ste2 internalization is independent on G protein activation, but is accelerated 

upon ligand binding, and represents one of several mechanisms by which cells 

recover from extended pheromone exposure (92, 231). Ste3, the a-factor 

receptor, is also subject to constitutive ligand independent endocytosis that leads 

to destruction in the vacuole, but ligand presentation leads to Ste3 recycling (28). 

1.4.4 Ste20, Cdc42/Cdc24 

Ste20 is the founding member of the PAK (p21 activated kinase) family of 

protein kinases (167). Ste20 has a conserved C- terminal domain required for 

interaction with the Gf3 subunit Ste4 (117). Prior to pheromone exposure, Ste20 

is found at the plasma membrane at sites of new growth and this localization is 

dependent on interaction with the conserved CRIB domain of the Rho-like 

GTPase Cdc42 (115, 143). Interaction of the released Gp subunit Ste4 with 

Ste20 is thought to recruit the Cdc42 bound pool of Ste20 into a complex with the 

scaffold protein Ste5, and the MEKK Ste11 as each of these signaling molecules 

is localized to the tip of the mating projection after pheromone stimulation (53). 

Cdc24 is the guanine-nucleotide exchange factor for Cdc42. Shuttling of 

Cdc24 between the nucleus and cytoplasm is dependent on the Far1 protein 

(209), and the Msn5 nuclear transporter (12). In the absence of pheromone 
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stimulation, Cdc24-Far1 is localized to the nucleus. Pheromone treatment 

increases the rate of Far1 nuclear export, and Cdc24 is redistributed to the 

cytoplasm where it can activate Cdc42 (12, 150, 189). Ste4-Ste18-Far1-Cdc24-

Cdc42 are all localized to the tip of the mating projection in pheromone treated 

cells, suggesting this complex serves as a landmark for polarized growth. 

Consistent with this model, several factors involved in actin nucleation, including 

Bni1, Gic1 and Gic2, are also targets of Cdc42 (53). 

1.4.5 The MEKK Ste11 

Full activation of Ste11 requires relief of an amino terminal inhibitory 

domain (20, 198) and interaction with the Ste5 scaffold (see below). In 

unstimulated cells, the N-terminal inhibitory domain antagonizes the C-terminal 

kinase domain, and separate mechanisms can relieve this inhibition. The first 

mechanism involves Ste20, which directly phosphorylates S302, S306 and T307 

of Stel 1 within the N terminus. These phosphorylation sites are conserved in 

MEKKs from other organisms suggesting this may represent a conserved 

mechanism for PAK regulation of MAPK signaling (50). 

A second regulator of Ste11 is Ste50, a small SAM domain protein 

required for optimal Ste11 activity in pheromone response (225) and other 

pathways that utilize Ste11, including the high osmolarity-glycerol (HOG) (152, 

164), and the invasive growth pathways (224). SAM domains are found in other 

signaling proteins including the tumor suppressor p53 (203), and structural 

13 



Introduction 

studies implicate this protein-protein interaction domain in dimerization (168). 

Because interaction of Ste50 with Ste11 is mediated by respective SAM 

domains, Ste50 may positively influence Ste11 activity by disrupting 

intermolecular Ste11 interaction. 

1.4.6 Ste7 

The only known substrate for Ste11 is the MEK Ste7(148, 235). 

Phosphorylation of conserved active site residues S359 and T363 is absolutely 

required for signal transmission, as mutation of these residues results in 

catalytically inactive Ste7, sterility of haploid yeast, and failure to undergo 

filamentous response (233). Interaction of Ste7 with the Ste5 scaffold is 

mediated by the C-terminal kinase domain (34, 90), while a MAPK docking site in 

the N-terminus binds either the Fus3 or Kss1 MAPK (4), which are activated by 

direct Ste7 phosphorylation of activation loop threonine and tyrosine residues 

(48). The MAPK docking site identified in Ste7 has since been identified in other 

signaling proteins known to associate with MAPKs (188). 

1.4.7 Ste5 

The Ste5 scaffold protein has been the subject of intense study in recent 

years. As its name implies, Ste5 is required for mating, but unlike the Ste11 and 

Ste7 kinases of the pheromone response pathway, Ste5 is not involved in the 

HOG, invasive growth, or newly described sterile vegetative growth pathway 
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(SVG) (54). Ste5 tethers the three core kinases of the pheromone response 

pathway into a large complex. Each kinase has a separate docking site (34, 

137), and sedimentation studies suggest that all three kinases are 

simultaneously present in a large 350-500 kDa complex that harbors maximal 

Fus3 kinase activity (33). Sequestering the kinases of the pheromone response 

pathway may increase signaling efficiency by placing enzymes and substrates in 

close proximity, while insulating them from activation by other signals; effectively 

preventing cross-talk between pathways that utilize the same kinases (161). 

Ste5 also regulates activation of the pheromone response pathway by 

controlling the distribution of the kinase components within the cell. In untreated 

cells, Ste5 shuttles between the cytoplasm and the nucleus (134). Upon 

pheromone stimulation, Ste5 nuclear export by Msn5 is increased, and only Ste5 

molecules that have passed through the nucleus are capable of associating with 

Gp\ indicating that a nuclear modification licenses Ste5 molecules for a single 

mating event (134). Once recruited to the cell cortex, Ste5 interacts with Gp, 

Ste20, Cdc42 and Ste50 at the tip of the mating projection. Here several 

components of the pheromone response pathway, including the MAPK Fus3, can 

be localized in pheromone treated cells, and this spatial regulation is likely key to 

polarized growth and chemotaxis (53, 54). Exactly how the signal is transmitted 

to nuclear substrates is not well resolved, but the presence of active MAPKs 

within the nucleus minutes after stimulation indicated that their nuclear import is 

rapid (173, 183), and that separate pools of signaling molecules likely target 
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substrates in the cytoplasm and nucleus. Consistent with this hypothesis, a 

recent report suggests activated MAPKs alone, rather than cytoplasmically 

formed Ste5-MAPK complexes re-enter the nucleus (212). 

1.4.8 Fus3andKss1 

Fus3 and Kss1 are related MAPKs that were identified as regulators of 

mating. Fus3 was identified as a positive effector of the mating response (56), 

while Kss1 was cloned in a genetic screen for suppressors of pheromone 

induced growth arrest (42). Fus3 is pheromone inducible and only expressed in 

haploid cells, while Kss1 is actively transcribed in both haploid and diploid cells 

(16, 34, 132). Both MAPKs can stably associate with the Ste5 scaffold (34), and 

be activated by Ste7, but the relative proportion of each scaffold -MAPK complex 

in vivo is not known. 

Fus3 has numerous substrates located in both the nucleus and cytoplasm 

including Ste5 (110), Ste11 (235), Ste7 (4, 20, 198), the Sst2 phosphatase (64), 

the a-factor receptor Ste3 (58), the CKI Far1 (57, 211), the transcription factor 

Ste12 (15, 57), as well as the Ste12 inhibitors Dig1 and Dig2 (38, 202). The 

ability of Kss1 to phosphorylate these substrates is less well studied (38), but 

there are clear differences in substrate specificity between the two kinases (15). 

1.4.8.1 The imposter model; fact, fiction or wishful thinking. 
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Fus3 and Kss1 are protypical serine/threonine protein kinases that require 

activating-MEK phosphorylations for catalytic activity. Utilization of unactivatable 

alleles of these kinases has provided insight into their in vivo function. Deletion 

of either f u s 3 or k s s 1 does not lead to sterility, but k s s 1 fus3 double mutants 

cannot mate or express pheromone inducible genes suggesting that the two 

MAPKs are functionally redundant for pheromone response. Surprisingly cells 

expressing the fus3(K42R) allele are also sterile (133). Because the kinase 

.inactive K42R allele of F U S 3 can interact with the MAPK module, but not 

transmit a signal it was suggested that Fus3 was the major kinase responsible for 

mating. Only when Fus3 was physically absent from the cell could Kss1 

substitute as the pheromone response MAPK by acting as an i m p o s t e r (133). 

Recent studies have further refined the model for Fus3 and Kss1 function. 

Because the genome wide expression profiles of cells harboring the fus3(K42R) 

allele appear identical to wild-type cells, the imposter model cannot hold true for 

activation of Ste12 regulated pheromone responsive genes (15): each MAPK is 

equally competent for activating Ste12, and each MAPK is rapidly activated by 

phosphorylation in response to pheromone (15,183). It appears that since Fus3, 

but not Kss1, can phosphorylate and activate Far1, substrate specificity may be 

the only difference in activity of the two MAPKs (15, 16). It is possible that the 

imposter model may hold true in the cytoplasm, but since the dynamics of 

nuclear cytoplasmic shuttling of activated MAPKs is still unclear, nuclear 

substrates of the MAPKs may have a less stringent preference for MAPK activity. 
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1.4.8.2 Kinase independent function: signal insulators. 

fus3kss1 strains are sterile (55, 128) and cannot induce PRE regulated 

transcription (15, 173), but exhibit elevated transcription from FREs (6). Thus 

MAPKs cause inhibition Ste12-Tec1 complexes, and are required for pheromone 

induction of PREs. Surprisingly, kinase activity is not required for MAPK 

mediated inhibition. Unphosphorylatable alleles of Kss1 mimic inactive kinase, 

and constitutively inhibit Ste12 at FREs (5), and in wild type cells Kss1, in concert 

with Dig1, inhibits Ste12-Tec1 complexes (6). Ste7 phosphorylation on the Kss1 

activation loop induces a conformational change that may cause dissociation of 

the ternary MAPK-Dig1 complex, and unmask the transactivation potential of 

Ste12-Tec1 (5). 

Conversely, activation of PRE regulated transcription requires MAPK 

activity, as introduction of kinase inactive alleles retards pheromone response. 

One explanation for this observation is that the Dig1/2 proteins have a higher 

affinity for Ste12-Ste12 complexes than Ste12-Tec1 (6). Together these 

observations demonstrate that the MAPKs of the pheromone response pathway 

participate in the inhibition and activation of transcription. In their 

unphosphorylated and inactive state they inhibit Ste12, and upon Ste7 

dependent activation they are converted from inhibitors to activators of Ste12 

containing complexes. 

1.4.9 Fart and pheromone induced cell cycle arrest. 

FAR1 was isolated as a mutant that was resistant to pheromone induced 

cell cycle arrest. Before a pair of haploid yeast fuse to form a diploid, they ensure 
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that their cell cycles are synchronized by expressing the CDK inhibitor (CKI) 

Far1. FAR 1 expression is pheromone inducible, and it must be phosphorylated 

by the Fus3 MAPK to have full activity. Far1 is constitutively degraded by SCF 

activity, and it is now known that Fus3 phosphorylation stabilizes Far1 (77). Far1 

causes a transient cell cycle arrest at G1/S by interacting with and inhibiting 

Cdc28/Cln complexes. This mechanism ensures that each mating partner only 

contributes one copy of the genome to the newly generated diploid cell. Far1 

also regulates mating by sequestering signaling molecules. By shuttling between 

the nucleus and cytoplasm, Far1 controls the localization of associated Cdc24 

(48). 

1.5 Ste12 and its regulators. 

1.5.1 Ste12 Domain Structure 

Ste12 is a 688 amino acid site specific transcription factor required for 

transcription of approximately 200 genes induced by mating pheromone (15, 

173). The DNA binding domain (DBD), has homology to a homeodomain (229), 

and is contained within the N terminal 215 amino acids, with residues 40-195 

comprising the minimal DBD. Deletion of this region abolishes DNA binding of 

Ste12 in vivo and recombinant Ste12 (1-215) is capable of binding to pheromone 

response elements in EMSA experiments (229). Replacing the Ste12 DBD with 

that of Gal4 renders the GAL genes pheromone inducible (194), demonstrating 

that residues C-terminal of the DBD activate transcription in response to 

pheromone. The central activation domain is high in serine, threonine and proline 
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residues and is the site of at least 6 phosphorylations in vivo (see below), while 

residues 474-688 are involved in auto-regulation as well as interaction with 

Mcm1 (101). 
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Figure 1.3 Domain structure of Ste12 

Ste12 is a 688 amino acid protein. Contained in the N terminus is the 

homeodomain-like DNA binding domain. The central third of Ste12 contains the 

transcriptional activation domain and is the site of 6 phosphorylations, two of 

which were previously mapped to S226 and S261. T525 and an unknown 

phosphorylation site reside in the C terminus of the protein (88), which is required 

for interaction with the Mcm1 transcription factor. As shown, Ste12 interacts with 

multiple regulatory factors, including the MAPKs Fus3 and Kss1, and the 

negative regulators Dig1, and Dig2. 
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1.5.2 Ste12 DNA binding properties 

Pheromone inducible promoters harbor a conserved 7 bp sequence called 

a pheromone response element (PRE) whose consensus is 5' TGAAACA 3' 

(111). The PRE is both necessary and sufficient for pheromone responsive 

induction of downstream genes, as a heterologous reporter can be made 

pheromone inducible by inserting copies of this sequence into a basal promoter 

(74). Conversely, mutation of this sequence abolishes basal transcription and 

pheromone inducibility of Ste12 regulated genes. PREs tend to be grouped in 

clusters, and recombinant Ste12 DBD (1-215) has greater affinity for paired 

PREs in vitro (229). Orientation of PREs does not appear to affect pheromone 

inducibility of a synthetic reporter, and examples of both head-to-head and head-

to-tail orientations are found in vivo (229). 

1.5.3 DNA binding partners 

Ste12 positively regulates the expression of several classes of genes, and 

heteromeric complexes between Ste12 and other DNA binding partners provides 

signaling specificity. Pheromone inducible genes can be grouped into three 

subclasses based on the cell types in which they are expressed. Genes 

expressed in both mating types are regulated by Ste12 oligomeric complexes 

which bind to clusters of PREs (49). Receptors and mating factors are cell type 

specific and are regulated by unique Ste12 containing complexes. The a-

pheromone receptor STE2, the alpha factor precursor MFA1, and the alpha 
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factor protease B A R 1 are examples of a - s p e c i f i c genes as their expression is 

limited to a-cells, while conversely, the a-factor receptor (STE3), the alpha factor 

encoding gene MF(ct)1 are a-specific genes. Haploid specific genes utilized for 

haploid mating type are generally not expressed in a diploid cell. Examples of 

such genes are the MAPK F U S 3 and the G-protein p and y subunits encoded by 

the STE4 and S T E W genes. The remainder of the pheromone response 

pathway is expressed in diploid cells and regulates filamentous/pseudohyphal 

growth. 

Pheromone responsive expression of a-specific genes is regulated by 

Ste12-Mcm1 heteromeric complexes that bind cooperatively to adjacent PRE 

and P-box elements (144, 187), while a trimeric complex of Ste12-Mcm1-Mata2 

proteins activate alpha specific genes in response to pheromone by recognizing 

a different sequence element (187, 230). Surprisingly Ste12 does not actually 

contact DNA directly in this complex as PREs are not required for formation, and 

activity of this complex. Finally, expression of a small subset of Ste12-dependent 

genes involved in karyogamy requires the transcription factor Kar4. Because 

Kar4 expression is itself Ste12 dependent, it is not clear if a Ste12-Kar4 

heteromer exists (113). 

Ste12 also participates in the regulation of genes required for filamentous 

growth of diploid and haploid yeast. These genes are regulated by Ste12-Tec1 

complexes that bind to filamentous response elements (FREs) within the 

24 



Introduction 

promoters of several genes in vivo (131). FREs are loosely defined as a PRE in 

close proximity to a T e d binding site 5' CATTCT 3' (TCS, or Tea-Atts consensus 

sequence), and because the spacing requirements between these elements is 

variable, it is impossible to gauge the total number of FREs in the 

Saccharomyces cerevisiae genome. More importantly, the observation that T e d 

may be able to regulate transcription independently of Ste12 suggests that the 

FRE may not be the only means by which the STE-MAPK cascade can influence 

filamentous responsive transcription (105). Regardless of sequence elements 

involved, a recent study identified 57 genes co-regulated by Ste12 and T e d 

under conditions of butanol treatment (232). 

1.5.4 Ste12 is heavily phosphorylated 

Tryptic phosphopeptide analysis indicates that Ste12 is multiply 

phosphorylated. When transiently overexpressed, 8 phosphopeptides are 

detectable, and pheromone treatment results in the appearance of two MAPK 

dependent phosphorylations (89). The central activation domain of the Ste12 

protein, defined as amino acid residues 216-473, contains 6 of 8 basal 

phosphorylations, two of which have been identified as Serine 226 (S226) and 

261 (S261) (88). Phosphorylation of S226 is dependent on Cdc28 activity, and 

appears to stimulate Ste12 proteolysis, while the kinase for, and function of, 

S261 was previously unknown. A third Ste12 phosphorylation was mapped to 

threonine 525 (T525), and the phenotype of a T525A substitution is subtle. 

Strains harboring this allele exhibit marginally elevated mating efficiency (88). 
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Multiple studies of Ste12 phosphorylation indicate that Fus3 and Kss1 can 

phosphorylate Ste12 (15, 38, 57, 89, 194), but the consequences of these 

modifications are not well studied because the sites of phosphorylation are not 

known. Furthermore, the possibility of other kinases modulating the activity of 

Ste12 is an essentially unexplored facet of pheromone and filamentous 

response. 

1.5.5 The Dig proteins 

The Dig/Rst proteins were identified in separate two hybrid screens, using 

Kss1 (38) and Cln1 (202) as baits. Dig1/Rst1 and Dig2/Rst2 (hereto referred to 

as Dig1 and Dig2) share 45% similarity, and both interact with the MAPKs Fus3 

and Kss1. The Digs also interact directly with Ste12 and inhibit activation in the 

absence of pheromone signal (154,163, 202). Deletion of either dig has modest 

effects, but removal of both dig genes causes hyperfilamentous growth (38, 202), 

and unrestrained expression of the majority of Ste12 responsive genes (15,173). 

Upon pheromone stimulation, Dig mediated inhibition of Ste12 is relieved, and 

pheromone responsive genes are induced (173). This derepression requires 

catalytically active Fus3 or Kss1, suggesting that phosphorylation of Dig1, Dig2 

and/or Ste12 is a prerequisite for transcriptional induction (173). MAPK 

dependent phosphorylations on Ste12 are detectable after pheromone exposure 

(89), but the identity of the phosphorylations have not been determined. Likewise 

Fus3 and Kss1 immune complexes are capable of phosphorylating Dig1 and 

Dig2 in vitro but these phosphorylation sites have not been mapped (38, 202). 
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1.6 Filamentous growth 

In response to the stress of nutrient deprivation Saccharomyces cerevisiae 

adopts a filamentous morphology to direct growth towards a gradient of nutrient. 

As described above, carbon and nitrogen sources are the stimulus for this 

behavior in haploid and diploid cells, respectively (44, 67). In accord with the 

importance of nutrient sensing and adaptive growth, multiple signaling pathways 

have been shown to affect this simple developmental transition (155). 

1.6.1 Requirement of the MAPK cascade 

The mating pheromone response pathway (described above) is the 

founding member of the MAPK cascade family. Components of this pathway are 

also essential for pseudohyphal growth of diploids and invasive growth of 

haploids. Kinases downstream of Ste20 and the transcription factor Ste12 

participate in activation of filamentous response genes while receptors and G 

proteins are dispensable for pseudohyphal growth (120). 

1.6.2 Ste12-Tec1 heterodimers activate transcription from FREs 

The Ste12 transcription factor forms heteromeric complexes with other 

DNA binding proteins to control expression of several different classes of genes. 

PGU1, FL011, Ty1, KSS1 and YLR042C are representatives of a larger class of 

genes whose expression is dependent on STE12, and is induced by nutrient 

27 



Introduction 

limitation (132) or the constitutively active STE11-4 allele (173). The majority of 

these promoters harbor a conserved element which mediates MAPK responsive 

transcription. Termed the FRE (filamentous response element), this sequence is 

comprised of a single PRE (TGAAACA) in close proximity to a T e d binding site 

(CATTCT), and Ste12-Tec1 heterodimers recognize this element in vivo and i n 

vrtro (131). 

Promoters bound by Ste12-Tec1 can be divided into two groups based on 

the transience of transcription factor occupancy. Ste12 is bound to 38 promoters 

in the absence of stimulus and upon treatment of liquid cultures with butanol, 

which causes an effect that mimics filamentous growth, both Ste12 and T e d 

associate with 57 promoters involved in cell cycle regulation, polarized growth, 

and signal transduction (232). This response is specific to filamentous response, 

as treatment of the same cells with mating pheromone results in accumulation of 

Ste12 at a different set of promoters, namely genes involved in mating (170). 

1.6.3 cAMP regulates filamentous growth independently of the STE-
MAPK cascade 

Filamentous growth is modulated by multiple signals in budding yeast, and 

the two best characterized effector pathways are the STE-MAPK, discussed 

above, and the protein kinase A (PKA) pathway, which is intimately coupled to 

intracellular levels of the second messenger, cAMP (155). Because the F L 0 1 1 

gene is required for both haploid invasive growth, and diploid pseudohyphal 

development, it has become the hallmark reporter for filamentous responsive 

transcription (63, 124). The promoter of F L 0 1 1 is large. Spanning nearly 4000 
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bp, it contains, in various multiplicities, binding sites for positive and negative 

regulators of filamentous responsive transcription including Ste12, T e d , F I 0 8 , 

SfM, Phd1, Ash1 and likely other uncharacterized factors (182). Removal of 

transcription factor binding sites (182), or analysis of ste12, t e d , flo8 strains 

(102, 124, 158) demonstrated the signals from both the STE-MAPK and cAMP 

pathway could independently activate F L 0 1 1 transcription. In this regard the 

promoter harbors several "switches" which can independently recruit the RNA 

polymerase II holoenzyme to activate transcription, making this regulon a 

particularly good example of how promoters in higher eukaryotes function as 

platforms responsive to multiple signals. 

1.6.3.1 Control of cAMP levels 

Intracellular cAMP levels are a function of two antagonizing activities. 

Adenylate cyclase, encoded by the CYR1 gene, converts ATP to cAMP, while 

the phosphodiesterases Pde1 and Pde2 reduce intracellular cAMP levels (46). 

At least three pathways activate Cyr1. Extracellular fermentable carbon is 

detected by the G protein coupled receptor Gpr1, and together with the Gcx 

subunit Gpa1 stimulates adenylate cyclase activity (46). Intracellular^, 

hexokinase activity also stimulates Cyr1. Although the details of this mechanism 

remain unclear, it appears that monitoring glucose-6-phosphate levels ensures 

that uptake and metabolism of available energy sources is adequate (9, 181). 

The Ras small GTPases, whose activity has long been known to coordinate cell 

growth with nutrient availability, also positively affect cAMP through Cyr1. 
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Neither R A S 1 nor R A S 2 is essential, but r a s 1 r a s 2 mutants are inviable. Since 

this lethality is rescued when C Y R 1 is overproduced (96, 201, 208), and 

hyperactive Ras alleles elevate cAMP levels (96), it is clear that PKA activity is 

tightly coupled to Ras. 

PKA activity is not sustained indefinitely after addition of fermentable 

carbon, and a negative feedback loop returns cAMP levels to near basal levels 

(22, 36, 151). This is likely accomplished through activation of 

phosphodiesterase activity. Although activation of Pde1-2 by cAMP has not 

been formally demonstrated, Pde1 does contain a PKA consensus 

phosphorylation site, phosphorylation of Pde1 increases its activity in crude 

extracts, and p d e l strains have elevated levels of cAMP (130). 

1.6.3.2 Budding yeast has three PKA genes 

There are three catalytic subunits of PKA in budding yeast, and each is 

inhibited by the Bcy1 regulatory subunit. Upon binding cAMP, Bcy1 dissociates 

from either Tpk1, Tpk2 or Tpk3, liberating active kinase (206, 207). Unlike their 

requirement for vegetative growth, where any of the three Tpks can support 

growth (207), the role of PKA in filamentous growth is complicated. Tpk2 

promotes filamentation, while Tpk3 inhibits it (157, 176). The role of Tpk1 is less 

clear as one group has reported no effect of t p k l deletions (176), while another 

observes a phenotype similar to tpk3 alleles, implicating Tpk1 as an inhibitor of 

filamentous development (157). 
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1.6.3.3 Targets of PKA regulate filamentous growth 

A handful of transcription factors interact with and are regulated by the 

Tpks, but to date the list of genes regulated by them is short. Sfl1 is a DNA 

binding protein that recruits the Ssn6-Tup1 repressor to the F L 0 1 1 promoter (37, 

176). Tpk2, but not Tpk1 or Tpk3, interacts with SfM in a two hybrid system, 

suggesting that Tpk2 could activate some genes by alleviating their repression 

(176). The best characterized transcription factor that is activated by PKA and 

cAMP is Flo8. The F L 0 8 gene in strains of the W303 and S288C lineages, 

contains a non-functional allele with a single point mutation that creates a 

premature stop codon, which partially explains the hypofilamentous morphology 

of these strains (121). Known to bind to several filamentation genes, and act 

independently of the pheromone response MAPK signal (157, 182), this 

transactivator is also essential for Tpk2 regulation of F L 0 1 1 transcription (102). 

Flo8 has several putative PKA dependent phosphorylation sites, but whether it is 

a b o n a fide substrate for any of the Tpks remains to be tested. The stress 

induced transcription factors Msn2 and Msn4 (13, 193) as well as the Rim15 

kinase (169), a regulator of meiotic gene expression, are also recently identified 

targets of PKA, but genetic studies indicate that they do not play a role in 

filamentous response (157). 
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Figure 1.4 The cAMP-PKA pathway regulates filamentous growth 

Expression of filamentous response genes, like F L 0 1 1 are positively regulated 

by intracellular levels of cAMP. The glucose sensor Gpr1 and the Gpa1 G-

protein sense glucose levels outside the cell and stimulate the activity of 

adenylate cyclase (AC), which converts ATP to cAMP. Hexokinase also activates 

AC when glucose-6-phosphate is detected within the cell. Three PKA catalytic 

subunits TPK1-3 are each negatively regulated by Bcy1, and this inhibition is 

relieved when cAMP-Bcyl complex is formed. Tpk2 positively regulates 

filamentous response genes, while Tpk1 and Tpk3 exert a negative effect. A 

negative feedback loop, utilizing Tpk1/3 and the phosphodiesterases Pde1/2 

return cAMP levels to basal levels. Figure adapted from D'Souza and Heitman, 

2001. 
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1.7 Transcription bv the RNA Polymerase II Holoenzyme 

The first eukaryotic RNA polymerase enzymes were purified based on their 

ability to transcribe a ribonucleotide copy of calf thymus DNA template (178). 

However, because this first form of the enzyme was incomplete, it did not 

respond to activators in vivo. A collection of associated general transcription 

factors were later identified biochemically as activities that restore sequence 

selective transcription to RNA polymerases in vitro (75, 177). Further 

components of the giant holoenzyme complex are still being identified, and 

despite over 40 years of work, the study of how eukaryotic protein coding genes 

are transcribed is still a highly active field of biochemistry, with many pressing 

questions remaining unanswered. 

1994 brought a paradigm shift to the field as the step-wise assembly model 

of transcriptional initiation was challenged. Isolation of a large 2 megadalton 

complex, containing the core polymerase and most GTFs spawned the 

"holoenzyme" model of transcriptional activation (106, 107). Simply put, Young 

and co-workers showed that the entire machinery for catalyzing synthesis of a 

messenger RNA could exist as a preformed complex; a corollary is that 

activators could activate transcription by contacting any component of this giant 

apparatus. 
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1.7.1 Promoter architecture 

The basic eukaryotic promoter can be defined as the core promoter, 

containing a transcriptional initiation site and a TATA box, plus sequence 

elements that are bound by activators and repressors of transcription. The TATA 

binding protein (TBP) binds to the TATA box which is located approximately 40-

120 Bp upstream of the transcriptional start site in yeast (25-30 Bp in higher 

eukaryotes) (199). Some sites of initiation include an element called the initiator, 

(Inr) which overlaps the transcriptional start site, and binds regulatory factors 

(192). 

Other regulatory elements are comprised of upstream activating 

sequences (UASs), enhancers, upstream repression sequences (URSs), and 

silencers. UASs and enhancers are both bound by activator proteins. Typically, 

UASs function locally, usually within 1-2 kb of the start site (199), while 

enhancers are capable of exerting an effect on transcription from as far away as 

85 kb (11). URSs and silencers impose a negative influence on transcription. 

Factors that occlude activators, prevent holoenzyme recruitment or procession, 

and modify Ideal chromatin structure are found to associate with these elements 

(136). URSs tend to control dynamic regulons, like the GAL and SUC genes of 

budding yeast (23), while silencers typically exert a sustained effect (153). 

Silencers can repress transcription in a position and distance independent 

manner, and are thought to work by recruiting activities that catalyze formation of 

repressive chromatin. The silent mating type locus, and some telomeric loci are 

examples of silenced DNA in Saccharomyces cerevisiae (65). 
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1.7.2 Chromatin and its modifications 

1.7.2.1 The histone proteins, nucleosomes, and higher order 
chromatin structure 

Consistent with their fundamental importance, the histones are among the 

most conserved proteins in eukaryotes. A comprehensive review of histone 

biology is beyond the scope of this thesis, but excellent reviews and current 

perspectives in the field can be found elsewhere (108, 236). Briefly, a 

nucleosome is made up of two H2A/H2B, and two H3/H4 heterodimers. 

Interaction with DNA is mediated by contacts between the charged 

phosphodiester backbone and histones, although interaction between 

deoxyribose epitopes and histones are also observed (125). Adjacent histones 

interact via contacts between histone amino termini which protrude from the 

nucleosome core, and these tails are the sites of numerous, functionally 

important post-translation modifications (see below). Finally histone H1, the 

linker histone, secures the nucleosome structure together (108,125,126). 

1.7.2.2 Modification-free chromatin remodeling 

Accessibility of promoters is compromised by compaction of DNA into 

chromatin, and several protein machines control formation and unfolding of 

higher order chromatin (19). In yeast several ATP dependent chromatin 

remodeling activities have been described including SWI/SNF, RSC, ISW1, and 

ISW2 (215). These multiprotein complexes contain from two (ISW2) to 17 (RSC) 

components, and target various genes in vivo (116). The best studied complex is 
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SWI/SNF; the components of which were identified as factors affecting mating 

type switching (SW/j(197) and SUC2 expression (SNF)(147) . SWI2/SNF2 are 

encoded by the same gene, which possesses ATPase activity. Because deletion 

of s w i 2 causes increased transcription of some genes and decreased 

transcription of others (200), it is thought that SWI/SNF may simply increase 

plasticity of chromatin structure, and not always be associated with derepression. 

RSC is similar to SWI/SNF but is essential for growth, and obviously regulates a 

distinct subset of genes (138). The ISW1 and ISW2 complexes are less well 

characterized, and recently the ISW1 ATPase was shown to be required for 

activity of two separable activities termed ISW1a and ISW1b (213). Because 

these complexes have overlapping and distinct targets, and exhibit 

distinguishable phenotypes, it appears that the family of chromatin remodeling 

activities is diverse, and suggests that the eukaryotic cell may employ multiple 

closely related machines to modulate the architecture of distinct gene promoters 

(213). 

1.7.2.3 Histone acetylation 

Attachment of acetyl groups to lysine e amino groups of histone tails is 

catalyzed by histone acetyl transferases (HATs), and their removal is dependent 

on histone deacetylases (HDACs) (112, 118). There is excellent correlation 

between histone acetylation, chromatin relaxation, and transcriptional activity, 

and recent experiments have provided examples of HAT activity preparing 

templates for GTFs, and mediator (10, 41, 114). Reciprocally, numerous 
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repressors work by recruiting HDAC activity (8, 76, 217). Histone modifications 

affect transcription by separate mechanisms. In theory, acetylation of histone 

tails neutralizes a positive charge and should reduce nucleosome-DNA affinity, 

loosening ordered structures at promoters and facilitating access to other 

regulatory factors (71). However acetylation can also directly modulate 

interaction with specific transcription factors (221). 

HAT activity is found in several multi-protein complexes whose 

components were previously identified as regulators of transcription (116). The 

yeast HAT Gcn5, a homologue of the Tetrahymena p55 protein, is present in at 

least two biochemically distinct complexes. One of these is SAGA (Spt-Ada-

Gcn5-Acetylase), which shares components with the GTF TFIID (70). SAGA 

interacts directly with a growing family of activation domains, including those of 

yeast Gal4 (10, 114) and Swi5 (41), and this interaction with DNA bound 

regulatory proteins can facilitate increased acetylation of promoter bound 

nucleosomes. The literature describing details of histone acetylation is vast, and 

several comprehensive reviews of HAT and HDAC complexes in Saccharomyces 

cerevisiae are available (71,112, 126, 221). 

1.7.2.4 Other post-translational modifications of histones. 

In addition to acetylation, histones are substrates for multiple post-

translational modifications including phosphorylation, methylation, sumosylation 

and ubiquitination (47, 196). To add complexity, multiple sites have been 

identified for most covalent additions. Such combinatorial controls should not be 
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surprising considering the role of histones in template assembly, mitosis, 

transcription, and replication. 

1.7.3 The yeast RNA Pol II holoenzyme 

1.7.3.1 The core RNA polymerase 

The core RNA polymerase is comprised of 12 essential subunits (Rpb1-

12) in yeast and man. These subunits are evolutionarily conserved as most of the 

corresponding human genes can substitute for their yeast counterparts (222). 

When assayed in vitro this core polymerase is capable of synthesizing an RNA 

transcript from a DNA template, but is incapable of promoter recognition. 

The structure of RNA polymerase II has been solved, shedding light on 

the contributions of each subunit (43, 68). The two largest subunits, Rpb1 and 

Rpb2, form a cleft containing a magnesium ion and the active site. Rpb1/Rpb2 

together with Rpb6 appear to form a sliding DNA clamp, while Rpb5/Rpb1/Rpb9 

help to position down-stream DNA. Rpb3/Rpb10/Rpb11/Rpb12 form a 

subcomplex, as does Rpb4 and Rpb7. The latter is implicated in transcription 

initiation and stress response (32, 51, 223). Interestingly, this dimer is 

dissociable, and is present in sub-stoichiometric amounts when cells are grown 

in rich media, but under poor growth conditions, like stationary phase, there is 

balanced stoichiometry between Rpb4/Rpb7 and the rest of the core enzyme 

(32). A similar phenomena is observed in human cells, where there is tissue 

specific expression of Rpb4/Rpb7 (97). 
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1.7.3.2 The RNA polymerase CTD 

Rpb1, the largest subunit of the RNA polymerase II holoenzyme, contains 

an evolutionarily conserved carboxyl terminal domain (CTD) that consists of 

repeats of the heptapeptide YSPTSPS. All species have this essential repeat, 

with yeast Rpb1 having 26 or 27 repeats, while humans have 52 (116). 

Truncation of the CTD in yeast results in a cold sensitive phenotype that was the 

basis of a genetic screen that identified the SRB proteins of the mediator sub-

complex of the holoenzyme (204)(see below). 

The CTD serves as a docking site for accessory complexes, with 

phosphorylation controlling which factors interact with the holoenzyme (165). 

The hypo-phosphorylated CTD, termed IIA, is representative of polymerase 

molecules prior to transcription initiation, while heavily phosphorylated 

polymerases, termed MO are associated with elongating holoenzymes (172). 

CTD phosphorylation promotes exchange of cofactors, because association with 

mRNA capping activity (139, 186), and elongation factors (24) is dependent on 

phosphorylation . Reciprocally, the mediator complex, which regulates initiation, 

only interacts with unphosphorylated CTD containing holoenzymes (100). Taken 

together, these observations suggest that CTD phosphorylation is required for 

polymerase to advance from initiation to elongation. 

Three cyclin dependent kinases can phosphorylate the CTD, and each is 

found in initiation complexes. Cdk7/cyclinT are components of the TFIIH GTF, 

and are encoded by the KIN28/CCL1 genes in yeast (165). Catalytically inactive 

alleles of Kin28 exhibit defects in CTD phosphorylation in vivo (135) and in vitro 
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(205). Kin28 activity is essential (190), and temperature sensitive alleles display 

a complete loss of transcription of protein coding genes at the non-permissive 

temperature (86). 

The mediator complex also contains a CDK/cyclin pair, encoded by the 

SRB10/SRB11 genes, which are the yeast versions of Cdk8/cyclinC. Although 

SrblO activity is dispensable for growth (107), s r b W strains do exhibit growth 

defects, and genome wide expression analysis implicates this CDK in negative 

regulation of a distinct subclass of genes involved in various stress responses 

(see below). 

The yeast genes BUR1 and BUR2 were identified as repressors of a UAS-

less S U C 2 promoter (166). Burl and Bur2 form a CDK/cyclin pair that is 

activated by Cak1 (145, 227, 228). Burl co-precipitates with Rpb1, and this 

complex can phosphorylate the CTD (145). There is a genetic interaction 

between BUR1/2 and the CTD, elongation factors, and the Fcp1 CTD 

phosphatase enforcing the claim that Burl is a b o n a fide regulator of the CTD 

(165). These observations and sequence alignments indicate that Burl may be 

the yeast homologue of P-TEFb (122). 

Only one phosphatase has been shown to have activity towards the CTD. 

Fcp1 from yeast and humans is stimulated by, and interacts with the GTF TFIIF 

(2). Addition of TFIIB inhibits this stimulation, suggesting that these three factors 

mediate polymerase recycling (31). Fcp1 is essential, and temperature sensitive 

f c p l mutants display broad transcriptional defects (2, 103). 
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1.7.4 General transcription factors (GTFs) 

The TFII subcomplexes were characterized as factors that are required for 

specific promoter binding of RNA polymerase II in vivo (75). Despite the broad 

application of the term "GTF" to factors A, B, D, E, F, and H, each complex has 

not been formally demonstrated to be required for transcription of all genes, and 

other factors may be as important for the process of transcription. 

1.7.4.1 TBP and associated TAFs 

The TATA binding protein (TBP), and TBP associated factors are known 

as TFIID. TBP recognizes the minor groove of DNA at the TATA box and this 

complex adopts a saddle-like structure that induces a sharp bend in DNA. This 

bend is accompanied by an unwinding of a short stretch of DNA that is likely 

critical for transcriptional initiation (27, 98, 99). 

The TAFs copurify with TBP, but are not involved in transcription at all 

promoters (18). For example, TAFs are dispensable at TATA containing 

promoters, but required for basal transcription from TATA-less promoters. 

Consistent with the differential role of the TAFs, they can both antagonize and 

stimulate TBP at different loci (116). 

1.7.4.2 TFIIH 

TFIIH is the most complex of the GTFs, with three catalytic activities; a 

DNA-dependent ATPase, an ATP dependent helicase and a CTD kinase (35). 

Components of TFIIH can be separated into subcomplexes based on the 

presence or absence of the cyclin dependent kinase activity provided by the 
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Kin28/Ccl1 CDK/cyclin pair. TFIIH lacking this activity is referred to as the core. 

In addition to regulating transcription initiation, core TFIIH is also found in the 

nucleotide excision repair complex, which explains its requirement for 

transcription coupled DNA repair (1). 

The helicase activity of TFIIH is encoded by Rad3 and Rad25 in yeast, 

which correspond to the XPD/ERCC2 and XPB/ERCC3 human genes (116). 

Like associated TFIIE, TFIIH has roles in template opening as its requirement in 

vitro is bypassed by premelting of DNA. Mutations in ERCC2 and ERCC3 are 

linked to genetic disease in humans including xeroderma pigmentosum, 

Cockayne's syndrome and trichothiodystrophy. Since XPB is primarily involved in 

transcription, while XPD participates mainly in nucleotide excision repair the 

cause of these diseases lie in both transcriptional and DNA repair defects (116). 

Kin28/Ccl1 are homologues of human CDK7/cyclinH, and this kinase activity 

primarily controls the phosphorylation state of the CTD (165). As described 

above, phosphorylation of the serines of this heptapeptide converts the Rpbll lA 

to Rpbll lO, initiating polymerase release and elongation, while stimulating the 

exchange of CTD associated accessory factors. Cdk7 is essential for 

transcription of protein coding genes, and viability, in all eukaryotes. Interestingly 

human Cdk7 regulates cell cycle progression as it has assumed CAK (CDK 

activating kinase) activity performed by yeast Cak1/Ccv1 (94). Additional 

substrates for Cdk7 have been described, including the yeast transcription factor 

Gal4 (83), but the in vivo relevance of these modifications remains unresolved. 
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1.7.4.3 Other associated complexes 

The recycling of RNA polymerase II molecules is dependent on CTD 

phosphorylation, as progression from initiation to elongation to termination is 

controlled by CTD kinase and phosphatase activity (165). A corollary of this 

model is that there should be heterogeneity in RNA polymerase II holoenzymes 

in vivo. Indeed several substoichiometric complexes are described as 

polymerase associated. Factors involved in initiation, such as TBP and mediator, 

bind specifically to unphosphorylated CTDs, while activities mediating elongation 

mRNA capping, splicing, cleavage, and 3' end processing all require 

phosphorylated CTDs for holoenzyme interaction (165). As multiple sites of 

phosphorylation are inherently present in the CTD, and several kinases are 

capable of modifying the CTD, elucidating whether these complexes sequentially 

or simultaneously interact with the CTD will be complicated. 

1.7.5 Mediator 

Mediator was first identified by separate groups in 1988 in yeast and 

mammalian cells (66, 100, 210). The recruitment model of how transcription 

factors function had been proposed, and in attempts to identify targets of 

transcriptional activators, Gill and Triezenberg separately performed titration 

experiments in which overproduction of one activator could decrease potency of 

another. Expecting that a component of assembling RNA polymerase or general 

transcription factor (GTF) was being sequestered, both groups attempted, and 

failed to identify the limiting factor by addition of known GTFs and polymerase 
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extract, and this factor was termed mediator, as it was thought to function 

between transactivator and the RNA polymerase II machine. 
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Figure 1.5 A typical eukaryotic promoter 

Transcription of eukaryotic protein coding genes is performed by the RNA 

polymerase II, which can be isolated as a large holoenzyme containing most of 

the TFII general transcription factors. The largest subunit of RNA polymerase II 

harbors a repetitive heptapeptide sequence termed the C-terminal domain (CTD) 

which is a docking site for numerous accessory complexes. CTD associated 

factors involved in initiation of transcription (Mediator) interact with 

unphosphorylated CTD, while elongation, splicing, termination and other 

complexes affiliated with post initiation events bind to the phosphorylated CTD 

(P). Transcriptional activators function by interacting with upstream activating 

sequences (UASs) and recruiting the holoenzyme, components of the initiation 

complex, chromatin remodeling machines (Swi/Snf), or histone acetyl-

transferases (HATs). Repressors bind upstream repression sequences (URSs) 

and recruit histone deacetylases, or antagonize positive effectors by other 

mechanisms. See text for details. 
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Accessory Complexes 
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Mediator is a 20-30 polypeptide complex (depending on purification 

scheme) that is essential for the transcription of most protein coding genes in 

yeast (100) (Table 1). Multiple screens in yeast identified several genes that 

were later found to encode mediator subunits. As their names suggest, several 

components were identified in more than one screen. Because these factors 

have both positive and negative effects on transcription, mediator is necessary * 

for both repression and activation of diverse sets of genes (146). Mediator has 

now been biochemically defined, and the structure of both yeast and human 

complexes solved. Fractionation of mediator has revealed several smaller 

subcomplexes, whose composition has been confirmed by co-

immunoprecipitation (95). 

1.7.5.1 Srb10/11 activity is sensitive to environmental stress. 

Implication of SrblO in stress response was based on the observation that 

introduction of kinase inactive alleles resulted in derepression of a distinct subset 

of genes involved in stress response (86). Furthermore, the SrblO kinase is 

depleted as cells reach the diauxic shift (86), the partner cyclin Srb11 is sensitive 

to a multitude of stresses (40), and deletions of either srblO or srbl 1, as well as 

other components of the mediator complex, result in a morphological traits 

characteristic with starvation response (86). Finally, components of the mediator 

complex, including Srb10/11 were genetically implicated in nutrient sensing and 

stress response, suggesting that mediator is likely a downstream target of 
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environmental sensing machinery (26). 

Table 1: Components of Mediator and its Sub-Modules. 

Gene Mass (kD) Essential? Other name(s) 

SRB4 
SRB2 23 no HRS2 
SRB4 78 yes 
SRB5 34 no 
SRB6 14 yes 
MED6 32 yes 
MED8 25 yes 
MED11 15 yes 
ROX3 25 yes NUT3, SSN7 

Med9/10 
MED1 64 no 
MED4 32 yes 
MED7 32 yes 
MED9 17 no CSE2 
MEDIO 18 yes NUT2 
SRB7 16 yes 

SRB 8-11 
SRB8 167 no GIG1, NUT6, 
SRB9 160 no NUT8, SCA1, 
SRB10 63 no GIG2, NUT7, 
SRB11 38 no GIG3, NUT9, 
NUT1 128 no 

Rgr1 
RGR1 123 yes 
SIN4 111 no BEL2, GAL22, 
GAL11 120 no RAR3, SDS4, 
PDG1 47 no HRS1, MED3 
MED2 48 no 
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1.7.5.2 Substrates of SrblO 

The association of SrblO with the CTD (119), and the observations that 

s r b W mutation suppresses phenotypes associated with CTD truncations (204) 

indicated that the CTD may be a physiological substrate for this kinase. SrblO 

can phosphorylate the CTD in vitro, and holoenzymes prepared from srbW yeast 

lack CTD kinase activity (119). These observations are at odds with the fact that 

yeast lacking srblO are viable, and are not deficient in CTD phosphorylation in 

vivo. Since the transcriptional defects of srblO strains are specific (78), these 

data suggest that SrblO may target other substrates in vivo. 

Prior to my work, yeast SrblO had been shown to directly regulate three 

site-specific transcription factors. SrblO phosphorylation of Gal4 is required for 

efficient G A L gene induction (83, 180), whereas phosphorylation of Msn2 and 

Gcn4 promotes transactivator nuclear export and degradation, respectively (30). 

The abolishment of SrblO activity in response to stress would stimulate Gcn4 

and Msn2 activity, while moderating Gal4 dependent transcription in accord with 

cell physiology. Based on their physical interaction with SrblO, the transcription 

factors Sip4 and Sfl1 may also be regulated in this fashion (195, 216), however 

direct phosphorylation of these factors by SrblO has not been demonstrated. 

1.8 Ubiquitin and the SCF ubiauitin lipase complex 
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The steady state level of a given protein is governed by its rate of 

synthesis and destruction, and the abundance of many regulatory proteins is 

stringently controlled by ubiquitin-mediated proteolysis. Ubiquitin, a 76 amino 

acid protein is covalently attached to lysines of substrate proteins by specialized 

multiprotein complexes termed ubiquitin ligases (80). The yeast S a c c h a r o m y c e s 

cerevisiae has two major ubiquitin ligase activities. The APC complex is the 

activity that targets destruction of mitotic cyclins and other key proteins to initiate 

anaphase (162). The Skp1-Cdc53-F-Box (SCF) ubiquitin ligase complex is 

responsible for attaching ubiquitin to numerous signaling molecules in yeast 

including the transcription factors Met4 and Gcn4, the cell cycle regulators S i d , 

Far1, and Swe1 as well as several components of the pheromone response 

pathway (220). 

1.8.1 The ubiquitination process 

The components of SCF catalyze a sequence of transthioesterification 

reactions. Ubiquitin is activated by the ubiquitin activating enzyme or E1 Cdc53, 

and is transferred to the E2 ubiquitin conjugating enzyme Cdc34. The third 

enzyme in the ubiquitin transfer reaction is the E3 ubiquitin protein ligase, and is 

defined as a factor that can interact with both the E2 and a substrate; hence E3s 

are targeting subunits. Ubiquitin is attached directly to proteins when an e- amino 

group of a lysine residue of the substrate protein nucleophilically attacks the 

thioester intermediate of the E2. Reiteration of this process, using an internal 

lysine acceptor site in the ubiquitin peptide results in multiubiquitin chain 
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formation. Poly-ubiquitinated proteins are then degraded by the 26S proteosome 

(80). A newly identified E4 activity, encoded by the UFD2 gene of budding yeast, 

regulates chain polymerization, as different linkages of ubiquitin may serve as 

unique recognition modules (104). 

1.8.2 The F-Box hypothesis 

The E1 and E2 enzymes are used ubiquitously throughout the cell, and 

SCF activity is targeted to substrates by an E3 protein. E3 proteins interact with 

Cdc53 and Cdc34 via Skp1, and different SCF complexes are annotated as 

S C F cdc4 Q r s c F S k p 2 , with the E3 enzyme denoted in superscript. Alignment of the 

first three Skp1 interacting proteins cyclin F, Skp2, and Cdc4 uncovered a 

conserved motif named the F-box after cyclin F (3). The F box has a relatively 

weak hydrophobic consensus sequence that stretches over 40 amino acids, and 

sequence inspection reveals 17 putative F-box proteins in Saccharomyces 

cerevisiae, although it should be noted that not all F-box proteins are necessarily 

targeting subunits of Cdc34 (220). 

SCF dependent degradation of Cln2 and S i d require separate F-box 

proteins, and this observation was the basis of the F-Box hypothesis which has 

two main tenets (3): 

1. Skp1 links Cdc34/Cdc53 to F-box proteins by interacting directly 

with the F-box motif and Cdc53. 
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2. The F-box protein recruits substrates to the ubiquitination 

machinery by interacting directly with them through other protein-

protein interaction domains. 

The F-box hypothesis is reinforced by biochemical data demonstrating 

that Cdc53 simultaneously binds both Skp1 and Cdc34; the former via a short 

region of the N terminus, and the later through a conserved cullin homology 

domain (159). Furthermore, as predicted by the hypothesis, Cdc53 and Cdc34 

are essential for all SCF activities in yeast, while perturbing E3 activity only 

affects degradation of specific substrates (160, 191). 

Finally, only S C F C d c 4 ubiquitin ligase activity has been successfully 

reconstituted from recombinant proteins (191), suggesting that additional factors 

or modifications may be critical for some SCF activities in vivo. 

1.8.3 SCF substrate recognition is phosphorylation dependent. 

Without exception, recognition of substrates by SCF is dependent on 

substrate phosphorylation, but unlike other phosphorylation dependent protein-

protein interaction motifs, like SH2 and 14-3-3 domains, the mechanism by which 

F-box proteins recognize phospho-proteins is not understood (220). Up to 5 

separate phosphorylations contribute to degradation of Sic1(214), and Gcn4 (30), 

while a single phosphorylation of Far1 is sufficient to recruit SCF (77). 

Furthermore, comparison of phosphorylation sites of several Cdc4 substrates 

reveals no apparent consensus sequence. It is thus possible that 

phosphorylation of substrates may simply induce a conformational change that 

exposes an epitope recognized by a cognate F-box protein. A good candidate 
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motif is the short acidic PEST sequence. Found in most SCF substrates, this 

feature is simply named after the enrichment of proline, glutamine, serine and 

threonine residues. Removal of the PEST signature from Cln2 and Cln3 

increases their stability (73), and transfer of this peptide from Cln3 can 

destabilize a heterologous protein (226). 
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Figure 1.6 The SCF ubiquitin ligase complex targets proteins for 
degradation by the 26S proteosome. 

Phosphorylation dependent ubiquitination of numerous proteins is mediated by 

SCF ubiquitin ligase complexes. SCF complexes are comprised of a ubiquitin 

activating E1 enzyme (Cdc53), ubiquitin conjugating E2 enzyme (Cdc34), an 

adapter protein (Skp1), and substrate targeting E3 (F-box protein). E3's recruit 

ubiquitination activity to substrates by simultaneously interacting with 

phosphorylated substrates and an E2. Poly-ubiquitinated substrates are 

recognized by the 26S proteosome and degraded. See text for details. 
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1.9 Research objectives 
Introduction 

Surprisingly little is known about the details of Ste12 regulation. First, the 

mechanism by which pheromone stimulation increases Ste12's ability to activate 

transcription is unclear. It is accepted that activation involves antagonizing two 

negative regulators, Dig1 and Dig2 and this requires the catalytic activity of 

upstream MAPKs. Secondly, Ste12 is heavily phosphorylated at multiple sites, 

but the function of these modifications has not been addressed. Finally the 

ability of Ste12 to activate separate classes of genes in response to distinct 

signals is perplexing considering the same upstream components appear to 

mediate two (pheromone and filamentation) transcriptional programs in the same 

cell. 

My objectives were to investigate each of these problems with a primary 

emphasis on the bi-functionality of Ste12 and the STE-MAPK cascade in 

pheromone and filamentous response. One chapter of this thesis is devoted to 

investigating how Dig1 inhibits Ste12, and here I also define two functional 

domains of Ste12. Early in my work I identified Srb10 as a kinase that regulates 

Ste12 function in filamentous response, and the subsequent focus of my thesis 

work became to understand the mechanism of this regulation. 
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Chapter 2 Materials and Methods 

2.1 Media and yeast manipulation 

2.1.1 Growth media 

Standard growth media was used for all yeast and E.coli manipulation. 

Synthetic low-ammonium dextrose (SLAD) was made as follows. Approximately 

26 grams of agar were washed in 1.5 L of dH 2 0 with vigorous mixing and 

allowed to settle. This was repeated 3 times or until the agar and water 

appeared colorless, when water was gently decanted. Approximately 6.66 grams 

of Yeast Nitrogen Base without amino acids (Difco) were combined with 20 

grams of glucose, 50 uJ of 1 M Ultrapure Ammonium Sulfate, and 1 L of dH 2 0, 

added to washed agar and autoclaved. Leucine or uracil was added either 

directly to plates or to bulk media to meet auxotrophic requirements with no 

observable effect on pseudohyphal development. PDM media was made as 

described (89). 

2.1.2 Yeast transformation 

One loopful of the desired yeast strain was resuspended in 400 u,l of TLP 

(10 mM TRIS-HCI, 1 mM EDTA, 100 mM LiOAc, 44% PEG 4000). Forty 

microliters of DMSO, 5 u.l of single stranded salmon sperm DNA, and 0.3-1.0 u.g 

of plasmid were added and the mixture vortexed, and incubated at RT for 2-12 h. 

The mixture was then heat shocked at 42°C for 10 min and plated on the 

appropriate selective media. srblO strains were generated by transforming yeast 

with plS023 (cut Kpn1), which is a two-step URA3 disruption plasmid. Similarly 

58 



Materials & Methods 

STE12 alleles were introduced into ste12 yeast by transformation with the 

integrating plasmids listed in Table 2. Integration was targeted to the A D E 8 locus 

by cutting with Nru1, or the ste12::KAN locus by cutting with Aflll. Mutations 

were confirmed by sequencing of PCR products flanking the site of integration. 

2.1.3 Monitoring of filamentous growth 

Assays for haploid invasive growth and diploid pseudohyphal growth were 

performed essentially as described (175). Cells were grown for the indicated 

time, and photographed after plate washing (invasive growth), or directly on 

SLAD plates (pseudohyphal growth). 

2.2 Plasmids. oligonucleotides, and yeast strains. 

Plasmids used in Chapter 3 have been previously described (154). All other 

plasmids, oligonucleotides and yeast strains are described below in Tables 2, 3, 

and 4. 
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Table 2. Plasmids 

Plasmid Name Details Reference 
DIS147 Bacmid encoding 6his-STE12 This study 
DIS253 B a c m i d e n c o d i n g 6his-

STE12(S261A) 
This study 

D-IS255 B a c m i d e n c o d i n g 6his-
STE12(S451A) 

This study 

PBMH276 FRE-lacZ reporter (131) 
pCN18 Gal inducible STE12 (T405A) This study 
pCN19 Gal inducible STE12 (S445A) This study 
pCN20 Gal inducible STE12 (S451A) This study 
pCN23 ade8:: STE12 (S451A) integrating 

vector 
This study 

pCN30 CEN, STE12 (S451A) This study 
pCN31 CEN, STE12 (S261A/S451A) This study 
pCN32 Gal inducible STE12 (S261A/S451A) This study 
pCN38 Gal inducible STE12 (K272R) This study 
pCN39 Gal inducible STE12 (K463R) This study 
pCN41 ade8:: S T E 1 2 (K272R) integrating 

vector 
This study 

pCN42 ade8:: S T E 1 2 (K463R) integrating 
vector 

This study 

pCN48 Gal inducible STE12-flag This study 
pGAL4/STE12 produces GAL4(1-147)-STE12(216-

688) from ADH1 promoter in yeast 
(88) 

plS023 Two-step srblO disruption plasmid This study 
PIS172 ade8:: STE12 integrating vector This study 
plS198 ade8:: STE12 (S261A) integrating 

vector 
This study 

pJL/E-ura Gal inducible STE12 (S261A) (88) 
pJL1 Gal inducible STE12 (89) 
pJTS2 CEN, STE12 (S261A) (88) 
pJTS5 CEN, STE12 (88) 
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Table 3. Oligonucleotides 
Oligo Name Sequence 5' -> 3' Target Use 
AB68 GAACGGTGTTTTCTCCAATCAA 

TTCATGG 
His4 ORF ChIP PCR 

AB69 CTCGCAAAATCCAACGTTTTCT 
TGTTCA 

His4 ORF ChIP PCR 

AB84 TATCGGCGCAAGGTGTTT 
CAGATGAGC 

TEC1 FRE ChIP PCR 

AB85 IACAGGIGCI I I I IAACIGIGC 
ATGAGCCAAG 

TEC1 FRE ChIP PCR 

CN110 GTATGTAGAAATATAGATTCCA 
TTTTGAGGATTC 

Ty1 FRE ChIP PCR 

CN111 GACATTTGATAAGGTGTATACG 
GAATCATAG 

Ty1 FRE ChIP PCR 

CN144 CGATTTTGCTGGATTGAGCTGA 
ATG 

CLN1 
promoter 

ChIP PCR 

CN145 GCGAACGAAGAACTCCTTGGC 
CA 

CLN1 
promoter 

ChIP PCR 

CN162 GATTTTATTCCTCAGAGATTGAT 
TATAGAACC 

Mutation of 
K272-to R 

SDM 

CN163 GGTTCTATAATCAATCTCTGAG 
GAATAAAATC 

Mutation of 
K272-to R 

SDM 

CN164 GATACTACCCAAGAATGCCGTA 
TAATC 

Mutation of 
K463-to R 

SDM 

CN165 GATTATACGGCATTCTTGGGTA 
GTATC 

Mutation of 
K463-to R 

SDM 

CN75 ATACTTCATGTAGCTGGCCGGG 
TCGCTAGG 

Mutation of 
T405 to A 

SDM 

CN76 CTGGAAGTTGTTACCATATAAT 
TAGTG 

Mutation of 
S445 to A 

SDM 

CN77 TCCGTTTGGGTAAGCTTGCTGG 
AAGTT 

Mutation of 
S451 to A 

SDM 

CN79 CCTAGCGACCCGGCCAGCTAC 
ATGAAGTAT 

Mutation of 
T405 to A 

SDM 

CN80 CACTAATTATATGGTAACAACTT 
CCAG 

Mutation of 
S445 to A 

SDM 

CN81 AACTTCCAGCAAGCTTACCCAA 
ACGGA 

Mutation of 
S451 to A 

SDM 
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Table 4. Yeast Strains 

Yeast 
Strain 

Genotype Reference/Source 

HLY333 21278b, MATa, ura3-52 (120) 
L5366 21278b, MATa/@, ura3-52 G. Fink 
MLY183 
a/a 

2 1278b, Mat a /@, ura3-52/ura3-52, 
ted ::Kan/tec1 ::Kan 

(156) 

MLY216a 21278b, Mat a, ura3-52, leu2::hisG, ste12::Kan (156) 
MLY216a/a 21278b, MATa/@, leu2::hisG/leu2::hisG, ura3-52/ura3-

52, ste12::Kan/ste12::Kan 
(156) 

MT1147 MATa ade2 his3 Ieu2 trp1 ura3 can1, rst2::HIS3 (154) 
MT1154 MATa ade2 his3 Ieu2 trp1 ura3 canl, rst1 ::TRP1 (154) 
W303-1A MATa, ade2, his3, Ieu2, trp1, ura3, canl H.Ronne 
YA01 W303, MATa ste12A Ieu2 ura3 ade2 trp1 

his3A::FUS1-HIS3 mfa2A::FUS1-lacz 
(154) 

YA06 W303, Mat a ste12A,ade2, trp1,can1, Ieu2, his3, ura3 (154) 
YCN3 W303, MATa, ade2, his3, Ieu2, trp1, ura3, canl, srblO This study 
YCN38 21278b, Mat a, ura3, ste11::Kan, leu2::hisG,srb10 This study 
YCN40 21278b, MATa, ste12::LEU2, leu2::hisG, ura3-52, 

srblO 
This study 

YCN44 21278b, Mat a, ura3-52, srblO This study 
YCN48 21278b, MAT a, ura3-52,leu2, WT STE12::ste12 This study 
YCN52 2 1278b, MAT a, ura3-52,leu2 

STE12(S261 A/S451 A)::ste12 
This study 

YCN53 2 1278b, MATa/@ ura3-52/ura3-52, 
ade8::STE12/ade8::STE12 

This study 

YCN55 2 1278b, MATa/@ ura3-52/ura3-52, 
ade8: :STE12(S451 A)/ade8: :STE 12(S451 A) 

This study 

YCN56 2 1278b, MATa/@ ura3-52/ura3-52, 
ade8::STE12(S261A)/ade8::STE12(S261A) 

This study 

YCN57 2 1278b, M A T a / ® ura3-52/ura3-52, 
ade8::STE12(S261 A/451 A)/ade8::STE12(S261 A/451 A) 

This study 

YCN6 W303, MATa, ade2, his3, Ieu2, trp1, ura3, canl, 
ste12::LEU2, srblO 

This study 

YCN60 21278b, MATa/@, 
ura-/ura-, srb10-/srb10-

This study 

YCN61 W303, MATa, ade2, his3, Ieu2, trp1, ura3, canl, srblO, 
mfa2::Fus1-lacZ:URA3 

This study 

YCN7 W303, MATa, ade2, his3, Ieu2, trp1, ura3, canl, 
ste12, rst1, rst2::HIS3 

(154) 

YCN80 21278b, MATa/®, stel 2::LEU2/ste12::LEU2, 
leu2::hisG/ leu2::hisG, ura3-52/ura3-52, srb10/srb10 

This study 

YCN81 21278b, Sigma 1278,Mat a/@, ura3/ura3, ste11::Kan / 
ste11::Kan, leu2::hisG / leu2::hisG, srb10/srb10 

This study 

YCN82 21278b, MATa, ura3-52,leu2, STE12(K272R)::ste12 This study 
YCN83 21278b, MATa, ura3-52,leu2, STE12(K463R)::ste12 This study 
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2.3 Measurement of transcription 

2.3.1 Beta-Galactosidase assays 

Measurement of beta-galactosidase activity was performed as described 

(154). 

2.3.2 RNA extraction 

All solutions for RNA work were DEPC treated before use by adding 

DEPC to 0.1%, followed by vigorous mixing, overnight incubation, and 

autoclaving. Yeast were grown to an OD6oo of 0.6 - 1.0 and 10-15 ml of culture 

was harvested by centrifugation. Cell pellets were washed in 1ml DEPC treated 

AE buffer (50 mM NaOAc pH 5.3, 10 mM EDTA) and transferred to a 1.5 ml 

microcentrifuge tube. Cells were briefly pelleted and resuspended in 400 u,l of 

fresh AE buffer. Forty microliters of 10% SDS were added and the suspension 

vortexed prior to the addition of an equal volume of AE buffered phenol. The 

emulsion was vortexed for 20 sec and placed at 65°C for 4 min. The tubes were 

then moved directly to an ethanol/dry ice bath without vortexing and samples 

were chilled until phenol crystals appeared. Samples were then centrifuged at 

13K RPM in a microfuge at RT for 2 min. The aqueous phase was then removed 

and extracted with an equal volume of AE buffered Phenol [(25):Chloroform (24): 

Isoamylalcohol (1)]. Following vortexing and centrifugation the aqueous phase 

was precipitated by addition of 3M NaOAC to 10%, and 2.5 volumes of cold 95% 

EtOH. RNA was then precipitated for 20 min at -20°C, pelleted by centrifugation 

for 5 min at 13K RPM at RT. The RNA pellet was washed with cold 80% EtOH, 
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and dried briefly in a speedvac prior to resuspension in 20-100 \i\ of DEPC 

treated water. 

2.3.3 Northern hybridization 

Between 10-20 \ig of total RNA were combined with an equal volume of 

RNA loading buffer (50% glycerol, 1 mM EDTA. 0.4% bromophenol blue), heated 

at 65°C for 15 min, and cooled on ice for 2 min. One microliter of 1 mg/ml 

ethidium bromide was added to each sample prior to separation in 1X MOPS 

buffer (40 mM MOPS pH 7.0, 10 mM NaOAc, 1 mM EDTA) on a 1% agarose gel 

containing 6.5% formaldehyde with constant voltage of 70 V for 2 h. Gels were 

photographed and washed with DEPC treated dH 2 0 for 10 min on a rotating 

platform. This wash was repeated twice, and followed by a 45-min wash in 20X 

SSC (3 M NaCI, 0.3 M sodium citrate pH 7.0). RNA was then transferred 

overnight by capillary action to a nylon membrane (Pharmacia). After transfer, 

the membrane was photographed to confirm transfer quality, and washed briefly 

in DEPC dH 2 0. RNA was then cross-linked to the membrane by placing the 

nylon face down on fresh Saran wrap atop a UV-gel box for 4 min. Cross-linked 

membranes were then placedNin pre-hybridization solution (6X S S C , 50% 

deionized formamide. 0.5% SDS, 2.5X PVP Ficoll [5 g Ficoll, 5 g 

polyvinylpyrrolidone per 500 ml DEPC treated water], 50 mM Na Phosphate pH 

6.5, 100 nl/ml sheared salmon sperm DNA) for 4-24h, and probed with gene 

specific probes using standard methods. 
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2.4 Protein preparation, isolation, and manipulation 

2.4.1 Immunoprecipitations from yeast 

Yeast cultures were grown to an OD6oo of 0.6-1.0 and collected by 

centrifugation. Cells were washed once in YLB [50 mM Tris-HCI pH 8.0, 5 mM 

MgCI2, 150 mM NaCI, 5 mM NaF, 2 mM ZnCI 2, and 1X Protease Inhibitor 

Cocktail (PIC, Sigma)], and transferred to a 2 ml screw-cap tube. Pellets were 

resuspended in 400 uJ of YLB containing protease inhibitors. An equal volume of 

glass beads (400-600 micron) was added and lysis accomplished by vortexing or 

treatment in a bead beater. Lysis was monitored by microscopy, and when 

>80% were lysed, 400 u.l of 2X RIPA [20 mM Tris-HCI pH8.0, 200 mM NaCI, 2 

mM EDTA, 2% NP-40, 1% sodium deoxycholate, 0.2% SDS] containing protease 

inhibitors was added, followed by 30 sec of vortexing. Insoluble material was 

removed by centrifugation at 12 000 X g at 4°C, and lysates pre-cleared for 30 

min with 50 jxl of 10% formalin fixed S. aureus (Zymed) at 4°C with gentle mixing. 

Following brief centrifugation in a microfuge, supernatants were transferred to a 

fresh tube containing the desired antibody. Following a 60 min incubation on ice, 

50 \i\ of 10% S. aureus were added and samples were moved to a nutator at 4°C 

for 1-12h. Immune complexes were then sequentially washed with 1vml of cold 

WASH1 [10 mM Tris-HCI pH 8.0, 1 M NaCI, 0.1% NP-40], WASH2 [10 mM Tris-

HCI pH 8.0, 0.1 M NaCI, 0.1% NP-40, 0.1% SDS], WASH3 [10 mM Tris-HCI pH 

8.0, 0.1% NP-40], and 1X RIPA. Immune complexes were dissociated by 

addition of 2xSDS sample buffer and incubation at 100°C for 10 min. Samples 

were then subjected to SDS-PAGE and subjected to autoradiography. 
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2.4.2 labeling of Ste12 

Cultures of yeast (50 ml) harboring the appropriate expression plasmid 

were grown to an OD600 of 0.6 -1.0 in ura- glycerol media. Cells were washed 

three times in 20 ml of ura- glycerol PDM, and starved in 50 ml of PDM for 1 h. 

Galactose was added to a final concentration of 2%, and cultures grown at 30°C 

for 30-45 min in an orbital shaker prior to transfer to a 2 ml screw-cap tube in a 

200-400 u.l volume of the same media. From 0.5 to 5 mCi of 3 2 P orthophosphate 

were added and cells labeled for 45 min at RT on a nutator. Ste12 protein was 

immunoprecipitated as described, and resolved by SDS-PAGE. Wet gels were 

wrapped in Saran wrap and exposed to film. Phosphorylated Ste12 was excised 

from the gel and subjected to tryptic phosphopeptide analysis. 

2.4.3 3 S S labeling of Ste12 and pulse chases analysis 

Yeast harboring a plasmid born galactose inducible STE12 alleles were 

grown to an OD600 of 0.6-1.0 in ura- glycerol (25 ml). Cells were washed twice 

with 10 ml of ura-met- raffinose and resuspended in 25 ml of the same. Cells 

were starved for 15 min in an orbital shaker, harvested, and resuspended in 400 

ixl of ura-met-galactose in a 2 ml screw-cap tube. One hundred and fifty 
r 

microliters of 3 5 S methionine were added and cells were labeled for 1 h at RT on 

a nutator. Labeling was stopped by washing once with 1 ml of YEPD+25 mM 

methionine. Pellets were resuspended in 550 u,l of the same, and 100 u,l aliquots 
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removed at desired times. Aliquots were rapidly pelleted and media removed. 

Four hundred microliters of YLB containing protease inhibitors was added 

together with an equal volume of glass beads (400-600 micron). The mixture 

was briefly vortexed to disperse the yeast cell pellet, and flash frozen in liquid 

nitrogen. After 20 sec, samples were placed at -70°C until immunoprecipitations 

were performed. 

2.4.4 Tryptic phosphopeptide mapping 

Analysis of protein phosphorylation by tryptic phosphopeptide analysis 

was performed exactly as described (89). 

2.4.5 In vitro kinase assays 

Kinase reactions with recombinant Srb10/Srb11 complexes were 

performed as described (84). p42 MAPK (NEB) was substituted for Srb10/11 

complexes and assayed under identical conditions. Approximately 50-100 ng of 

baculoviral produced 6his-Ste12 were used as substrate. 

2.4.6 Immunoblotting 

Anti-flag M2 (Sigma) and polyclonal anti-Ste12 antisera (89) were used at 

1:10 000 dilutions. Blots were probed overnight in TBS-T [0.1 M Tris-HCI pH 8.0, 

0.9% NaCI, 0.1% Tween20] containing 2% skim milk powder at 4°C. 
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2.4,7 Baculovirus expression 

Transfection of Sf9 cells was performed essentially as described in the 

GIBCO BRL Bac-to-Bac Expression System Manual. In short, 9 x 10 5 Sf9 cells 

were seeded on a 35 mm plate and allowed to attach for 1h. Five micoliters of 

bacmid DNA encoding recombinant viral genomes (bacmids), were then added 

to 6 u.l of CELLFECTIN in a total volume of 0.2 ml of TC-100 serum free insect 

cell media. Plates were washed once with TC-100 serum free media and 0.8ml 

of the same was added to each CELLFECTIN/DNA sample which was then 

overlayed onto the cells. Cells were incubated at 27°C for 5 h when the 

transfection mix was removed and replaced with 2 ml of TC-100 complete media. 

Cells were left for 72 h when signs of infection were clearly visible. 

Supernatants, containing viral particles were saved and viral titers amplified twice 

as follows. One hundred microliters of virus containing media was introduced to 

2x106 cells to ensure a low MOI. Viral infection was allowed to proceed for 5 days 

when supernatants were again saved. After the second amplification cells were 

analyzed for recombinant protein production and viral titers determined using 

Clontech's Rapid Titer Kit. Cells were harvested, resuspended in SDS-sample 

buffer and visualized by SDS-PAGE or Western blotted. Large scale protein 

production of WT and mutant alleles of STE12 was performed as previously (84), 

and purification to homogeneity was as described (87). 
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2.4.8 Bacterial expression 

BL21Codon Plus (RIL or RP) were transformed with the desired 

expression plasmid. Cells were grown with ample aeration to an OD6oo or 0.3-0.5 

and protein expression was induced by addition of IPTG to 1mM. Cultures were 

grown for a further 2 h at 37°C, and cells harvested, washed with cold PBS and 

frozen at -70°C. Lysates were prepared by thawing cell pellets on ice, and 

resuspending in XA-90 lysis buffer [10 mM Tris-HCI pH 8.0, 0.5 M NaCI, 10% 

glycerol, 10 mM p-mercaptoethanol, 0.1% Tween20}. For each 250 ml of culture, 

4 ml of buffer were used. Cells were lysed by sonication, and extracts cleared by 

centrifugation at 12K RPM for 20 min. Supernatants were aliquoted and frozen at 

-70°C until required. 

2.4.9 Glutathione agarose affinity purification 

E. coli extracts were prepared as described (154), and incubated with 

glutathione agarose, and extract from infected Sf9 cells. The volume of beads 

used was approximated based on the binding capacity of the resin and the 

predicted amount of GST protein produced as determined by Coomassie blue 

staining of total extracts. Binding was performed at 4°C on a nutator for 30-60 

min. Beads were washed thrice in GST binding buffer, and bound GST fusion 

protein and interacting proteins mixed with 2X SDS sample buffer, and subjected 

to SDS-PAGE and immunoblotting. 
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2.4.10 Chromatin Immunoprecipitation (ChIP) 

For each immunoprecipitation, a 50 ml culture of cells was grown tomid-

log phase in the indicated media. Cross-linking was achieved by addition of 1.4 

ml of formaldehyde to give a final concentration of 1%. Cells were cross-linked 

for 20 min at room temperature, followed by overnight incubation at 4°C with 

constant mixing. Excess formaldehyde was quenched by addition of 2.5 M 

glycine to a final concentration of 125 mM for 5 min at RT. Cells were then 

harvested and washed four times in cold TBS. Cell pellets were transferred to 15 

ml falcon tubes and resuspended in 400 u.l ChIP lysis buffer [50 mM HEPES-

KOH pH 7.5, 140 mM NaCI, 1 mM EDTA, 1% Triton X-100, 0.1% Na-

deoxycholate, 1X protease inhibitor cocktail (Sigma)] and sonicated on ice to 

generate average chromatin fragments of 500 bp. Ste12-DNA complexes were 

incubated overnight with 30 \i\ of magnetic Protein G beads (Dynal) pre-coupled 

to anti-Ste12 anti-serum (4 \x\ of anti-serum per 30 uJ beads). Beads were 

washed twice with 1 ml ChIP lysis buffer, twice with ChIP lysis buffer containing 

360 mM NaCI, twice with wash buffer [10 mM Tris-HCI pH 8.0, 250 mM LiCI, 

0.5% NP-40, 0.5% Na-deoxycholate, 1 mM EDTA), and once with TE [50 mM 

Tris-HCI pH 8.0, 10 mM EDTA]. Each wash lasted for 5 min on a nutator at 4°C, 

and beads were separated in a magnetic device (Dynal) between each wash. 

Washed beads were resuspended in Elution buffer (TE containing 1% SDS) and 

heated to 65°C for 15 min with periodic vortexing, followed by overnight 

incubation at 65°C to reverse cross-links. The next day, 140 u-l TE, 2 \i\ of 10 

mg/ml glycogen and 7.5 \i\ of 20 mg/ml proteinase K (Invitrogen) were added and 
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samples incubated at 37°C for 2 h. Precipitated DNA was extracted twice with 

phenol, and once with phenol/chloroform/isoamyl alcohol before purification on 

Qiagen mini-columns. Recovered DNA was subject to standard PCR in 15 uJ 

volumes with Platinum Taq DNA polymerase and 0.1 uJ of 3000Ci/mmol a - 3 2 P-

dCTP per reaction. Cycles began with an initial denaturing at 95°C for 4 min, 

followed by 21 cycles of 95°C for 30 sec , 50°C for 30 sec, 72°C for 30 sec. PCR 

products were resolved on acrylamide gels, dried and exposed to 

phosphorimager screens (Molecular Dynamics). 
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Chapter 3 Regulation of Ste12 by Dig1 

3.1 Foreword 

Pheromone responsive transcription is positively regulated by Ste12, and 

heterologous over-expression of Ste12 can induce a FUS1-\acZ reporter gene. 

When I initiated the experiments described in this chapter, ste12 deletion 

mutants that induced FUS1 transcription in wild-type, but not ste12 strains had 

been identified (154). Because these Ste12 fragments lacked residues necessary 

for DNA binding, it was proposed that their over-expression was inducing 

transcription of Ste12 regulated genes by titrating a negative regulator from 

endogenous WT Ste12. This interpretation was supported by in vitro data 

demonstrating that Dig1, the sought after direct inhibitor, interacted directly with 

these Ste12 fragments. The relationship between Ste12 and Dig1 was thus 

reminiscent of that between Gal4 and Gal80, in that in both cases, the negative 

regulator (Dig1 or Gal80) interacted directly with residues identified as the major 

activation domain. These data suggest Dig1 inhibits Ste12 by competing with 

holoenzyme targets for access to Ste12 residues. 

This model of Ste12 regulation held true until it was observed that over-

expression of the aforementioned deletion fragments also induced F U S 1 

expression in a d i g l strain. Thus co-expression of Ste12 fragments could not be 

inducing endogenous Ste12 by titrating Dig1. 
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The experiments described in this chapter were designed to identify the 

mechanism of Ste12 induction, and in particular to explore the regulation of 

Ste12by Dig1. 

3.2 Results and Discussion 

3.2.1 Digs are inhibitors of Ste12 

Dig1 and Dig2 negatively regulate pheromone response by preventing 

Ste12 from activating transcription. Direct interaction between the Digs and 

Ste12 has been demonstrated (154), but the mechanism of how they modulate 

Ste12 activity remains unclear. Recruitment of factors to promoters could prevent 

transcription of adjacent genes by at least two distinct mechanisms. Factors 

could directly repress transcription by affecting the architecture of chromatin. 

Such proteins harbor an intrinsic activity that either enzymatically modifies 

components (i.e. HDAC) of chromatin, or recruits such entities. Tup1, is an 

example of such a repressor, defined as a factor that can exert a negative affect 

on transcription of a heterologous gene if artificially recruited to its promoter. In 

other words, artificial recruitment of such factors will cause repression of 

transcription at any locus. 

The second mechanism by which a negative regulator could limit 

transcription is by antagonizing the activity of a positive effector of transcription. 

A classic example of this type of regulator is the Gal80 protein, which binds to 
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and sterically masks the Gal4 activation domain. By definition Gal80 is an 

inhibitor, and can only negatively regulate transcription that is dependent on a 

specific activator, in this case Gal4. 

To determine if the Digs are inhibitors or repressors I tested their ability to 

repress transcription of a constitutive reporter gene when artificially recruited to 

its promoter. WT yeast harboring the constitutive CYC1-6lex-lacZ (LexA o p s ) or 

the CYC1-lacZ (control) reporter gene were transformed with either LexA, or 

LexA fused to the entire open reading frame of Dig1 (Lex-Dig1) or Dig2 (LexA-

Dig2). None of the constructs had an effect on transcription of the control 

reporter lacking LexA operators (Figure 3.1, open bars). Consistent with the 

notion that the Digs are direct inhibitors of Ste12, expression of either LexA-Dig 

fusion had no significant effect on the constitutive reporter harboring 6 LexA 

operators. Thus unlike LexA-Tup1 or LexA-Rpd3, which constitutively repress 

transcription of this reporter (93), the Dig proteins specifically regulate Ste12 

function. These results are supported by subsequent genome wide microarray 

studies which demonstrate that the vast majority of genes derepressed in 

dig1dig2 strains require STE12 for their expression (173). 

3.2.2 The Ste12 activation domain lies between residues 262 and 
356 

In the absence of pheromone there is minimal transcription from PREs, 

and despite nearly 20 years of study, the mechanism by which Ste12 is 
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converted to a potent transcriptional activator is unclear. Signaling events 

upstream of the MAP kinases Fus3 and Kss1 are relatively well defined, but 

remarkably little is known about subsequent steps in Ste12 activation. A better 

understanding of pheromone responsive transcription requires identification of 

the minimal pheromone response domain on Ste12. A previous study identified 

Ste12 residues 301-335 as the pheromone induction domain. Removal of this 

peptide from Ste12 rendered the activator unresponsive to mating pheromone, 

and addition of this short sequence to the Gal4 DBD conferred pheromone 

responsiveness to a G A L 7"-lacZ reporter (163). Furthermore, Dig1 and Dig2 

were shown to interact with this region of Ste12, suggesting the basis of 

pheromone induction involved dissociation or antagonism of the Dig proteins 

(163). 

Several experiments are in conflict with this report. For example a 

previous student demonstrated that the Dig proteins interact with separate 

regions of Ste12 both in vivo, and in vitro (154). Because the association of both 

Digs with the Ste12 301-305 was only demonstrated by two-hybrid interaction, 

and because the yeast strain used contained endogenous Ste12, Dig1, and Dig2, 

this observation could be the result of an indirect interaction, potentially bridged 

by any of the above proteins. To test this hypothesis I assayed the ability of 

various Ste12 fragments to activate transcription when artificially recruited to a 

heterologous reporter gene in the yeast strain YCN7 (ste12, digl, dig2), which is 

devoid of Ste12, Dig1 and Dig2. Ste12 fragments were fused to the bacterial 
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Figure 3.1 Dig1 and Dig2 cannot repress transcription. 

Transformants of yeast strain YA06 bearing the pLGA312s(LexAoPS-lacZ) 

reporter gene (closed bars), or operator-less control reporter (open bars), and 

plasmids expressing either LexA (vector) or LexA fused to Dig1 (LexA-Dig1) or 

Dig2 (LexA-Dig2) were grown to mid-log phase in selective media, and p-

galactosidase activity measured. 
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LexA protein and transcription from a LexA o p s-lacZ reporter gene was measured. 

Fusing Ste12 (216-688), (216-500) or (216-474) to LexA created a strong 

transcriptional activator even in uninduced cells. This supports the notion that 

inhibition of Ste12 requires the Digs (Figure 3.2). N-terminal truncations to amino 

acid 262 did not adversely affect transcriptional potency, but truncation at amino 

acid 356 prevented activation by LexA-Ste12 (Figure 3.2, 356-688). These 

results indicate that the minimal activation domain of Ste12 resides between 

amino acids 262 and 356, a region overlapping with, but much larger than the 

previous described pheromone induction domain. 

3.2.3 The Ste12 activation domain is pheromone responsive. 

Despite ample conjecture, the mechanism for activation of Ste12 remains 

unresolved. Several experiments demonstrate that inhibition by Dig1 and Dig2 

must be overcome to fully activate Ste12, but it is not clear if Fus3 or Kss1 

modify Ste12, the Digs, or both. The Digs and Ste12 are substrates for the 

MAPKs Fus3 and Kss1 in vitro, suggesting that phosphorylation of the Digs 

and/or Ste12 results in activation of pheromone responsive transcription (15, 38, 

57, 202). This model has never been formally tested but is widely accepted. To 

determine if a signal is communicated directly to Ste12 I assayed LexA-Ste12 

fusions in the yeast strain YCN7, which lacks both Dig1 and Dig2. Cells were 

grown to mid-log phase and LexA o p s-lacZ activity was assayed before and after 

treatment with alpha factor (Figure 3.2). Without regulation by Dig1 and Dig2, 

78 



Dig1 regulation ofSte12 

Figure 3.2 Residues 262-474 contain the Ste12 activation domain which is 
pheromone responsive. 

The yeast strain YCN7 (ste12 digl dig2) bearing the multicopy reporter pSH18-

34 (LexAops-LACZ) was transformed with pMHLex expressing LexA (vector) or 

the LexA-Ste12p expression plasmids plS182 (216-688), plS184 (216-500), 

plS183 (216-474), plS187 (262-688), plS188 (356-688), plS189 (403-688), and 

plS194 (450-688). Cells were harvested at mid-log phase and transcriptional 

activation by LexA fusions was assayed prior to (open bars) and after (closed 

bars) addition of alpha factor to a final concentration of (2 H.g/ml). Results are an 

average of three independent determinations, with standard deviation shown. 
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LexA-Ste12 (216-688) is a strong activator, even in the absence of pheromone 

(open bars, compare with Figure 3.3). However, treatment with mating 

pheromone increased activation by this construct approximately two-fold. The 

activation domain of Ste12 must reside very close to, or contain, residues 

targeted in response to pheromone, as each construct that activates transcription 

(LexA fused to (216-688), (216-500) and (216-474)) was comparably induced by 

treatment with pheromone. Indeed further deletions could not separate residues 

required for basal and induced transcription (T. Malcolm, personal 

communication). These results support previous reports which indicate that the 

major mechanism for pheromone induction involves neutralization of Dig 

mediated inhibition, but clearly the Ste12 activation domain itself responds to 

pheromone signaling, suggesting that multiple factors are targeted to induce 

transcription of Ste12 regulated genes in response to pheromone. Future work 

to elucidate the means by which Ste12 is induced, including the dependence of 

this phenomena on upstream components of the pheromone response pathway 

is required. It is possible that Fus3 or Kss1 phosphorylate Ste12 to increase 

transcriptional potency, and implementation of kinase-inactive alleles of these 

MAPKs will be required to distinguish between this possibility and the reported 

direct inhibition of Ste12 by unphosphorylated Fus3 and Kss1 (39). 

3.2.4 Dig1 interacts with the Ste12 activation domain in vivo and in 
vitro 
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In vitro studies performed in our lab demonstrated that Dig1 and Dig2 

interact with separate regions of Ste12, with the implication that they regulate 

Ste12 by independent mechanisms. GST-Dig1 interacts with the central 

activation domain of Ste12 (residues 216-547), while GST-Dig2 interacts with the 

N-terminal DNA binding domain (residues 21-195) (154). This is in contrast to a 

previous report, which suggests that both Dig1 and Dig2 interact with the same 

central region of Ste12 responsible for transcriptional activation (163). To 

address this discrepancy I tested activation by LexA-Ste12 derivatives in d i g l 

and d i g 2 strains. Consistent with previous reports, I found that LexA-Ste12 (1-

688), and LexA-Ste12 (216-688) were weak transcriptional activators in the 

absence of pheromone (Figure 3.3). Deletion of d i g l but not d i g 2 elevated 

transcription by LexA-Ste12 (216-688) but not LexA-Ste12 (1-688), indicating that 

only Digl is capable of inhibiting the Ste12 C-terminus. LexA-Ste12 (1-688) 

must be regulated by both Digl and Dig2 as disruption of either d i g l or dig2 

could not derepress this hybrid in the absence of pheromone. Together with the 

observation that Dig2, but not Digl, can inhibit activation by Ste12 (1-215)-VP16 

(154), these data support the view that Digl and Dig2 inhibit Ste12 via interaction 

with separate regions of Ste12. 

3.2.5 Ste12 multimerization requires C terminal residues 

Previous studies examined the effects of overproduction of Ste12 C-

terminal fragments with the rationale that they would activate endogenous Ste12 

by competing for inhibitor proteins. Since this effect is not mediated by 
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Figure 3.3 Ste12 (216-688) is inhibited by Dig1 but not Dig2. 

Yeast strains YA06 (WT), MT1154 (digl) or MT1147 (dig2) harboring the 

pSH 18-34 LexAops-\acZ reporter were transformed with plasmids expressing 

either LexA, LexA-Ste12(1-688) or LexA-Ste12(216-688). Cells were grown to 

mid-log phase and p-galactosidase activity measured. Results are the average 

of three separate determinations, with standard deviation shown. 
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Figure 3.4 Ste12 C-terminal fragments co-immunoprecipitate in vitro. 

Sf9 extracts prepared from cells infected with 6his-Ste12 recombinant 

baculovirus (input, lane 5) were incubated with extracts from E. coli expressing 

6his-Gal4 DBD (6H-G4, Iane4), or 6H-G4 fused to Ste12 residues 216-688 

(lanel), 216-473 (lane 2), or 474-688 (Iane3). Gal4 fusions were recovered by 

immunoprecipitation with Gal4 DBD monoclonal antibody, and the interacting 

Ste12 protein was detected by immunoblotting with Ste12(1-215) antibodies 

(top). Input 6H-GH fusion protein was demonstrated by blotting with Gal4 DBD 

antibody (bottom). 
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sequestering of Digl, I tested if direct interaction between full-length endogenous 

Ste12 and overproduced C-terminal fragments could be responsible for the 

observed FUS1 induction. The ability of Ste12 fragments to interact with WT 

Ste12 was tested directly by co-immunoprecipitation of recombinant proteins. 

Ste12 residues (216-688), (216-473) and (474-688) were fused to the Gal4 DNA 

binding domain and expressed in E. coli. Crude extracts containing these hybrid 

proteins were incubated with extracts from Sf9 cells infected with 6his-Ste12 

generating baculovirus (Figure 3.4, (top) Input). Immunoblotting of Gal4 

immunoprecipitates with antibodies to the Ste12 DBD (1-215) allowed detection 

of co-precipitating full length Ste12. Full length Ste12 was not detectable in Gal4 

DBD immunoprecipitates but was recovered when Ste12 (216-688), (216-473) 

and (474-688) were expressed as fusions to the Gal4 DBD. This indicates that 

multiple sequences flanking Ste12 amino acid 473 can facilitate Ste12-Ste12 

interaction in vitro. 

WT Ste12 was also recovered by protein affinity chromatography when 

Ste12 residues (216-594) were fused to GST. In attempts to further define 

regions capable of promoting Ste12 multimerization, I tested the ability of smaller 

GST-Ste12 fragments to recover full length Ste12 from S f 9 cell extracts. 

Although GST alone was not capable of co-precipitating Ste12, GST fused to 

Ste12 amino acids 216-594, 216-500, 262-688, 356-688 or 450-688 could 

recover full length Ste12 (Figure 3.5). These results strongly suggest that the C-

terminus of Ste12 harbors multiple peptide sequences involved in direct Ste12-

Ste12 interaction. Because the C-terminus has been previously implicated in 
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Figure 3.5 Ste 12 multimerization is mediated by C-terminal residues in 
vitro. 

Sf9 extracts prepared from cells infected with 6his-Ste12 recombinant 

baculovirus (input, lane 1) were incubated with recombinant GST (lane 2), or 

GST fused to Ste12 residues 216-594 (lane 3), 216-500 (lane 4), 262-688 (lane 

5), 356-688 (lane 6), or 450-688 (Iane7). Ste12 complexes were recovered with 

glutathione agarose, resolved by SDS-PAGE and full length Ste12 detected by 

immunoblotting with Ste12 (1-215) polyclonal antibodies. 
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auto-regulation, these results raise the possibility that activity of Ste12 may be 

controlled by formation of dimer-, oligo- or, multimeric complexes. 

3.2.6 Overproduction of the Ste12 C-terminus induces transcription 
through direct interaction with endogenous Ste12 in vivo. 

Heterologous expression of the Gal4 C-terminus can activate the G A L 

genes by competing for Gal4's direct inhibitor Gal80. Similarly, over-expression 

of Ste12 (216-688), a derivative which lacks the DNA binding domain, activates 

pheromone inducible F U S 1 gene. Since induction of pheromone responsive 

transcription requires endogenous Ste12, but not Digl, I tested if this effect might 

be mediated by direct interaction between Ste12 (216-688) with WT Ste12. To 

test this model in vivo I assayed the ability of Ste12 C-terminal fragments to 

interact with LexA-Ste12 fusions in a modified two-hybrid system. LexA-Ste12 

(356-688) and LexA-Ste12 (450-688) are incapable of activating transcription 

because they lack the central transcriptional activation domain (Figure 3.2), and 

were selected as bait molecules. Co-expression of Ste12 (216-688), which 

contains regions necessary for both activation (Figure 3.2) and multimerization in 

vitro (Figures 3.4 and 3.5), caused activation of reporter gene expression in cells 

containing both LexA-Ste12 C-terminal fusions but not with LexA produced on it's 

own (Figure 3.5 LexA-Ste12 Prey 216-688). As predicted by the "piggybacking" 

model, co-expression of Ste12 (356-688), which lacks an activating region but is 

capable of interacting with Ste12 in vitro (Figure 3.2) could not activate either 
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Figure 3.6 The Ste12 C-terminus mediates multimerization in vivo. 

The yeast strain YCN7 (ste12 digl dig2) bearing the multicopy reporter pSH18-

34 (LexAoPs-LACZ) and the pMHLex (LexA vector) or the LexA-Ste12 bait 

plasmids plS188 (356-688), or plS194 (450-688) were co transformed with 

vectors expressing the indicated Ste12 fragments from a galactose inducible 

promoter. Cells were grown to mid log phase, induced with galactose for 2 h and 

p-galactosidase activity measured. The results represent three independent 

determinations with standard deviation shown. 
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LexA-Ste12 bait (Figure 3.5, Ste12 Prey 356-688). Overproduction of Ste12 

(215-500), which contains Ste12's activating region induced reporter expression 

weakly suggesting that this construct may not interact as efficiently with Ste12 in 

vivo as is does in vitro. In support of this notion, this construct activates well 

when recruited to DNA by the LexA DBD (Figure 3.2), but cannot induce F U S 1 

expression when exogenously expressed on its own (154). 

3.3 Conclusions 

Data presented in this chapter provide insight into the nature of Ste12 

activation, and the relationship between Dig1 and Ste12. The observation that 

overexpression of Ste12 fragments could induce F U S 1 transcription in WT but 

not ste12 cells resembled pioneering experiments which led to the identification 

of Gal80 as a direct inhibitor of Gal4 (129). It was thus thought that Ste12 C-

terminal fragments must bind to a negative regulator, and cause induction of 

endogenous Ste12 by sequestering an inhibitor. Instead Ste12 induction under 

the above circumstances is a result of accumulation of Ste12 molecules, and 

does not appear to involve competition for Dig1 or Dig2. The Ste12 activation 

domain was identified by assaying activation potential of Ste12 fragments in the 

absence of known inhibitor proteins. Since the minimal activation domain retains 

some pheromone inducibility in a d i g strain, full induction of transcription by 

Ste12 involves a second mechanism in addition to dissociation of Dig1 and Dig2. 

It remains possible that another protein dissociates from Ste12 upon pheromone 
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treatment. Likely candidates are the MAPKs Fus3 and Kss1, which are known to 

interact with and directly inhibit Ste12. However, since the ability of Kss1 to 

inhibit Ste12 is dependent on Dig1 (6), this model is less favored than the 

possibility of direct modification of Ste12 by the MAPKs. Because MAPK 

mediated repression of Ste12 does not require kinase activity, implementation of 

kinase deficient alleles of both MAPKs should distinguish between these two 

models. 
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Chapter 4 Srb10 phosphorylates Ste12 

4.1 Foreword 

Cyclin dependent protein kinases (CDKs) gained notoriety for their control 

of cell cycle progression, but not all CDK/cyclin complexes have roles in the 

progression of cell division. The CDK8/cyclinC complex is conserved amongst 

eukaryotes. The yeast genes SRB10 (CDK8) and SRB11 (cyclin C) were 

identified as suppressors of RNA Polymerase II C-terminal domain truncations 

(204). Subsequently found to be components of the mediator complex of the 

RNA polymerase II holoenzyme machinery (79), this CDK/cyclin pair has a 

negative influence on transcription and interacts directly with the carboxyl-

terminal domain (CTD) of RNA Polymerase II. The observation that Srb10/11 

could phosphorylate the CTD heptapeptide repeat provided the first model for 

how this CDK could regulate gene expression (119). However in rich media, 

abolishing Srb10 activity in vivo results in derepression of 173 genes (3% of the 

genome), many of which are involved in various stress responses (86). CTD 

modification does not account for this observation, which suggests that this 

kinase must mediate transcription via targets less ubiquitous than the CTD. 

Experiments described in this chapter demonstrate that Srb10 directly 

phosphorylates the transcriptional activator Ste12. I identify two serine residues 

on Ste12 that are phosphorylated by Srb10 in vitro and required for 

phosphorylation by Srb10 in vivo. Mutation of these sites to alanine results in 

elevated FRE dependent transcription, and hyperfilamentpus growth. The ability 
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of SrblO to phosphorylate Ste12 is dependent on fermentable carbon, an 

observation that is consistent with the model of SrblO activity being sensitive to 

environmental and nutritional stress. 

4.2 Results and Discussion 

4.2.1 Hyper-filamentous growth of srblO strains requires STE12 and the 
STE-MAPK pathway 

The observation that deletion of srbW causes constitutive haploid invasive 

growth in various lab strains has been documented by others (86). Since Ste12, 

and the pheromone response MAPK cascade, positively regulate transcription 

from filamentous response elements (120) (FREs), I created srbW ste12 double 

mutants to address if Ste12 was required for the hyperfilamentous phenotype of 

srblO mutants. Haploid invasive growth is scored by a plate-washing assay 

(175). Cells are streaked or patched on rich media, and allowed to grow for 3 

days, when plates are washed under a gentle stream of water; attachment of 

cells after washing defines the invasive phenotype. In some genetic 

backgrounds filamentous growth also manifests itself as grainy, rippled colonies 

(Figure 4.1). Deletion of s r b W caused hyper-invasive growth in both W303, and 

21278b genetic backgrounds (Figure 4.1, srblO). Disruption of ste12 in 

conjunction with srblO reduced both abnormal morphology and cell attachment 

(Figure 4.1, srb10ste12) indicating that expression of some genes derepressed in 

srblO backgrounds requires STE12. 
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Figure 4.1 Hyperfilamenation of haploid srb10 strains requires Ste12 and 
the pheromone response MAPK cascade 

A) Filamentous colony morphology of 21278 strains. Haploid strains 

HLY333(WT), YCN44 (srbW), YCM0(srb10,ste12), and YCN38(srM0, ste11) 

were allowed to form colonies at 30°C for 5 days when representative colonies 

were photographed. B) W303-1A (WT), YCN3 (srbW), or YCN6 {srb10ste12) 

yeast were assayed for invasive growth after growth on YEPD for three days. 

Plates were photographed before and after gentle washing under a stream of 

water. 
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One possible interpretation of this data is that SrblO simply inhibits Ste12, 

and deletion of the CDK alleviates this regulation, resulting in constitutive 

transcription from FREs. Under this scenario, Ste12 activity would be uncoupled 

from upstream signals conveyed through the pheromone response MAPK 

pathway. Alternatively, since SrblO is a component of the RNA Polymerase II 

holoenzyme machinery, regulation of Ste12 could be dependent on interaction 

with the activator during initiation of transcription. In this model Ste12 would 

have to activate transcription in order to be regulated by SrblO. The MEKK 

STE11 is required for both pheromone and filamentous response and deletion of 

ste7" 7 eliminates basal transcription of Ste12 regulated genes (60, 175). Thus, to 

clarify how SrblO regulates Ste12, I examined the effect of deleting s t e 1 1 in 

conjunction with s r b l O . Haploid 21278b strains lacking ste11 and srbW 

displayed severely reduced filamentous colony morphology (Figure 4.2, 

srb10ste11), and isogenic diploids displayed a parallel decrease in pseudohyphal 

growth when compared to srblO STE11 counterparts (Figure 4.2B). Disruption 

of ste 11 also returned FRE-dependent transcription to levels below that of WT, 

confirming that an intact STE-MAPK cascade is essential for elevated 

filamentous responsive transcription of srblO yeast (Figure 4.2A). Since 

impairment of the STE-MAPK signal prevents haploid and diploid srblO yeast 

from developing filaments, and activating transcription of an FRE dependent 

reporter gene, I conclude that SrblO must exert its effect on Ste12 only after 

Ste12 activates transcription. Ideally one would like to directly test this 

hypothesis by examining the phosphorylation state of Ste12 derivatives 
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Figure 4.2 Deletion of srbW elevates diploid pseudohyphal growth in a 
STE-MAPK dependent manner 

A) The yeast strains L5366 (WT), MLY216a/ct (ste12/ste12), 

MLY183a/ct(tec 1/tec 1), YCN60(srb 10/srb 10), YCN80(srb 10/srb 10,ste 12/ste 12), 

and YCN81 (srbl0/srb10, ste11/ste11) bearing an FRE-lacZ reporter were grown 

to mid-log phase in selective media and assayed for p-galactosidase activity. 

Results are an average of three determinations with standard deviation shown. 

B) The indicated strains described in A) were streaked on SLAD media and 

photographed after 3 days growth at 30° 
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incapable of binding DNA as this approach convincingly showed that Gal4 is 

phosphorylated as a consequence of activation (184). This experiment is 

technically impossible to perform on Ste12 because alleles lacking the DNA 

binding domain can associate with promoters via interaction with other 

transcription factors like Mcm1, which is encoded by an essential gene. The 

requirement of a functional STE-MAPK pathway for filamentous response has led 

to the suggestion that this signaling pathway must receive, decipher and transmit 

separate signals for pheromone and filamentous response within the same cell 

(Figure 1.2). Since signal integrity is maintained (pheromone does not stimulate 

invasive growth, and nutrient deprivation does not induce mating), it appears that 

this MAPK cascade transmits separate signals. However despite great efforts, no 

stimulus or receptor has been identified that regulates this MAPK cascade in 

response to nutrient deprivation. 

The data I present here offer a simpler explanation for the requirement of 

the STE-MAPK in yeast filamentous response. The critical observation that 

seems to have been overlooked is that Ste12 activity, and expression is 

dependent on upstream components. Because hyperactivity of Ste12 in an 

srb10 strain is still dependent on STE11, a simpler interpretation of published 

data is that the only requirement of the STE-MAPK in filamentous growth is to 

provide Ste12 activity at low basal levels. Results in Chapter 4 and 5 suggest 

that an independent Srb10 dependent pathway modifies the potency of basally 

active Ste12, and this pathway regulates filamentous response. 
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4.2.2 SrblO phosphorylates Ste12 in vitro 

Because hyperfilamentous growth of s r b W strains requires Ste12 activity, 

I wondered if SrblO directly regulated Ste12 by phosphorylation. Srb10/Srb11 

complexes purified in a baculoviral expression system are capable of 

phosphorylating Gal4 and the RNA polymerase CTD in vitro (84). I tested the 

ability of this purified complex to directly phosphorylate full-length recombinant 

Ste12. Srb10/11 could phosphorylate recombinant Ste12, but not GST-Dig1 or 

GST-Dig2 in vitro (Figure 4.3). Phosphorylation was dependent on SrblO kinase 

activity as Ste12 was only weakly phosphorylated when incubated with a kinase-

inactive allele of Srb10D290A (Figure 4.3, lane 2). Tryptic phosphopeptide 

analysis of Ste12 recovered from in vitro kinase reactions produced two 

phosphopeptides (Figure 4.3A, spots 3 and 4), indicating that SrblO could 

directly modify at least two residues on Ste12. Human p 4 2 E R K 2 can also 

phosphorylate Ste12 in vitro (Figure 4.3A, p42 E R K 2 ) , however based on tryptic 

phosphopeptide analysis, this kinase phosphorylates different residues on Ste12, 

indicating that Srb10/11 complexes retain some substrate specificity in vitro 

(Figure 3.4B, p42 E R K ) . 

To determine if SrblO phosphorylated Ste12 in vivo, yeast expressing 

Ste12 from a galactose inducible promoter were labeled with 3 2 P orthophosphate, 

and Ste12 recovered by immunoprecipitation. Ste12, expressed in haploids or 

diploids, is a heavily phosphorylated protein in vivo, as tryptic phosphopeptide 
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Figure 4.3 Ste12 is phosphorylated by Srb10 in vitro. 

A) In vitro kinase assays were performed with purified recombinant WT Srb10/11 

(lanes 1,3 and 4) or kinase mutant D290A Srb10/11 (lane 2) and recombinant 

WT Ste12 (lanes 1 and 2), GST-Dig1 (Iane3) or GST-Dig2 (lane 4). The 

presence of GST -Dig l and GST-Dig2 is demonstrated by anti-GST Western 

blotting (lanes 5 and 6, W.b.) B) Left, Srb10/11 complexes phosphorylate two 

peptides in vitro (labeled 3 and 4). Right, In vitro phosphorylation of Ste12 with 

p 4 2 ERK2 produces phosphopeptide 1, which migrates as a doublet in the 

chromatographic dimension, probably due to cysteine/methionine oxidation-state 

isomers. The author acknowledges K. Lund for performing kinase assays in 

panel A). 
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analysis of in vivo labeled Ste12 produced at least 8 phosphopeptides, with a 

migration pattern resembling a previous report (89) (Figure 4.4, WT). The 

phosphorylation pattern of Ste12 recovered from s r b W cells lacked two 

phosphopeptide spots, previously numbered 3 and 4 (89)(Figure 4.4, srb10). 

Since phosphopeptides 3 and 4 produced from in vitro phosphorylation with 

Srb10/11 complexes co-migrate with phosphopeptides 3 and 4 from in vivo 

labeled Ste12 (Figure 4.6), I concluded that Srb10 directly phosphorylates two 

Ste12 residues. 

4.2.3 Serine 261 and Serine 451 are directly phosphorylated by Srb10 

After establishing that Srb10 directly phosphorylated Ste12, I wanted to 

identify the sites of phosphorylation. CDK consensus sites are weakly defined by 

a serine or threonine followed by a proline (S/T-P). Ste12 has 66 serines and 

threonines with 10 CDK consensus sites. Previous analysis of Ste12 

phosphorylation localized 6 phosphorylations to the central third (216-473) of the 

protein, and identified serine 261 as the phosphorylation site producing 

phosphopeptide 3 (88). Analysis of the in vivo phosphorylation state of a Ste12 

(S261A) confirmed this observation, as phosphopeptide 3 is absent from tryptic 

maps of this protein (Figure 4.6, S261A). Furthermore, recombinant Ste12 

(S261A), mutant protein, produced in baculovirus, is not phosphorylated by 

Srb10/11 complexes in vitro (Figure 4.7). These data indicate that Ste12 (S261) 

is phosphorylated by Srb10. 
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Figure 4.4 SrblO is required for production of Ste12 phosphopeptides 3 and 
4 in vivo 

Wild type (WT) or srblO yeast strains expressing the STE12 from a galactose 

inducible promoter were labeled with [32P]-orthophosphate and Ste12 protein was 

recovered by immunoprecipitation and subjected to tryptic phosphopeptide 

analysis as described in Materials and Methods. 
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Deletion analysis indicated that the phosphorylation responsible for 

production of phosphopeptide 4 must reside between amino acids 216 and 473 

(88), a region of Ste12 that is highly acidic and contains 14 phosphorylatable 

tryptic peptides (88) (Table 3.1). Tryptic phosphopeptide mapping resolves 

peptides based on their charge to mass ratio (1 s t dimension) and hydrophobicity 

(2 n d dimension). The distance traveled in the first dimension is thus a function of 

the amino acids contained in that peptide, and the pH at which electrophoresis is 

carried out. 

Similarly, averaging the empirically determined Rf values of the 

constituent amino acids can approximate peptide migration in the second 

dimension. To compile a list of putative phosphorylation sites that could 

generate phosphopeptide 4,1 calculated the electrophoretic and chromatographic 

mobilities of all phosphorylatable tryptic peptides between amino acids 216 and 

473 (Table 5). It is important to note that calculated mobilities are usually 

accurate at predicting the relative migration of peptides within a given sample. In 

other words, one cannot define the precise distance a phosphopeptide will travel, 

but can usually predict where a phosphopeptide will resolve compared to 

another. When plotted in 2 dimensions, two candidate peptides were predicted 

to migrate with the properties of phosphopeptide 4 (Table 5 and Figure 4.5); 

below and to the left of phosphopeptide 3. 
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Table 5. Predicted tryptic phosphopeptide mobilities of Ste12 (216-473)*. 
Position Resulting Phos- Peptide Peptide Peptide Charge/Mas Rf 
of Tryptic Peptide phoryl- Length Mass charge'1' s 
cleavag atable? (AAs) (Da) (pH 1.9) (charge/Day 
e x10"3 

222 A 2RPSSTTK Y 7 775.419 +2 2.58 0.341 
229 B SDNSPPK Y 7 743.345 +1 1.35 0.309 
236 C LESENFK Y 7 865.418 +1 1.16 0.411 
272 D DNELVTVTNQ Y 36 3908.899 +1 0.26 0.429 

PLLGVGLMD 
DDAPESPSQI 
NDFIPQK 

295 E LIIEPNTLELN Y 23 2585.359 +2 0.77 0.469 
GLTEETPHDL 
PK 

299 F NTAK Y 4 432.233 +1 2.31 0.278 
301 G GR N 2 231.133 np np np 
349 H DEEDFPLDYF Y 48 5493.450 +1 0.18 0.469 

PVSVEYPTEE 
NAFDPFPPQA 
FTPAAPSMPI 
SYDNVNER 

360 I DSMPVNSLLN 
D 

Y 11 1244.618 +1 0.80 0.422 

379 J 
r\ 
YPYQLSVAPT Y 19 2092.063 +1 0.48 0.479 
FPVPPSSSR 

386 K QHFMTNR Y 7 932.429 +2 2.14 0.366 
395 L DFYSSNNNK Y 9 932.429 +1 1.07 0.342 
397 M EK N 2 275.148 np np np 
409 N LVSPSDPTSY Y 12 1323.638 +1 0.76 0.436 

MK 
430 0 YDEPVMDFD Y 21 2473.016 +2 0.81 0.355 

ESRPNENCT 
NAK 

439 P SHNSGQQTK Y 9 985.458 +2 2.03 0.287 
463 Q QHQLYSNNF Y 24 2859.307 +2 0.70 0.424 

QQSYPNGMV 
PGYYPK 

473 R MPYNPMGGD 
P 

N 10 1077.426 np np np 

t = calculations performed as described (14). 
_=contributes positive charge at pH1.9. 
*= R/KP sequences are not cut by trypsin, thus contribute an additional positive 
charge. 
S/T=phosphorylatable residue 
np= not phosphorylatable 
*= assuming a single phosphorylation 
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Figure 4.5 Predicted mobilities of tryptic phosphopeptides contained in 
Ste12 216-473. 

The relative migration of the tryptic peptides was predicted according to Boyle et 

al (reference 14;Table 5). Letters indicate the peptides listed in Table 5. 
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These peptides would have to be phosphorylated at T405, S445 or S451. To 

test this prediction, site directed mutagenesis was used to create T405A, S445A, 

and S451A alleles of STE12. These alleles were introduced into ste12 yeast, 

and over-expressed protein immunoprecipitated and subjected to tryptic 

phosphopeptide mapping. Mutation of either threonine 405 or serine 445 to 

alanine had no effect on the number or pattern of Ste12 phosphopeptides 

detected (Figure 4.6). In contrast, mutation of serine 451 to alanine produced a 

tryptic phosphopeptide map lacking spot 4 (Figure 4.6), suggesting that this 

serine was the second site directly phosphorylated by Srb10. Consistent with 

this prediction Ste12 (S451A) produced in baculovirus is only weakly 

phosphorylated by Srb10/11 complexes in vitro (Figure 4.7), and phosphopeptide 

analysis confirms that only phosphopeptide 3 is modified when this protein is 

used as substrate (Figure 4.7B, S451A) 

These data demonstrate that Srb10 phosphorylates S261 and S451 of 

Ste12 both in vitro and in vivo. 

4.2.4 Ste12 S261/451 phosphorylation require fermentable carbon 

The activity of the Srb10/11 complex is sensitive to nutrient availability 

(see Introduction). Under conditions of nitrogen starvation, the stimulus that 

triggers pseudohyphal development, Srb10 protein and kinase activity are 

dramatically reduced as measured by kinase assays with immunoprecipitated 

Srb10 (69, 149). Consistent with this observation, Srb10 dependent 
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Figure 4.6 Ste12 S261 and S451 are SRB10 dependent phosphorylation 
sites. 

Yeast strains expressing the indicated STE12 alleles were labeled with [32P]-

orthophosphate and Ste12 protein was recovered by immunoprecipitation and 

subjected to tryptic phosphopeptide analysis. Tryptic phosphopeptides derived 

from SrblO kinase assays (in vitro) and in vivo phosphorylated Ste12 (Panel 1) 

were mixed prior to 2D resolution (Panel 6) to demonstrate that SrblO 

phosphorylates the same peptides in vivo and in vitro. 
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Figure 4.7 SrblO phosphorylates S261 and S451 in vitro. 

A) In vitro kinase reactions were performed with purified recombinant WT 

Srb10/11 and recombinant Ste12 (WT), Ste12 S261A, or Ste12 S451A substrate. 

Lower: Equivalent amounts of substrate protein were present as demonstrated 

by anti-Ste12 immunoblotting. B) Phosphopeptide analysis of in vitro 

phosphorylated Ste 12 S451A from A). 
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phosphorylations are absent from Ste12 recovered from cells shifted to nitrogen 

depleted media (149). 

The C-type cyclin, Srb11, is degraded when cells are denied fermentable 

carbon (40). Since depletion of fermentable carbon is the stimulus that triggers 

haploid invasive growth I reasoned that Srb10 regulation of Ste12 might be 

controlled by carbon source. To determine if the Srb10 dependent 

phosphorylations on Ste12 are sensitive to carbon source I examined the 

phosphorylation state of Ste12 in fermentable (raffinose) and non-fermentable 

(glycerol) carbon sources. Because over-expression of Ste12 causes cell cycle 

arrest, I metabolically labeled WT yeast bearing high copy plasmids expressing 

Gal4 (1-147)-Ste12 (216-688), which cannot induce cell cycle arrest when over-

expressed, but harbors 6 of 8 natural phosphorylation sites. Gal4-Ste12 

recovered from raffinose grown cultures contained all 6 expected 

phosphopeptides, plus an additional peptide presumed to be from an unmapped 

phosphorylation site in the Gal4 DBD (Figure 4.8, Raffinose). In contrast Gal4-

Ste12 recovered from glycerol grown cultures lacked phosphopeptide 3, and 6, 

while phosphopeptide 4 was dramatically under-phosphorylated (Figure 4.8B). 

Quality nitrogen (69), and carbon sources (Figure 4.8) are required for Srb10 

activity towards Ste12, strongly indicating that Srb10 regulates Ste12 activity in 

response to nutrient availability. 
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Figure 4.8 Phosphorylation of Ste12 S261/S451 is dependent on 
fermentable carbon. 

The yeast strain YA06 was transformed with plasmids expressing Gal4(1-147)-

Ste12(216-688) from the A D H 1 promoter were grown to mid-log phase in the 

absence of fermentable carbon. Cells were split and raffinose added to one 

culture for 2 h prior to labeling with 3 2 P orthophosphate. Gal4-Ste12 protein was 

immunoprecipitated from cultures and resolved by SDS-PAGE (A). Labeled 

Gal4-Ste12 isolated from glycerol and raffinose was also subjected to tryptic 

phosphopeptide mapping. 
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4.2.5 Mutation of S261 and S451 to alanine elevates pseudohyphal growth, 
but does not affect pheromone response. 

Yeast lacking srblO are hyperfilamentous with elevated levels of FRE 

dependent transcription (Figure 4.1-4.3, and (78)), indicating that SrblO 

antagonizes Ste12. However, srblO strains mate with normal efficiency, and do 

not exhibit elevated transcription from PREs (78). SrblO thus regulates a 

particular facet of Ste12 activity. To further explore this observation, I 

characterized the behavior of phosphorylation site mutants of Ste12 with the 

rationale that mutation of the SrblO dependent phosphorylation sites should have 

a similar phenotype to deleting SrblO. To measure the effect that S261 and S451 

phosphorylation have on FRE transcription and filamentous response, various 

STE12 alleles were integrated in single copy, to the chromosome of haploid 

ste12 yeast. Integration of WT STE12, under the control of its native promoter, 

to the a d e 8 locus restored pheromone response and invasive growth (Figure 

4.10) to the parent ste12 strain. Complementation with S261A or S451A alleles 

of STE12 alone, or in combination, had no effect on basal or induced pheromone 

response as measured by halo assay or F U S 1 - l a c Z reporter gene expression 

(Figure 4.10). Thus it appears that SrblO phosphorylation does not affect 

pheromone response. Surprisingly, S261A, S451A or S261A/S451A alleles 

behaved as WT when assayed for invasive growth in either W303 or Sigma 

1278b genetic backgrounds (not shown). Repeated attempts in which media, 

incubation time, and washing method were independently varied could not 

identify conditions that would demonstrate a reproducible difference in invasive 
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growth of haploids between any of the described STE12 alleles. In a single cell 

invasive growth assay, subtle increases in filamentous morphology were 

observed with the S T E 1 2 ( S 2 6 1 A / S 4 5 1 A ) allele (P. Cullen, personal 

communication), and occasionally modest differences in cell morphology could 

be observed after plate washing. 

To assay for pseudohyphal development, homozygous diploid strains 

were derived from parental haploids. When streaked on synthetic-low-

ammonium-dextrose (SLAD) supplemented with uracil and adenine for 

auxotrophic requirements, STE12 dependent pseudohyphal development was 

readily detected as colonies with long, multicelled projections emerging from the 

body of the colony (Figure 4.9, STE12). This phenotype was exaggerated if 

STE12(S261A) (Figure 4.9, S261A) or STE12(S451A) (Figure 4.9, S451A) were 

integrated. To measure filamentous responsive transcription, diploids bearing 

integrated STE12 alleles were transformed with an FRE-lacZ reporter, and p-

galactosidase activity measured on cultures shifted to liquid SLAD media for 4 

hours. As observed in haploids, FRE transcription is dependent on STE12 

(Figure 4.9, compare ste12 and STE12). Mutation of either S261A or S451A 

increased FRE transcription by 3-4 times that of wild-type STE12, enforcing the 

hypothesis that Srb10 phosphorylation inhibits Ste12's ability to activate 

transcription from FREs. Mutating both phosphorylation sites elevated 

transcription only marginally compared to single S-A mutants, suggesting that 

both phosphorylations are necessary to inhibit Ste12 activity. 
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Figure 4.9 S261A and S451A alleles elevate pseudohyphal growth and FRE 
dependent transcription. 

A) Homozygous diploid yeast bearing the indicated alleles of S T E 12 were 

streaked on synthetic-low-ammonium-dextrose (SLAD) media and photographed 

after 3 days growth. B) Strain described in A) bearing FREAacZ reporter were 

grown to mid-log phase, shifted to SLAD media for 4 hours and p-galactosidase 

activity measured. Results are the average of three independent measurements, 

with standard deviation shown. 
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Figure 4.10 Ste 12 S261 and S451 do not regulate pheromone response or 
PRE dependent transcription. 

A) The yeast strains MLY216a (ste72), YA01 (WT) or YCN61 (srblO) were 

transformed with plasmids bearing the indicated STE12 alleles and activity of 

integrated F U S 1 - l a c Z reporter measured before (open bars) or after (closed 

bars) treatment with 2 \ig/m\ alpha factor B) Pheromone response halo-assays 

were performed on the strains described in A) by spotting 20 |xg of synthetic a-

factor on sterile discs on a lawn of cells. 
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4.2.6 S261A/S451A mutants do not affect DNA binding of Ste12. 

Mutation of serines 261 and 451 to alanines does not effect basal or 

pheromone inducible transcription from PREs, but FRE dependent transcription 

and pseudohyphal response are elevated. Since separate complexes bind to, 

and regulate transcription from, these sequences, one possible mechanism by 

which Srb10 could differentially regulate Ste12 activity would be to control Ste12 

interaction with these elements. I used chromatin immunoprecipitation (ChIP) to 

measure Ste12 occupancy of known binding sites within promoters of both 

pheromone inducible and filamentous response genes (Figure 4.11). Ste12 was 

readily detectable at the promoters of FUS1 and TEC1 genes, but not at CLN1 or 

HIS4. Strains harboring STE12 alleles with S261A or S451A or both did not 

have altered affinity for FREs (TEC1,Ty1 promoters). This effect was mirrored in 

diploid strains, and demonstrates that phosphorylation of Ste12 on S261 and 

S451 does not regulate the ability of Ste12 to interact with filamentous response 

elements, and thus Srb10 does not inhibit filamentous response by modulating 

Ste12's interaction with FREs. 

4.3 Conclusions 

The results presented in this chapter identify a novel signaling pathway 

that utilizes the RNA polymerase holoenzyme machinery as a means to 

simultaneously transmit information to potentially all gene specific transcription 
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factors. I have demonstrated that SrblO, a CDK in the mediator sub-complex of 

the RNA Pol II holoenzyme, directly phosphorylates Ste12. Using tryptic 

phosphopeptide mapping I identified two serine residues on Ste12 that are 

phosphorylated by SrblO in vitro and required for phosphorylation by SrblO in 

vivo. These phosphorylations, at S261 and S451, have a negative effect on 

Ste12 activity, and filamentous growth as mutation of these sites to alanine 

results in elevated Ste12 dependent transcription, and hyperfilamentous growth. 

The ability of SrblO to phosphorylate Ste12 is dependent on fermentable carbon, 

an observation that is consistent with SrblO activity being sensitive to 

environmental and nutritional stress. Together, these observations support a 

model of SrblO limiting Ste12 activity, and filamentous response in rich media. 

Starvation antagonizes SrblO and stabilizes Ste12 (149), facilitating induction of 

filamentous response genes. Because other transcription factors are also 

regulated by SrblO phosphorylation (30, 84), this pathway appears to coordinate 

expression of diverse gene sets with the growth potential of the cell. 
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Figure 4.11 Srb10 phosphorylation does not regulate Ste12 DNA binding in 
vivo. 

The homozygous diploid yeast strains MLY216a/a(ste7'2;, YCN52(WT), 

YCN57(STE72(S261A/S451A)), and YCN60(srM0) were grown to mid-log 

phase in YEPD, wash three times in SLAD media, resuspended in the same and 

allowed to grow for a further 4 h. Cells were subjected to formaldehyde cross-

linking and chromatin immunoprecipitation as described in Materials and 

Methods. Total genomic DNA (odd numbered lanes) or immunopurified DNA 

fragments (even numbered lanes) were used a templates in multiplex PCR 

reactions containing oligonucleotide primers for the Tyl(FRE), the T e d (FRE), 

the CLN1 promoter, and the HIS4 open reading frame. 
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Chapter 5 Srb10 phosphorylation regulates Ste12 

degradation 

5.1 Foreword 

Phosphorylation can regulate the activity of enzymes by multiple 

mechanisms. Transcription factors positively control gene expression by 

simultaneously associating with components of the RNA polymerase 

holoenzyme, and DNA sequence elements within promoters. Activity of 

transcription factors can be further controlled by interaction with regulatory 

proteins. Ste12 activates transcription from filamentous response genes, and 

this aspect of Ste12 function requires association with T e d and FREs. Digl and 

Dig2 inhibit Ste12, and the role of the MAPKs Fus3 and Kss1 in filamentous 

response is complicated by the fact that Kss1 exerts both positive and negative 

roles in filamentous response. Thus there are several candidate facets of Ste12 

function that could be affected by phosphorylation of S261 and S451. The 

experiments in this chapter address how Srb10 phosphorylation of Ste12 inhibit 

filamentous response, while having seemingly no effect on pheromone response. 

Instead of controlling interaction of Ste12 with DNA or a known regulatory 

protein, I demonstrate that S261 and S451 phosphorylation control the stability of 

Ste12. I then present evidence that activity of the SCF ubiquitin ligase complex 

is required for Ste12 degradation, and although I have not shown Ste12 

ubiquitination directly, I do identify a putative ubiquitination site, as a lysine 

residue which is essential for Ste12 degradation. 
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SrbW controls Ste12 Stability 

5.2.1 Phosphorylation of S261 and S451 promote Ste12 degradation 

Phosphorylation can target proteins for degradation. To determine if 

Srb10 phosphorylation of Ste12 modulates Ste12 protein stability I measured the 

half-life of Ste12 alleles by 3 5 S pulse chase labeling. Ste12 expression was 

placed under control of the GAL1 promoter and a burst of labeled Ste12 protein 

was produced by addition of galactose for one hour, in the presence of 3 5 S 

methionine. Cultures were harvested and shifted to fresh, glucose containing 

media supplemented with 25 mM methionine (t=0), and aliquots removed at the 

indicated times. Following immunoprecipitation, Ste12 was visualized by SDS-

PAGE and autofluorography. Ste12 expressed in WT cells had a half-life of 

approximately 30-40 min (Figure 5.1, Ste12). Mutation of serine 261 and 451 to 

alanine increased Ste12 half-life to beyond 90 min (Figure 5.1, S261A/S451A), 

indicating that Srb10 phosphorylation of these residues likely inhibits Ste12 by 

promoting degradation of the transcription factor. Consistent with this model, the 

half-life of WT Ste12 protein was extended beyond 60 min when expressed in an 

srb10 strain (Figure 5.1, srbW). These observations strongly suggest that Srb10 

antagonizes Ste12 activity by controlling its abundance. 
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Figure 5.1 Stability of Ste12 is controlled by Srb10. 

A) Pulse-chase analysis of Ste12. ste12 or ste12srb10 (srb10) yeast carrying a 

vector control (ste12) or GAL-expression plasmids producing wild-type STE12 or 

STE12 (S261A/S451A) were labeled with [35S]-methionine in the presence of 

galactose for 1 h. Samples were chased into YEPD medium plus 25 mM 

methionine, and Ste12 recovered by immunoprecipitation at the indicated times. 

The experiment was repeated with similar results. B) Quantification of pulse 

chase data. 
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These results can account for the increase in FRE dependent transcription 

and consequent increased filamentous response associated with the STE12 

(S261A/S451A) allele, and srblO strains. However they do not explain why 

mutation of these sites has no effect on pheromone response or PRE driven 

gene expression. A previous report compared STE12 expression in haploid and 

diploid yeast, and found that STE12 mRNA is 5 to 10 fold lower in diploids 

relative to haploids. I observe a similar reduction of Ste12 protein in wild-type 

yeast (Figure 5.2, compare lanes 2 and 3). Together these observations indicate 

that filamentous growth of a diploid cell, which has significantly less Ste12, is 

much more sensitive to Ste12 dosage. This can explain the observation that 

diploid, but not haploid cells exhibit noticeable phenotype when expressing 

STE12 (S261A/S451A). In contrast, srblO yeast are hyperfilamentous in both 

cell types (Figures 4.1 and 4.2), implying that other targets that control 

filamentous response are likely negatively regulated by SrblO. 

5.2.2 Ste 12 degradation requires Cdc34 of SCF 

Transcription of amino acid biosynthetic genes is positively regulated by 

Gcn4, a transcription factor of the basic leucine-zipper (bZIP) family. Under 

conditions of nutrient availability Gcn4 is turned over rapidly, in a ubiquitin 

dependent manner. The SCF ubiquitin ligase complex recognizes 

phosphorylated Gcn4, and targets it for degradation by the 26S proteosome 

(109). Recently, SrblO was identified 
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Figure 5.2 Ste12 expression is low in diploids 

Extracts were prepared from MLY216a(MATa ste12, lane 1), HLY333(MATa, 

lane 2) or L5366(MATa/a, lane 3). Total protein (200 ug) was resolved by SDS-

PAGE, and proteins detected by immunoblotting with antibodies to Ste12 (top), 

or actin (bottom). 
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as one of two CDKs that could phosphorylate Gcn4 and promote its SCF 

dependent degradation when nutrients are readily available (30). 

As Ste12 degradation is also regulated by Srb10 dependent 

phosphorylations in rich media, the SCF ubiquitin ligase complex could be the 

machinery which catalyses Ste12 degradation. To explore if SCF prepares 

Ste12 for degradation, I measured the half-life of Ste12 in temperature sensitive 

mutants of SCF components. To simplify pulse-chase analysis I developed a 

non-radioactive approach to measuring Ste12 abundance. Ste12 was still 

expressed from the G A L 1 promoter but Ste12 protein was detected by 

immunoblotting whole cell lysates instead of immunoprecipitation from 3 5 S 

labeled extracts. After one hour of induction with galactose, glucose and 

cyclohexamide were added to stop transcription and translation of Ste12 

respectively. Also a single flag epitope was added to the C-terminus of Ste12 to 

improve signal to noise ratios of immunoblots. WT Ste12-flag had a half-life of 

approximately 30 min (Figure 5.3), a value comparable to that determined from 

3 5 S labeled pulse chases (Figure 5.1). Components of SCF are essential, so to 

address the importance of this complex in Ste12 degradation, cells bearing a 

cdc34 temperature sensitive allele were transformed with a vector expressing 

galactose inducible Ste12-flag, and cultures were pulsed-chased at the non-

permissive temperature of 37°C. WT Ste12-flag maintained a half-life of 30 min 

in wild-type yeast at this temperature. However SCF activity appears to be 

necessary for proteolysis of Ste12, as the stability of Ste12-flag was extended in 
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Figure 5.3 Ste 12 degradation requires the SCF ubiquitin ligase complex. 

Pulse-chase analysis of Ste12. A) Wild-type yeast (WT) or a strain bearing a 

temperature sensitive allele of the SCF component Cdc34 (cdc34) were 

transformed with a GAL-expression plasmids producing wild-type Ste12-flag and 

were grown to mid-log phase in ura- raffinose media at 25°C. Cells were shifted 

to 37°C for 2 h, when galactose was added to a final concentration of 2%. After 

1 h (pulse), glucose (to 2%) and cyclohexamide (to 10 ng/ml) were added 

(chase, t=0). Samples were removed at the indicated times, resuspended in 

SDS-loading buffer and boiled. Following SDS-PAGE, Ste12 proteins were 

detected by immunoblotting with anti-Flag antibodies. The experiment was 

repeated with similar results. B) Quantification of pulse-chase data. 
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the temperature sensitive cdc34 strain (Figure 5.3, cdc34). It is important to note 

that this observation is not evidence that Ste12 is ubiquitinated, as shifting cells 

to the non-permissive temperature in a cdc34 mutant inhibits ubiquitin 

incorporation throughout the cell. It is entirely possible that the effect is indirect, 

and that ubiquitination of an unknown factor is required for proper degradation of 

Ste12. From these results I conclude that Ste12 degradation is positively 

affected by the SCF ubiquitin ligase complex. Attempts at resolving the relevant 

substrates and the cognate E3 activity are currently underway. 

5.2.3 K463R increases invasive growth 

Srb10 phosphorylates serine 261 and 451 on Ste12 (Chapter 4). 

Alignment of the amino acid sequences flanking these sites reveals moderate 

sequence similarity (Figure 5.4A). Of note were lysines at positions 272 and 463. 

I reasoned that if phosphorylation promoted degradation, these residues could be 

potential sites of ubiquitination, or other covalent modifications. If this hypothesis 

is correct, mutation of target lysines to arginine should stabilize Ste12 and confer 

a hyperfilamentous phenotype. Indeed mutation of lysine 463 to arginine 

resulted in hyperinvasive haploid yeast (Figure 5.4, K463R). This phenotype was 

easily scored in haploid yeast: a phenotype much stronger than that of the Ste12 
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Figure 5.4 K463R mutation elevates filamentous growth. 

A) Ste12 sequences flanking the S261 and S451 were aligned using the blossum 

62 algorithm. Identical residues are shaded. Of note are the lysine residues at 

position 272 and 463 (arrow). B) HLY352 (WT), YCN52(S261A/S451A), 

YCN83(K273R), and YCN84(K463R) were grown to saturation and 25 ^l spotted 

on a YEPD plate and grown at 30°C for 3 days. Plates were photographed 

before and after washing with a stream of water. 
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S261A/S451A mutant. This phenotype indicates that K463 may regulate Ste12 

in the same pathway as S261 and S451, and likely functions downstream of 

phosphorylation. 

5.2.4 Mutation of K463R of STE12 stabilizes Ste12 

Mutation of STE12 K463R increases filamentous response, a phenotype 

resembling that of srbW strains and Ste12S261A/S451A mutants. To determine 

if this lysine residue is also involved in controlling Ste12 protein stability I 

measured the half-life of this mutant by pulse-chase Western blotting as 

described in Chapter 4. Like removal of Srb10 dependent phosphorylations, and 

the Srb10 kinase, mutation of K463R increases the half-life of Ste12 from 30 min 

to greater than 2 h (Figure 5.6). This result implies that modification of this lysine 

could target Ste12 for proteolysis. 

5.2.5 K463 is not required for S261/S451 phosphorylation 

Because the phenotype of STE72(K463R) is more severe than STE12 

(S261A/S451A) it appears the role of lysine 463 likely lies downstream of 

phosphorylation. However it remains possible that this residue is simply required 

for Srb10 phosphorylation of Ste12. To rule out this possibility, I analyzed the 

phosphorylation state of both the K463R allele by in vivo tryptic phosphopeptide 

mapping. Ste12K463R was labeled as efficiently as WT Ste12 (not shown). 

Consistent with the prediction that lysine modification likely lies downstream of 
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Figure 5.5 Lysine 463 is necessary for Ste12 degradation. 

Pulse-chase analysis of STE12 (K463R) allele. ste12 yeast bearing GAL-

expression plasmids producing wild-type STE12 (WT) or K463R STE12 (K463R) 

were grown to mid-log phase in ura" raffinose media. Galactose was added for 1 

h (pulse), followed by addition of glucose (to 2%) and cyclohexamide (to 

10ug/ml) (chase). Samples were removed at the indicated times, resuspended in 

SDS-loading buffer and boiled. Following SDS-PAGE, Ste12 proteins were 

detected by immunoblotting with anti-Flag antibodies. 
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Srb10 dependent phosphorylation, mutation of lysine to arginine did not prevent 

phosphorylation of Ste12 on any sites (Figure 5.7, K463R). In fact this mutation 

appears to increase the relative abundance of all three phosphorylations which 

promote Ste12 degradation, namely S226 (represented by phosphopeptide 6 

(88)) and S261/S451 (phosphopeptides 3 and 4, Chapter 4). Thus mutation of 

K463R permits accumulation of these phosphorylated species, which are 

normally targeted for proteolysis, supporting the notion that K463R is required for 

phosphorylation dependent Ste12 turnover. 

5.2.6 Ste12 regulated genes are differentially affected by the K463R 
allele of Ste12. 

Presumably the mechanism by which STE12(K463R) increases 

filamentous growth involves increased expression of factors that promote 

invasive growth. To determine if STE12(K463R) increases haploid invasive 

growth by increasing expression of FRE dependent genes I measured the 

expression levels of Ste12 regulated genes in yeast containing integrated alleles 

of STE12. Like srb10, and STE12(S261A/S451A) (Figure 4.10), the K463R 

allele does not affect either pheromone response in a halo assay (not shown), or 

FUS1 expression (Figure 5.5). The CWP1 gene encodes a cell wall protein that 

contains an FRE at position -630 to -612 of its promoter, and genome-wide 

localization analysis confirms that Ste12 is present at this promoter. Expression 

of CWP1 is also elevated 2.2-fold in s r b W strains (86). Surprisingly, deletion of 

ste12 appears to increase expression of CWP1 (Figure 5.5, ste12), and this 

effect is mirrored as CWP1 expression decreases after 30 min of pheromone 
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Figure 5.6 Mutation of lysine 463 to arginine does not affect SrblO 
phosphorylation of Ste12 

Wild type yeast strains (W303-1A) expressing the either wild-type STE12 or 

STE12(K463R) from a galactose inducible promoter were labeled with [32P]-

orthophosphate and Ste12 protein was recovered by immunoprecipitation and 

subjected to tryptic phosphopeptide analysis as described in Materials and 

Methods. 
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treatment (173). In strains expressing STE12(K463R), CWP1 levels are elevated 

when compared to WT (Figure 5.7). FL011, a second FRE regulated gene, is 

correlated with filamentous response in both haploids and diploid cells. 

Surprisingly, FL011 expression is reduced in strains expressing STE12(K272R), 

and is unaffected by STE12(K463R). These observations demonstrate that K463 

does affect Ste12's ability to activate transcription of some filamentous response 

genes, but the different effects at two FRE regulated promoters indicates that 

increasing the stability of Ste12 may have different effects at different promoters. 

Underscoring the strength of the phenotype of the STE12(K463) allele is the fact 

that this mutation, but not the mutation of STE12(S261A/S451A), effects Ste12 

regulated transcription in a haploid cell (Figure 5.7). An effect of 

S7E72(S261A/S451A) is only detectable in diploids (Figure 4.9). 

5.3 Conclusions 

The results of the final chapter of this thesis describe the mechanism by 

which SrblO controls Ste12 activity, and the findings have implications for the 

described bi-functionality of the pheromone response pathway. Because 

mutations that abrogate signaling through the MAPK cascade abolish both 

pheromone and filamentous response, this pathway is thought to transmit two 

separate signals. In conflict with this interpretation is the fact that, apart from 

mating pheromone, no stimulus has been identified that can activate the STE-

MAPK cascade. The identification of SrblO as a regulator of Ste12 activity, and 

particularly Ste12 activity in filamentous growth, warrants re-examination of 
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Figure 5.7 K463R does not affect pheromone response, but has differential 
effects on Ste12 dependent transcription 

The yeast strain MLY216a (sfe72), YCN48(WT), YCN52 (S261A/S451 A), 

YCN82(K272R), and YCN83(K463R) were grown to mid-log phase and total 

RNA harvested before (uninduced) or after (pheromone treated) addition of 

synthetic a-factor to a final concentration of 2 |xg/ml. RNA was resolved on a 1% 

agarose-formaldehyde gel, transferred to nylon membranes (Promega) and 

subject to Northern hybridization with the indicated probes. 

151 



SrbW controls Ste12 Stability 

uninduced 30 min alpha factor 

gfc m CWP1 

FL011 

FUS1 

ACTIN 

152 



SrMO controls Ste12 Stability 

previous data. An overlooked aspect of the pheromone response, is the fact that 

components of the STE-MAPK cascade are essential for their own expression. In 

naive cells, transcription of the STE12 gene itself is detectable at a basal level, 

but this requires an intact STE-MAPK cascade. Thus it is entirely possible that 

the sole requirement for this signaling module in filamentous response is to 

produce a basal level of Ste12. Srb10 phosphorylation of Gal4 at S699 is 

dependent on both fermentable carbon, and Gal4's ability to bind DNA, 

suggesting that the phosphorylation event likely takes place during initiation of 

transcription. If Ste12 is regulated by Srb10 in the same way, an attractive model 

for Ste12 regulation in filamentous growth would solely involve protein stability. 

Induction of FREs is limited in rich media because Srb10 is active, and promotes 

Ste12 degradation. Nutrient deprivation depletes Srb10 kinase activity from the 

cell, which results in accumulation of Ste12, and induction of filamentous 

response genes. Direct testing of this model is complicated by the fact that 

alleles of Ste12 that do not associate with DNA are not available as even 

complete disruption of the DNA binding domain does not prevent Ste12 from 

associating with promoters. Such alleles can interact with Mem 1, a1, and 

possibly the transcription factor Kar4, and thus retain the ability to interact with 

the transcription machinery. 
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Chapter 6 Perspectives and Future Directions 

The study of Ste12 phosphorylation in this thesis has identified a new 

signal transduction pathway that utilizes Srb10/Cdk8, a component of the RNA 

polymerase II holoenzyme machinery, to disseminate signals indicative of cell 

health to sequence specific transcription factors (Figure 6.1). This pathway 

controls Ste12 turnover in rich media, and allows its accumulation under 

starvation conditions. 

Ste12 proteolysis is dependent on the SCF ubiquitin ligase complex E2 

Cdc34, but it is not clear if Ste12 is directly ubiquitinated. Experiments designed 

to address this point are underway, as are attempts to identify other factors 

controlling Ste12 degradation; namely an E3 activity, and protease. Identification 

of an E3 will permit direct testing of the F-box hypothesis; if Ste12 is 

ubiquitinated, the E3 enzyme should only recognize phosphorylated Ste12. 

Since the temperature sensitive allele of cdc34 causes cell cycle arrest in G1, it 

will also be important to determine if Ste12 degradation is cell cycle regulated. 

Experiments described in Chapter 3 also suggest that Ste12 may be 

directly modified in response to pheromone. This has been the subject of 

speculation in the literature, but two weak pheromone dependent 

phosphorylations on Ste12 remain unmapped (89). Data presented in this thesis 

may explain the difficulty in detecting these modifications. Pheromone stimulation 
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Figure 6.1 The model for SrblO regulation of transcription factors. 

As a component of the mediator complex of RNA polymerase II holoenzyme, 

Srb10/Cdk8 is strategically placed to transmit signals to a variety of promoter 

associated transcription factors. Srb10/Cdk8 therefore can regulate expression 

of RNA Polymerase II transcribed genes by modulating the activity of sequence 

specific DNA binding proteins. Because SrblO activity is regulated by the 

availability of nutrients (Figure 4.8), and other environmental stresses (40), it 

appears this CDK is responsible for limiting gene expression to a level 

appropriate for the immediate growth conditions. 
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increases Ste12 interaction with the holoenzyme, which I demonstrate can result 

in Ste12 degradation. Thus the more Ste12 activates transcription, the faster it is 

degraded. As shown in Figure 5.6, hyperphosphorylated, unstable forms of 

Ste12 are stabilized by mutation of lysine 463 to arginine. Hence this allele may 

prove to be valuable for mapping pheromone dependent phosphorylations of 

Ste12. 

Finally SrblO's human homologue, Cdk8, is essentially unstudied. Thus it 

will be exciting to identify substrates for this kinase; if its function is conserved 

from yeast to man, Cdk8 should prove to be important in regulating expression of 

diverse gene sets in response to stresses. 
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