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Mating, Epigenetics, and Evolution: 

Genomic Dissection of Three Transcriptional Circuits in Fungi 

 
 
 

Dávid János Galgóczy 
 

 
ABSTRACT 

The coordination of cellular processes is largely controlled at the level of 

transcriptional regulation.  Previous work, dating back over forty years, has focused on a 

few details of transcriptional regulation, providing a window through which to view the 

basic workings of transcriptional regulation.  Recent developments have allowed broader 

analyses, providing new views into how whole transcriptional programs mold cellular 

processes. 

To provide the first complete example of a transcriptional circuit, we completely 

dissected the transcriptional regulation that underlies the specification of the three cell 

types in Saccharomyces cerevisiae. In addition to providing an example of a completely 

mapped circuit, this analysis uncovered genes not expected to be associated with specific 

cell types.  We have extended this approach to a second fungal species, uncovering 

processes of molecular evolution on a whole circuit level. 

We adopted a similar approach to describe the transcriptional regulatory 

mechanism that governs the switch between the white and opaque states in Candida 

albicans, the primary fungal pathogen in humans.  This process modulates the virulence 

properties and mating competence of this species, and involves the regulation of 

hundreds of genes.  We showed that one transcriptional regulator, Wor1 governs the 
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mechanism underlying the switch.  Our analysis revealed that Wor1 directs an extensive 

and complex transcriptional program to set up the opaque state. 

Finally, to understand how changes in transcriptional regulation shape evolution 

of organisms, we explored the evolution of a large transcriptional circuit in fungi.  This is 

an important endeavor, since phenotypic differences between evolutionarily divergent 

species are thought to be largely due to differences in gene expression.  While several 

anecdotal examples of molecular evolution events exist, a broad analysis would yield 

insights into what types of changes figure importantly in shaping evolution on a systems 

level.  To this end, we mapped the large combinatorial circuit controlled by Mcm1 in 

three fungal species; this provided an unprecedented view into the evolution of a large 

transcriptional circuit, and offered two examples where circuitry had been dramatically 

restructured.  Ongoing informatics analysis is refining this view, allowing us to distill out 

the molecular processes that are important in the evolution of circuits. 
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CHAPTER 1 

Introduction:  Basic Principles of Transcriptional Regulation on a Circuit 

Level 
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The progress of biological science is charted not just by individual discoveries 

that are made, but also by development of the basic approaches taken to address 

biological questions.  Anatomy and taxonomy were early approaches, on the level of 

whole organisms and classes of organisms, to understanding biology in terms of function 

and diversity.  The earliest insights into evolution drew on these approaches.  A great 

many developments in how science is approached have occurred over the past century 

and a half, ranging from mendelian genetics, vertebrate development and evolution, to 

biochemistry and biophysics.  The molecular biology era began in full swing shortly after 

the discovery of the structure of DNA (Watson and Crick, 1953).  The central dogma was 

born, which began to unify biological science:  genes exist at the DNA level and encode 

proteins that carry out the majority of organismal processes.  The basic principles of that 

era could explain on a molecular level how genes are inherited and how the timing and 

level of protein production could be regulated to shape biological process.  These 

approaches defined mechanisms with exquisite clarity, but required painstaking work and 

generally could focus on processes only in the context of individual genes and proteins.  

The role of these individual components, usually considered one by one,  was often lost 

in the context of complex organisms. 

 Recently, the development of technologies to sequence genomes has brought 

about new approaches to biological questions, spawning what is referred to as systems 

biology.  Eleven years ago, the yeast genome was the first eukaryotic genome to be 

sequenced (Goffeau et al., 1996).  Since then, there has been a deluge of sequenced 

genomes, including those of every major model organism in bacteria and eukaryotes as 

well as the human genome.  A key change that has occurred with the generation of these 
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sequences is the recognition that there is now, on some level, the potential for a nearly 

complete knowledge of organisms at the level of the genome.  This recognition has 

fueled new approaches to biology, previously not possible, that rely on this complete 

genomic information.  A few important technologies have been developed to start to ask 

questions using this new sequence information.  DNA microarrays allow for a rapid and 

complete assessment of all changes in gene expression that occur in different cells or cell 

populations (DeRisi and Iyer, 1999).  DNA tiling microarrays coupled with chromatin 

immunoprecipitation (ChIP chip) allow the occupancy of transcription factors to be 

assayed genomewide (Buck and Lieb, 2004).  Other key technologies allow 

comprehensive analyses of proteins,  such as mass spectrometry.  Among other things, 

this allows for comprehensive assessment of interactions between proteins in cell 

populations (Pandey and Mann, 2000).  Each of these technologies allow correlations to 

be made, but the meaning of the bulk of these correlations remains a challenge to 

interpret.  With these new technical approaches, a new intellectual approach is slowly 

taking shape; this involves examining questions of molecular function in the context of 

groups of interacting components, or modules (Hartwell et al., 1999). 

It is not an overstatement to say that the recent technological developments in 

biological science have brought in a new era.  The study of transcriptional regulation 

dates back at least forty years, and yielded a basic framework for how gene regulation 

works (Ptashne, 2005).   Of the hundreds of DNA sequence specific transcriptional 

regulatory proteins that exist in any eukaryotic species, only a few have been thoroughly 

studied; this is due to the time consuming work that was previously required to describe 

even one of these proteins acting at one gene.  DNA microarrays are now available that 
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allow changes in gene expression and transcription factor occupancy to be assayed 

genomewide, which should allow the basic action of all regulators to be understood on 

some basic level.  One group has assayed the occupancy of nearly all DNA sequence 

specific transcriptional regulators genomewide in S. cerevisiae under standard laboratory 

growth conditions (Harbison et al., 2004; Lee et al., 2002).  Inevitably, significant 

numbers of these experiments appear not to have yielded meaningful data, owing to the 

high throughput nature of this work and the fact that the technology is still new and not 

completely optimized.  Nevertheless, our own assessment of their data has led us to the 

conclusion that nearly all genes are regulated by the binding of multiple regulators to 

regulate gene expression in a complex fashion.  Thus, attempts at understanding how 

gene regulation works on a systems level should do so in the context of multifactorial 

regulation. 

Many early studies that have examined transcriptional regulation by expression 

microarrays and by ChIP chip have begun to uncover on a basic level, how processes are 

regulated.  In the case of expression array experiments, the genes that are differentially 

expressed give a sense of the changes that are needed to bring about or tune a process.  

Because regulation is complex, generally regulated by multiple factors working in 

combination that often drive transcriptional regulatory loops, expression arrays alone 

cannot usually provide a meaningful understanding of how regulation occurs.  Overall, 

expression microarray experiments appear to be most useful in identifying sets of genes 

that weren’t previously appreciated to be involved in a process.  Expression microarrays 

have also been useful in assessing the overlap of gene regulation among processes, and 

for assessing large trends in gene regulation.  ChIP chip experiments have been 
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remarkably successful in describing specific transcriptional regulation for a few specific 

programs such as that which governs the cell cycle (Iyer et al., 2001; Simon et al., 2001) 

and Rap1 regulation of ribosomal genes (Lieb et al., 2001).  Still, given the fact that there 

is essentially no case where all of the factors involved in a process are known in any 

species, these analyses provide only a piece of how transcriptional regulation shapes a 

process. 

A significant obstacle to making clear discoveries with these, seemingly, 

comprehensive studies is that the ChIP chip studies that have been published are well 

known to have a significant level of noise (Buck and Lieb, 2004), such that virtually all 

studies include significant numbers of false positive target genes and miss several genes 

as false negatives.  Thus, analysis at the systems level is difficult, given that few 

individual genes can be determined, with high confidence, to be regulated or not to be 

regulated.  The identification of DNA binding motifs that correlate with factor binding 

can strengthen the confidence in the data set.  However, motif analysis is rarely used in 

combination with the experimental data to shape and guide the analysis significantly; this 

is, perhaps, due to caveats associated with technical computational concerns and the 

biological assumptions that must be made in judging binding according to the presence of 

a DNA sequence motif. 

We sought to integrate genomics information with expression microarrays, ChIP 

chip, and motif analysis to describe transcriptional circuits in such a way that it would 

bring new depth and insight into how transcriptional regulation works on a circuit level.  

This chapter will outline how we integrated these three relatively new techniques to 

create the first complete description of a transcriptional circuit in a eukaryote: that which 
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specifies cell type in S. cerevisiae.  It will also describe how this approach described the 

mating circuit in a related species, offering a view into the types of changes that can 

occur in evolution on a defined timescale.  It will outline how we used ChIP and other 

techniques to uncover the mechanism that regulates a switch between two fungal states in 

the fungal pathogen C. albicans, and how extensive reprogramming of one of these states 

is directed by one putative transcriptional regulator.  Finally, this chapter will describe 

how we modeled the evolution of a large combinatorial circuit in three fungal species and 

identified two clear cases where regulation had changed.  In one case, a sequence of 

molecular events could be seen to occur across the sequences of fungal species that 

diverged at different times, and provided clues suggesting that combinatorial regulation 

might have facilitated new cis regulation. 

 

Dissection of the cell type specification circuit in S. cerevisiae  

In the era of systems biology, the primary focus is on how entire cellular 

processes are carried out on a genetic and protein level.  Most  processes are set up and 

controlled at the level of transcriptional regulation.  For S. cerevisiae, a large body of 

published data exists that describes the genomewide transcriptional responses to over 

1000 environmental growth conditions and genetic mutations (Horak and Snyder, 2002).  

Moreover, the locations of virtually every DNA sequence specific transcriptional 

regulator have been mapped across the entire genome under standard growth conditions 

(Harbison et al., 2004).  Our own analysis of these data indicate that each gene, when 

viewed across the entire dataset, have a unique, or nearly unique, profile and that many 

sets of genes appear to be co-regulated in seemingly disparate processes.  It is perhaps not 
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surprising, then, that the transcriptional regulator location data revealed that most genes 

are regulated in a complex fashion by multiple transcriptional regulators.  Thus, given the 

exquisite interconnection that exists in gene regulation, it is difficult to describe a 

transcriptional circuit in its entirety.  In part, because of this, no complete transcriptional 

circuit had been described in a eukaryote and there was no complete description of how 

transcriptional regulation shapes a biological process on a systems level. 

The cell specification circuit in S. cerevisiae presented an excellent potential 

model of a complete transcriptional circuit.  This circuit was known to be controlled by 

three transcriptional regulators, a1, α1, and α2.  Moreover, the activity and binding sites 

of these regulators had previously been well-studied and the circuit appeared to be self-

contained (Herskowitz, 1992; Johnson, 1995).  That is, the process could be entirely 

explained by just these three regulators.  The cell type specification circuit determines 

which of three different forms a cell will become.   S. cerevisiae has two haploid forms, a 

and α, and these two forms mate to form the third cell type, the a/α cell type.  Cell type is 

set up by the genetic allele that is present at the MAT locus.  a cells contain the MATa 

allele, which encodes the a1 gene.  α cells contain the MATα allele, which contains the α1 

and α2 genes.  The a/α cell type contains both alleles and, thus, all three genes.  Each of 

these genes encodes a transcriptional regulator, and these transcriptional regulators, 

sometimes in combination, regulate the genes that are specific to the three cell types.  

While there was a basic understanding of how these transcriptional regulators specified 

the different cell types, and while some genes had been identified that were known that 

they directly regulated, the complete set of genes that were regulated were unknown.  
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Thus, this circuit could potentially provide a complete model of a circuit where the 

regulation of all genes might explain how a process is set up. 

Using ChIP chip, expression microarrays, and motif analysis, we completely 

mapped the positions occupied by the three transcriptional regulators in the three cell 

types and compared this to the set of genes that were specifically expressed in each of the 

cell types (Galgoczy et al., 2004).  This circuit included not only direct regulation, where 

factors bound to genes to control gene expression directly, but indirect forms as well.  

The expression of a-specific genes, controlled by the α2 regulator, and of α-specific 

genes, which are controlled by the α1 regulator, was changed in essentially all cases 

where the factors bound.  Moreover, all changes in gene expression that distinguished the 

a and α cell types could be explained by direct binding of one of these two factors.  In the 

case of genes that were repressed in the a/α cell type, the regulation was more complex.  

Only some of these genes were repressed directly by the a1-α2 heterodimer, the 

regulatory complex that is responsible for setting up the a/α cell type.  In the case of 

some genes, regulation was indirect, but in these cases the indirect regulation could be 

described with clarity.  Most of these genes occurred downstream of a signaling pathway 

where the signaling components were directly repressed by a1-α2.  In another case, 

positive regulation of a gene by a1-α2 was accomplished indirectly by direct repression 

of an antisense transcript.  Finally, a1-α2 was bound at six intergenic regions where no 

adjacent gene was downregulated in a/α cells under standard growth conditions. 

The nature of the regulation of genes that occurred in the a1-α2 battery was more 

complex in two ways than that seen in the set of genes regulated by α1 and α2.  First, the 

processes regulated by a1-α2 were far more diverse, which matches the significant 
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differences in the biology of diploid cells from haploid cells.  For instance, the set of 

genes regulated by a1-α2 were involved in an error prone DNA repair process (non-

homologous end joining), which would only be desirable in an organism with 1n DNA 

content.  By contrast, virtually all of the genes regulated by α1 and α2 were directly 

involved in tailoring mating-specific processes, such as the pheromone signaling 

pathway; this matches the fact that the haploid cell types have very similar lifestyles and 

are only different in their roles in mating.  For some a1-α2 regulated genes, such as the 

HOG1 osmotic response gene, the significance of a1-α2 regulation could not be readily 

explained.  The second way in which the a1-α2 exhibited greater complexity was that six 

genomic positions were a1-α2 occupied and contained a1-α2 binding sites, but did not 

correlate with decreased expression of flanking genes in the a/α cell type.  Most likely, 

some of these genes were a1-α2 regulated, but only under specific growth conditions that 

were not tested.  If this is, in fact, the case, a specific activator would potentially activate 

these genes under the appropriate conditions, but a1-α2 would prevent activation in the 

a/α cell type.  Finally, the genes that flanked these six genomic positions did not have 

readily identifiable roles specific to the haploid cell types.  This would suggest that a1-α2 

modulates processes in a complex fashion in a/α cells that are not known to be cell type 

specific. 

 

Cell type specification in Kluyveromyces lactis 

Cell specification is a process of central importance in multicellular organisms, 

setting up metazoan development and anatomy.  Generally, this process is based on 

transcriptional circuits, in which regulatory proteins determine the patterns of gene 
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expression appropriate for a given cell type.  While some of the basic regulation has been 

determined for some cell types in higher eukaryotes (Carroll et al., 2005), a basic 

understanding of these transcriptional circuits is lacking.  This is because these organisms 

are difficult to conduct extensive genetic experiments in, and because the circuitry, 

involving large numbers of still unidentified transcriptional regulators, is difficult to 

approach experimentally.  The cell type specification circuit in S. cerevisiae is well 

understood and has served as a model for how different cell types are set up at the 

transcriptional level.  Extensive research on this circuit over the past two decades, 

culminating with our mapping of the complete circuit, has yielded the only complete 

model for how cell types are established. 

The three basic cell types are, more or less, conserved across the fungal kingdom.  

The three cell types found in S. cerevisiae are the same as those found in S. pombe, 

despite approximately 1.2 billion years’ evolutionary divergence from a common 

ancestor with each other and with vertebrates.  While some of the transcriptional 

regulation that controls cell type appears to be conserved between S. cerevisiae and S. 

pombe, much of it is not (Galgoczy et al., 2004; Mata and Bahler, 2006).  Thus, while the 

net effect of the regulation is retained--establishment of three yeast cell types--the 

underlying circuitry has some flexibility to change in evolution, perhaps due to random 

drift.  The metazoan lineage that diverged from that giving rise to fungi is thought to have 

evolved over a similar timescale, and vertebrates over the course of the past 500 million 

years.  The transcriptional circuits that govern cell type are studied in many different 

vertebrates, often with the intention of forming a broad understanding of cell type 

specification.  Therefore, it would be valuable to understand the types of ways in which 
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cell type specification circuits change in evolution, even as the cell types themselves 

remain much the same. 

Fungi offer an ideal system in which to model the evolution of cell type 

specification circuits.  As mentioned above, the circuitry has been completely described 

in S. cerevisiae.  Complete genomic sequences are available for nearly 50 fungal species, 

allowing the evolution of transcriptional regulators and cis regulatory elements to be 

viewed at high resolution (Butler et al., 2004).  Moreover, the basic modes of regulation 

have been described experimentally in a few yeast species, including S. pombe, C. 

albicans, and K. lactis (Astrom et al., 2000; Mata and Bahler, 2006; Tsong et al., 2003).  

It is known, for instance, that a1-α2 represses genes specific to the mating competent cell 

types (a and α) in S. cerevisiae, K. lactis, and C. albicans.  By contrast, a2 activates a-

specific genes in C. albicans and K. lactis, whereas an a2 homolog is not present in S. 

cerevisiae.  Instead, a-specific genes are turned on without specific regulation in a cells 

and are turned off specifically by α2 in α cells in S. cerevisiae. 

Given that some changes have occurred in the cell specification circuitry in the 

~200 million years since S. cerevisiae and K. lactis diverged from a common ancestor, 

we sought to define more completely what kinds of changes occurred in the genes that 

are regulated by the cell type regulators.  Our own experimental data and data published 

by another group had identified the complete set of genes bound by a1-α2 in S. cerevisiae 

and C. albicans using ChIP chip (Galgoczy et al., 2004; Srikantha et al., 2006).  These 

experiments demonstrated that there was significant overlap between the genes in the a1-

α2 battery in the two species, although the set regulated in C. albicans included far more 

genes.  This may be due, in part, to the fact that a1-α2 regulates the white-opaque switch 
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in C. albicans, which effects far-reaching changes in gene expression and cell 

physiology.  To determine the set regulated by a1-α2 in K. lactis, we carried out a1 and 

α2 ChIP chip experiments in K. lactis.  Results from this experiment revealed an almost 

entirely unique set of a1-α2 regulated genes, with only one gene overlapping the circuit in 

S. cerevisiae and none overlapping the circuit in C. albicans.   

These experiments yielded a couple of key insights.  First, the a1-α2 battery is 

highly plastic, allowing for extensive changes on a relatively short timescale.  It appears 

that this plasticity allows the circuit to bring genes rapidly under new control to suit the 

lifestyle of the particular yeast species.  Second, the basic function of the battery, which 

is to specify the biological changes that allow mating in the haploid state and meiosis in 

the diploid state, is preserved despite a nearly complete rewiring within the battery.  

Given that the process of sexual reproduction is found throughout the fungal kingdom, 

and that the basic roles of the three cell types would have been set up early in evolution, 

one might predict that the genes within the circuit would be fixed.  This was clearly not 

the case.  The function of the transcriptional regulator that sets up the state was 

conserved, along with the basic biology that defines cell type, but the specific genes that 

were regulated changed almost entirely. 

Other changes appear to have occurred in the biology and regulation of the cell 

states in the lineage that includes C. albicans, K. lactis, and S. cerevisiae.  C. albicans, 

for instance, appears not to undergo meiosis efficiently or, perhaps, at all (Bennett and 

Johnson, 2005).  Moreover, it does not undergo mating type switching between the two 

mating competent forms.  K. lactis contains cryptic MAT loci, and haploid cells undergo 

somewhat infrequent switching between the a and α forms by an unknown mechanism 
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(Astrom et al., 2000).  Our own experiments have identified starvation conditions that 

allow K. lactis to respond efficiently to pheromone and mate.  These same conditions 

appear to cause efficient mating type switching, but only in a cells (not in α cells).  Our 

α2 and Mcm1 ChIP chip experiments in K. lactis have also revealed a set of metabolic 

genes that appear to be α2 regulated; this mating type specific regulation of metabolic 

genes clearly does not exist in C. albicans or S.cerevisiae.  These observations suggest 

that the different cell types are different in how they utilize nutrients, and that K. lactis 

cells switch cell type and mate to bring about these changes.  Finally, among these 

species, S. cerevisiae alone contains the HO endonuclease and a set of components that 

allows switching to occur efficiently in daughter cells in every cell generation in haploid 

cells.  Thus, among these species, there are several instances where large changes occur 

in mating and cell type specification.  In some of these cases, changes in the circuitry can 

readily be recognized that allow adaptations in the individual species to match its 

particular lifestyle. 

Given the conservation of basic aspects of regulation that had been seen in 

divergent fungal species, the biology and regulation of cell type in K. lactis included 

more dramatic changes than we would have anticipated.  Describing the cell type 

specification circuit in its entirety in K. lactis, as we did in S. cerevisiae, would bring 

clarity to the changes that have occurred.  As part of this effort, we have carried out a2 

ChIP chip experiments to determine that part of the circuit in K. lactis.  We also have α1 

antibodies that have shown strong enrichment at an α-specific gene promoter in 

conventional ChIP experiments; ChIP chip experiments using these antibodies will 

complete the map of the cell specification circuit in K. lactis.  Finally, expression 
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microarrays experiments are currently being performed that will assay the entire sets of 

genes that are differentially expressed in the different cell types.  These experiments will 

yield a second complete model circuit, which can be compared to the complete circuit in 

S. cerevisiae and to the less completely mapped circuit in C. albicans.  Comparisons 

among species where all of the regulation is clearly understood should allow a 

description of nearly all of the changes in the cell specification circuit.  This will provide 

an evolutionary model where changes can be considered in a comprehensive framework.  

This will allow the full extent of regulatory changes to be understood in a circuit where 

the most basic biology of cell specification remains unchanged. 

 

Regulation of the white-opaque switch in Candida albicans  

White opaque switching in C. albicans is a process whereby cells alternate 

between two cell states:  white and opaque.  These two states differ dramatically in cell 

and colony morphology, and experimental evidence suggests that each state is better 

adapted to different host tissues during infection of the host (Kvaal et al., 1997; Lachke et 

al., 2003).  Also, the switch itself is mating type regulated, and the opaque form alone is 

competent to undergo mating (Miller and Johnson, 2002).  Given the striking differences 

between the two states, it is not surprising that there are over 400 genes that are 

differentially expressed in the two states (Lan et al., 2002; Tsong et al., 2003). 

The white and opaque states are remarkably stable; cells of each state undergo the 

switch to the other state only once in 104 to 105 cell generations.  The mechanism 

underlying the switch was not understood, but one likely possibility was that it was set up 
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at the level of transcriptional regulation.  Given this likelihood, genomic data offered an 

entrée into the process at two levels. 

First, switching was known not to occur in a/α cells, which indicated that at least 

one gene governing the process was almost certain to be repressed by a1-α2 on some 

level.  Expression data that compared a/α white cells to other mating types in the white 

state identified six genes that were a1-α2 repressed.  Testing knockouts in each of these 

genes revealed that one of these genes, WOR1, was required for the switch to the white 

state.  It has since been demonstrated in ChIP chip experiments that a1-α2 binds directly 

to the WOR1 promoter, and would thereby be assumed to effect repression of WOR1 

directly (Srikantha et al., 2006).  a1-α2 shuts WOR1 off in a/α cells.  Moreover, previous 

expression data comparing white and opaque cells indicated that WOR1 was dramatically 

upregulated in the opaque state.  Subsequent experiments demonstrated that 

overexpression of WOR1 was sufficient to drive the switch to the opaque state, and that 

WOR1 activated its own expression, establishing it as a transcriptional regulator in a 

general sense (Zordan et al., 2006). 

The second entrée into the switching mechanism came out of comparing the 

expression profiles of white and opaque cells (Lan et al., 2002; Tsong et al., 2003).  This 

revealed that several transcriptional regulators were differentially expressed in the two 

cell types, and further study revealed that two of these regulators, CZF1 and ZCF33 were 

necessary for normal function of the switch.  Another transcriptional regulator, EFG1, 

was present in the differentially expressed set, and had previously been shown to be 

needed for normal function of the switch.  Thus, WOR1 was identified as a potential 
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master regulator driving the switch and three other transcriptional regulators were 

important for its normal function. 

While several key players in the white-opaque switch had been identified, the 

basic mechanism underlying how the switch worked remained to be elucidated.  One 

likely mechanism to explain the switch was that Wor1 controls it as a direct 

transcriptional regulator; we had determined that Wor1 activates its own expression 

either directly or indirectly (Zordan et al., 2006).  To test whether Wor1 binds at gene 

promoters, we carried out Wor1 ChIP experiments and assayed enrichment at its own 

promoter.  These experiments indicated that Wor1 does, in fact, bind to its own promoter.  

Thus, a model emerged that could explain the switching mechanism.  In a/α white cells, 

WOR1 was completely shut off by direct a1-α2 repression which prevents entry into the 

opaque state.  In a or α white cells, WOR1 is present, but not in sufficient quantities to 

trigger the switch.  However, in rare individuals, perhaps due to stochastic fluctuations in 

Wor1 levels, a minimum threshold of Wor1 protein is reached for Wor1 binding at its 

own promoter and for a transition to the opaque state.  Wor1 then activates its own 

transcription in a self-reinforcing autoregulatory feedback loop, which stabilizes the 

opaque state.  In subsequent ChIP chip experiments, we demonstrated how Wor1 might 

carry out the switch to the opaque state.  In opaque cells, Wor1 binds at the promoters of 

over 200 genes, including nineteen putative transcriptional regulators.  These genes 

included WOR1 itself and the other three phase specific factors known to be important for 

the fidelity of the switch:  ZCF33, EFG1, and CZF1.  Thus, Wor1 directs much of the 

opaque transcriptional program indirectly by regulating a large number of transcriptional 

regulators. 
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The Wor1 circuit, viewed as a whole, revealed exquisite complexity.  Wor1 was 

bound at genes that were both up- and down-regulated in opaque cells.  This only 

accounted for about 15% of all phase-specific genes, which indicated that most regulation 

by Wor1 occurred indirectly.  This matched the observation that a large number of 

transcriptional regulators were directly regulated by Wor1; thus, Wor1 sits at the top of a 

sophisticated hierarchy of transcriptional regulation.  At the same time, over 100 genes 

were directly bound by Wor1 but were not differentially expressed in the two cell types 

under standard laboratory growth conditions.  Given that the host environment is 

extremely complex and that the two cell types appear to fare differently in different 

tissues, it seems likely that these genes would be differentially expressed under specific 

conditions found in the host.  In fact, the set of genes bound by Wor1 showed a striking 

overrepresentation of genes annotated as being involved in host-pathogen interactions.  

Finally, the promoters that were Wor1 bound were unusually long, with the majority of 

the longest promoters in the genome being Wor1 bound.  Although this cannot be directly 

explained, long promoters have often been associated with extensive transcriptional 

regulation, presumably providing space for many different factors to bind to tune 

regulation appropriately.  Thus, the complex transcriptional regulation set up by Wor1 is 

matched to what are likely to be complex, often nuanced, changes in the opaque 

biological state. 

 

Evolution of the Mcm1 combinatorial circuit in fungi 

Phenotypic differences between evolutionarily divergent species are thought to be 

largely due to differences in gene expression, rather than to changes in functional proteins 
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(Carroll et al., 2005; King and Wilson, 1975).  The most likely way that changes in gene 

expression would occur is at the level of transcriptional regulation, where changes in 

transcriptional regulatory proteins and cis regulatory elements would allow for changes in 

transcription factor binding.  Several examples exist in yeasts and metazoans for 

individual molecular changes in proteins, transcriptional regulators, and cis regulatory 

elements (Davidson, 2006; Gompel et al., 2005; Ihmels et al., 2005; Levine and Tjian, 

2003; Ludwig et al., 2005; Tanay et al., 2005; Wittkopp et al., 2004).  These anecdotal 

examples, however, provide little understanding of which individual types of molecular 

changes figure significantly in evolution.  Examining all evolutionary changes that occur 

in a large circuit would help provide insights into how molecular evolution occurs in a 

broader context.  The large combinatorial regulatory circuit controlled by Mcm1 provides 

an excellent model in which to study this question.  The Mcm1 circuit is well-studied in 

S. cerevisiae and the binding site is well-defined.   In various fungi that include S. 

cerevisiae and C. albicans, Mcm1 binds together with at least eight different 

transcriptional regulators to regulate a wide range of different processes. 

To model the evolution of the Mcm1 circuit in fungi, we carried out ChIP chip 

experiments with antibodies specific to Mcm1 in three fungal species:  S. cerevisiae, K. 

lactis, and C. albicans.  S. cerevisiae and K. lactis are, perhaps, approximately 200 

million years diverged from a common ancestor, and these two fungi are approximately 

800 million years diverged from a common ancestor with C. albicans.  Our ChIP chip 

results identified at least two instances where major changes had occurred in transcription 

factor binding in the Mcm1 circuit. 
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One major discovery was that Mcm1 was bound in the promoters of ribosomal 

genes in K. lactis.  Mcm1 was not localized to these genes in  S.cerevisiae or C. albicans.  

Rap1 is known to regulate these genes in S. cerevisiae, and Rap1 motifs were previously 

identified in ribosomal gene promoters in K. lactis, but not in C. albicans (Lieb et al., 

2001; Tanay et al., 2005).  Our own motif analysis identified Rap1 and Mcm1 motifs in 

these gene promoters in K. lactis; these motifs appeared to be physically constrained in 

their distance from one another, albeit with approximately 100 base pairs’ separation.  

Moreover, an extended motif analysis among most sequenced fungal species indicated 

that the emergence of Rap1 motifs in the lineage of these species that includes 

Schizosaccharomyes pombe, appeared to occur either together with or after the 

appearance of Mcm1 motifs.  Mcm1 motifs were then subsequently lost later in the 

lineage that gave rise to the Saccharomyces species.  This analysis suggests that Mcm1-

Rap1 combinatorial regulation may have somehow allowed the transition to independent 

Rap1 regulation of these genes.   

A second major discovery was that Mcm1was bound in the promoters of cell 

adhesion genes in C. albicans, which was not the case in the two other yeasts.  

Intriguingly, we identified a motif that occurs together with the Mcm1 motif at these 

genes in C. albicans, but that is entirely absent in the two other fungal species.  This 

novel regulator is particularly interesting, given that cell adhesion genes are important in 

pathogenesis in C. albicans, as opposed to the two other fungi, which are not pathogens. 

At the time of the writing of this chapter, the informatics analysis of the Mcm1 

circuit was being actively conducted.  Thus, several basic aspects of this analysis were 

still absent.  For instance, examining the promoter sequences of all Mcm1 regulated 
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genes in the three species to determine the presence or absence of all known and newly 

identified Mcm1 cofactor binding sites would be valuable in determining the extent of the 

changes in the sets of cofactors that Mcm1 binds together with.  Likewise, evaluating the 

extent of the changes in the genes in the regulatory batteries regulated by each cofactor 

would provide a unique view into how rapidly gene sets change within different batteries 

in evolution.  These types of analyses would be key in exploiting the strengths of this 

large model circuit as an evolutionary model, moving beyond isolated case study 

examples, which may often represent atypical novelties.  Global analyses of the circuit 

would provide a much needed view of the interplay of all evolutionary events in a larger 

context and would offer not just examples of molecular changes that occur in evolution, 

but insights into which types of molecular events are important in shaping evolution. 

 

Conclusions 

A question of central importance is how transcriptional regulation sets up 

biological processes in organisms.  Current investigation, framed on a systems level and 

drawing on genomics technologies, can begin to probe this question by modeling whole 

transcriptional circuits.  Our work  described on the circuit level how the three basic cell 

types are set up in S. cerevisiae and how the underlying circuitry can change within the 

fungal lineage, even as the most basic biology of cell type specification remains constant.  

We also described how cell types are set up and maintained at the circuit level in a very 

different fungal system:  the white and opaque epigenetic switch in C. albicans.  These 

examples provide important first steps in understanding how transcriptional circuits can 

function to set up biological processes, in general, and cell types in particular.  As more 
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examples are generated in more diverse species, drawing on the approaches taken here, 

basic commonalities in regulation will become apparent that will allow principles of 

regulation to be defined on a circuit level.  Our work also examined the evolution of a 

large combinatorial circuit.  This exploration, which blended experimental rigor with 

powerful informatics analysis, is the first of its type and provides an unprecedented clear 

view into the ways in which transcriptional regulators change within circuits and how 

changes in cis regulation affect the genes controlled within circuits.  Examining evolution 

on this level begins to distinguish the general properties of molecular evolution from 

chance events.  More examples of this type will distill out the molecular processes that 

are central in driving evolution. 
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CHAPTER 2 

 

Genomic Dissection of the Cell-Type Specification Circuit in  

Saccharomyces cerevisiae 
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INTRODUCTION 

A problem of central importance in understanding multicellular organisms is how 

different cell types are stably maintained. Typically, cell-type specification is based on a 

transcriptional circuit in which combinations of regulatory proteins determine the final 

pattern of gene expression that is appropriate to a given cell type. Although unicellular, 

the yeast S. cerevisiae has three distinct types of cells, and the cell-specification circuit is 

combinatorial ((Herskowitz, 1992; Johnson, 1995; Sprague and Thorner, 1992); Fig. 1). 

The a and α cell types are typically haploid in DNA content and mate with each other in 

an elaborate ritual that culminates in cellular and nuclear fusion.  These events produce 

the third type of cell, the a/α cell type, which is typically diploid.  This cell type cannot 

mate but, when environmental conditions are appropriate, can undergo meiosis and 

sporulation, producing two a and two α cell types. The patterns of cell-type specific gene 

expression are set up by a few sequence-specific DNA binding proteins acting in various 

combinations. Three critical proteins (α1, α2, and a1) are encoded by the MAT (mating 

type) locus. A fourth key sequence-specific DNA binding protein (Mcm1) is encoded 

elsewhere in the genome. In this paper, we will use the term “cell-type specification 

circuit” to refer to the regulatory scheme diagrammed in Fig. 1, as each component and 

branch of this scheme is necessary and sufficient to establish and maintain three cell 

types.  

In this paper, we apply three methods--genome-wide chromatin 

immunoprecipitation (ChIP), genome-wide transcriptional profiling, and phylogenetic 

comparisons--in an attempt to completely determine the cell-type specification circuit in 

S. cerevisiae (Cliften et al., 2003; DeRisi et al., 1997; Iyer et al., 2001; Kellis et al., 2003; 
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Ren et al., 2000). The use of three different techniques generated considerably more data 

than is needed to reconstruct the circuit, and because it is overdetermined, we believe our 

circuit description to be very accurate, containing, at most, only a few false negatives or 

positives.  

 

MATERIALS AND METHODS 

Strains 

Isogenic EG123-derived strains (his4 leu2 trp1 ura3 can1, see ref. (Keleher et al., 1992)) 

were used for the experiments of Figs. 2A, B and C, 6B and C, 7A, and 8. Isogenic Σ2000 

strains (his3∆::hisG leu2∆ trp1∆::hisG ura3∆) and isogenic EG123 were used for the 

experiments of Figs. 2C and 6B-D. yDG208 (MATa ura3-52 lys2-801[amb] ade2-101 

his3-∆200) and yDG240 (MATa/MATα ura3-52/ura3-52 lys2-801 [amb]/lys2-801[amb] 

ade2-101[och]/ade2-101[och] trp1-∆1/trp1-∆1) were used for the experiments of Figs. 3, 

5 and 6A and B. EG123, yDG208, and yDG240 are all derivatives of S288C. For the salt-

sensitivity experiment, the a1-α2 site in the endogenous HOG1 gene promoter was 

replaced by integration of K. lactis URA3, which was subsequently replaced by the 

integration of an oligonucleotide-generated construct to restore the HOG1 promoter with 

a modified a1-α2 binding site:  GCGTGgCGGATTTTACggCC (lower case g’s replaced 

T, A, and T respectively in the wild-type sequence). These nucleotides are highly 

conserved among a1-α2 binding sites and have been demonstrated to be critical for a1-

α2 binding and repression (Jin et al., 1999). The promoter was sequenced to verify 

correct integration. 
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DNA microarrays 

Arrays containing both ORFs and intergenic sequences (13,200 elements total) were 

previously described, as were microarrays containing only ORFs (DeRisi et al., 1997; 

Lashkari et al., 1997). 

 

Expression microarrays 

Transcriptional profiling, yeast growth, RNA isolation, microarray procedures, and data 

acquisition were performed as described (O'Rourke and Herskowitz, 2004), except 

cultures were not treated with salt. For each strain analyzed, cDNA was made in 

duplicate and two microarrays were probed, using a reference sample made from equal 

parts of 11 strains tested. The average expression ratios (ratio of means) were used for 

subsequent analysis. 

 

ChIP experiments 

Overnight cultures were grown in YEPD approximately 16 hours at 30°C to an OD600 of 

0.2. Immunoprecipitation, amplification, and fluorescence labeling were carried out as 

described previously (Iyer et al., 2001). Microarray hybridization was carried out as 

described previously (Bennett et al., 2003), and data were uploaded to the NOMAD 

database (http://ucsf-nomad.sourceforge.net/) for further analysis. 

Chromosomal maps for ChIP data were generated in PromoterProject v2.3 (J. DeRisi). 

 

Binding site motif identification and phylogenetic comparisons 
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For binding site motif discovery, sequences were submitted to the search tool MEME 

(Bailey and Elkan, 1994). Motif consensus matrices generated by MEME were submitted 

to the tool MAST (Bailey and Gribskov, 1998) to search for matching sequences within -

950 to +50 upstream of all genes in the Saccharomyces cerevisiae genome. For α2-

Mcm1 and α1-Mcm1 analyses, the E-values assigned by MAST were invariably below 

0.5 for genes identified by ChIP, expression, or both. For the a1-α2 analysis, some genes 

confirmed by ChIP, expression analysis, and phylogenetic comparison had E-values as 

high as 50, reflecting the greater degeneracy of the a1-α2 site. All DNA sequences with 

MAST E-values below 5 for α2-Mcm1 and α1-Mcm1 analyses and below 100 for the a1-

α2 analysis were aligned with homologous sequences from four other closely related 

sensu stricto Saccharomyces species (Cliften et al., 2003; Kellis et al., 2003) using 

CLUSTALW at the Saccharomyces Genome Database (http://yeastgenome.org).  

 

Salt Sensitivity Assays 

To test salt sensitivity, strains were grown overnight in YEPD liquid medium at 30°C to 

an OD600 of 0.5, sonicated, diluted, and plated on YEPD plates with and without 1M 

NaCl. Plates were incubated at 30°C for two (YEPD) or three (YEPD+NaCl) days and 

were then photographed. 

 

RESULTS 

a-specific genes (genes repressed by α2-Mcm1) 

To identify the complete set of a-specific genes, we first carried out ChIPs in α 

cells using an antibody directed against the α2 protein. For this analysis, we directly 
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compared DNA precipitated from α cells, where α2 is present, to otherwise isogenic a 

cells, where it is absent (see Fig. 1). Immunoprecipitated DNA was randomly amplified 

by PCR amplification, labeled with Cy3 or Cy5 fluorescent dyes, and competitively 

hybridized to DNA microarrays containing both ORF’s and intergenic elements from the 

S. cerevisiae genome (Lieb et al., 2001).  

Four iterations of this experiment were carried out, and all led to the same 

conclusions. The results of one experiment are shown in Panels A and B of Fig. 2. For 

this experiment, the DNA was sheared minimally; because the shear length was relatively 

large (median approximately 1kb), each genomic position bound by α2 gave rise to a 

cluster of enriched microarray elements when mapped on the genome (Fig. 2). As shown 

in the figure, 45 of the 46 highest elements with the highest α:a ratios fell into eight 

clusters in the genome. We systematically lowered the fluorescence ratio threshold, and 

observed that the additional elements now included in the data set did not assort into any 

new clusters in the genome. Thus, the point at which the clustering broke down was 

chosen as the significance threshold. We note that this clustering is particularly useful 

when a protein is bound to relatively few sites in a genome; although high resolution is 

compromised, the distinction between signal and noise is very clear. From these results, 

we can conclude with high confidence that α2 occupies eight positions in the genome of 

this S288C strain of S. cerevisiae grown at 30°C in YEPD medium. Based on previous 

results, we believe that each genomic site corresponds to a dimer of α2 and a dimer of 

Mcm1 bound together to one or more two-fold symmetric DNA sequences (Herskowitz, 

1992; Johnson, 1995; Sprague and Thorner, 1992). Based on prior in vivo DMS 

protection studies (Keleher et al., 1992), we believe the occupancy of these sites to be 
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close to 100%. Since the microarrays represent the entire genome, we can also conclude 

that α2 does not occupy any other specific sites in the genome at these stoichiometries.  

Six of these positions represent the control regions of previously known a-specific 

genes: STE2, STE6, MFA1, MFA2, BAR1, and AGA2 (Fig. 8). The seventh position 

occupied by α2 in the α strain corresponds to a reporter gene, containing α2-Mcm1 

binding sites, that was integrated at the URA3 locus as a positive control. The eighth 

position corresponds to two adjacent α2-Mcm1 binding sites (termed DPS1/DPS2) that 

regulate a recombinational enhancer involved in the gene conversion events that underlie 

mating-type interconversion (Szeto et al., 1997; Wu and Haber, 1996).  

We independently investigated the a-specific genes by examining genome-wide 

transcriptional differences between isogenic a and α cells using a series of isogenic 

strains differing only at the mating-type locus (Fig. 2C). As indicated, the transcriptional 

profiling is in excellent agreement with the genome-wide ChIP.  

As a third approach for verifying our assignment of a-specific genes, we analyzed 

the genomic positions identified so far in this analysis using the computer program 

MEME (Bailey and Elkan, 1994) to identify shared sequence motifs and generate an a-

specific consensus sequence, which matched the previously described α2-Mcm1 binding 

site (Herskowitz, 1992; Johnson, 1995; Sprague and Thorner, 1992). Using a second tool, 

MAST (Bailey and Gribskov, 1998), we searched the S. cerevisiae genome for additional 

matches to this consensus sequence. Matches were then validated by aligning them with 

the syntenic regions from four closely related sensu stricto Saccharomyces genomes 

(Cliften et al., 2003; Kellis et al., 2003). Among genomic sites identified by MAST, only 

the α2-Mcm1 sites at the positions identified in our ChIP and one additional site, located 
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adjacent to the ASG7 gene, were evolutionarily conserved. ASG7 was previously 

identified as an α2-Mcm1 regulated gene and, although the molecular function of its 

product is not known, it is expressed only after pheromone induction (Zhong et al., 

1999); thus, it would not have been identified as an a-specific gene in the transcriptional 

profiling experiment of Fig. 2C. It was also not identified in the ChIP experiments as 

being significantly above background. These results indicate that in the absence of 

pheromone, α2-Mcm1 does not significantly occupy the promoter region of ASG7 in α 

cells. 

From all three of these analyses, we conclude that in α cells of a standard 

laboratory strain, α2-Mcm1 significantly occupies seven positions in the genome. Six 

sites control transcription of a-specific genes, and the seventh controls the activity of a 

recombinational enhancer. The regulation of the a-specific genes is therefore all direct: 

α2-Mcm1 does not indirectly control gene transcription through intermediary gene 

regulatory proteins.  

 

Genes Repressed by a1-α2 

To identify genes directly regulated by a1-α2, we carried out ChIP in a/α cells 

using an antibody directed against α2. As before, we utilized IPs from a cells (where α2 

is not expressed) as the reference sample for these experiments. To maximize resolution, 

the DNA was sheared more extensively than that in the previous experiment. The overall 

IP enrichment in these experiments was lower than those described above, probably 

because a monomer of α2 is present at each a1-α2 site whereas a dimer is present at each 

α2-Mcm1 site (Johnson, 1995). Because of this lower enrichment, we carried out three 
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separate ChIPs from each strain and hybridized each IP to two microarrays to give a total 

of six sets of data. In order to combine these data sets, we converted fluorescence ratios 

into percentile ranks for each microarray and then calculated a median percentile rank 

across all experiments for each microarray element (Buck and Lieb, 2004; Iyer et al., 

2001). The distribution of median percentile ranks (Fig. 3) forms a trough at 

approximately the 97 percentile point, above which lie a set of DNA fragments that are 

reproducibly and highly enriched in the replicate IP experiments (Buck and Lieb, 2004; 

Iyer et al., 2001). To be conservative, we chose a cutoff slightly to the left of the 

inflection point (see Fig. 3, inset); this choice is expected to include some noise (which, 

as described below, was later eliminated by other criteria), but was unlikely to exclude 

any fully occupied a1-α2 sites. This cutoff gave 71 elements representing 36 different 

positions in the genome. The six a-specific genes and the recombinational enhancer were 

all represented in this data set, as α2-Mcm1 is bound to these genes in a/α cells just as it 

is in α cells. (The inclusion of this set of genes demonstrates that the circuit description is 

independent of differences in experimental conditions, such as extent of DNA shearing 

and the way the data was processed). When these positions were placed aside, 29 

genomic positions, each potentially representing a site occupied by a1-α2, remained. 

Because some of the genomic positions were represented by only a single array element 

(as opposed to a cluster of elements), we used an additional criterion to determine the 

genomic positions that represent bona fide a1-α2  sites: we required that the 

immunoprecipitated element contain at least one DNA sequence that resembles a known 

a1-α2 recognition sequence, and that these sites be conserved in the related 

Saccharomyces sensu stricto species (Cliften et al., 2003; Kellis et al., 2003). Given the 



36 

strong conservation of a1-α2 sites against background intergenic sequences (for example, 

see Fig. 4), this analysis provided an effective secondary screen to eliminate noise in the 

ChIP experiment.  

The requirement for a conserved binding site eliminated 6 of the 29 positions, 

leaving 23 confirmed positions where a1-α2 is bound in a/α cells. The positions that 

were eliminated were each represented by only a single element, and their median 

percentile ranks were generally just above our cutoff. Thus, our conservative evaluation 

of the inflection point of the ChIP data (Fig. 3) did result in the inclusion of a few false 

positives that were subsequently eliminated by additional criteria. In order to check for 

false negatives (that is occupied sites that might have been missed by the ChIP 

experiment), we also searched all intergenic regions of the S. cerevisiae genome for 

additional sites that matched, at least loosely, the a1-α2 consensus sequence that were 

conserved across the other Saccharomyces sensu stricto species. Seven potential sites 

were found with scores significantly above background. None of these seven sites met 

our additional criteria and are therefore not included in our final analysis. (We do note 

that three of these sites, adjacent to the RPL15A, REX2, and SPT23 genes, fall just under 

our ChIP significance threshold and could represent sites of relatively low a1-α2 

occupancy.) Thus, the ChIP experiments and the phylogenetic comparisons converged on 

23 genomic positions occupied by a1-α2 in a/α cells.  

We independently examined a1-α2 regulated genes by transcriptional profiling, 

as described above (Fig. 6). A comparison of the 23 genomic positions where a1-α2 was 

bound (Fig.6A) with the transcriptional profiling of genetically matched diploid strains 

(Fig. 6B and C) revealed four points. First, at three locations in the genome, a single a1-



37 

α2 site regulates a pair of divergently transcribed genes. (Fig. 5). Second, a comparison 

of the ChIP and transcriptional profiling data revealed genes (e.g., TEC1 and SST2) that 

are indirectly regulated by a1-α2, as a1-α2 is not bound nearby, nor are there sequences 

in the upstream promoter regions of these genes related to the consensus a1-α2 site. 

Third, under the media conditions used in these experiments, no genes were expressed 

more highly in a/α cells than in a and α cells; that is, there were no “a/α-specific” genes. 

Fourth, seven sites occupied by a1-α2 in a/α cells and conserved in the sensu stricto 

strains did not appear to regulate known genes. There are two plausible explanations for 

this last observation. (1) The gene may simply not be expressed under the conditions 

(30°C, rich medium) used for the experiment. (2) These a1-α2 sites control the 

production of transcripts that have not been annotated. As described in the discussion 

section we believe that this latter explanation holds for at least one of these a1-α2 

binding sites.  

Among the 19 annotated genes identified as being directly regulated by a1-α2 are 

all previously reported a1-α2 regulated genes, (HO, STE5, MFα1, MATα1, MATα2, 

FUS3, GPA1, RME1, AXL1, NEJ1, STE4, STE18, FAR1, AMN1, and RDH54 (Fujita et 

al., 1994; Herskowitz, 1992; Jin et al., 1999; Johnson, 1995; Nagaraj et al., 2004; Sprague 

and Thorner, 1992; Valencia et al., 2001; Whiteway et al., 1989). This result indicates 

that our false negative rate is very low, possibly zero. Four additional genes, (HOG1, 

ICS2, DDR2, and CCW12) were not previously recognized to be under cell-type control 

and were identified in this study. The regulation of HOG1 is addressed below.  

 

α-specific Genes (Genes Activated by α1-Mcm1) 
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We next turned to the final class of cell-type specific genes, the α-specific genes. 

For this analysis, we omitted the ChIP experiment and examined whether it would be 

possible from transcriptional profiling and phylogenetic analyses to determine—with 

high confidence—all of the genes activated by α1-Mcm1. We first analyzed the cell-type 

transcriptional patterns and identified four genes whose transcription is up-regulated at 

least three-fold by α1 (Fig. 8). Using MEME, we developed a weighted consensus 

sequence, and searched all promoter regions in the S. cerevisiae genome for matching 

sequences using MAST. 

MAST easily picked out the four individual sequences that went into the 

consensus as well as an additional sequence lying upstream of the MFα1 gene, a gene 

encoding the α pheromone, α-factor. MFα1 is known to be regulated by α1-Mcm1 

(Herskowitz, 1992; Johnson, 1995; Sprague and Thorner, 1992), but a failure during 

microarray production rendered the MFα1 spot unusable. When this sequence was 

incorporated into a new consensus sequence and the genome was searched again, the five 

sites that went into the weighted consensus were identified by MAST as the strongest 

matches, and all had low E-values (≤ 0.0011). The next closest match in an intergenic 

region had an E-value of 3.5. This relatively poor match, however, was not 

phylogenetically conserved across the Saccharomyces sensu stricto species; in contrast, 

the five bona fide sites showed strong evolutionary conservation. We examined more 

closely the upstream regions of all the genes whose regulation appeared to be weakly 

dependent on α1 (that is, showing a 1.5 to three-fold effect on the transcriptional 

microarray) and found that none contained even weak matches to the weighted α1-Mcm1 

consensus sequence (E-value ≤ 100). Based on this analysis, we conclude that α1-Mcm1 
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positively regulates MFα1, MFα2, STE3, SAG1 and YLR040C. The four former genes 

had been previously determined to be targets of α1-Mcm1 regulation (Herskowitz, 1992; 

Johnson, 1995; Sprague and Thorner, 1992), but YLR040C is new to this study. We 

analyzed mating in an α strain in which YLR040C was deleted, but found no obvious 

defect (data not shown). Given its expression pattern, it is likely that this gene plays a 

role in mating, perhaps under a special set of conditions. Based on this analysis, we 

conclude that these five genes comprise the complete set of α1-Mcm1 regulated genes.  

 

Osmotic Sensitivity Is Regulated by Cell-Type 
 

We further investigated the direct repression of the HOG1 gene by a1-α2. Hog1 

is a MAP kinase that, upon activation by high osmolarity enters the nucleus and 

phosphorylates several transcriptional regulators that, in turn, control genes that help the 

cell cope with osmotic stress (for reviews, see refs. (Gustin et al., 1998; O'Rourke et al., 

2002; Sprague, 1998)).  

Our transcriptional profiling experiments indicated that HOG1 is repressed 1.6- to 

2-fold in a/α cells. To test whether the down-regulation of HOG1 by a1-α2 has a 

biological consequence, we compared the sensitivity of different cell types to 1M NaCl. 

As shown in Fig. 7, a/α cells are significantly more salt-sensitive than are a/a cells, 

consistent with the higher levels of HOG1 transcript in the latter cell type. To 

demonstrate that this effect is due to repression of HOG1 by a1-α2, we introduced 

mutations into the a1-α2 binding site upstream of HOG1 and observed that this mutation 

increased the salt resistance in the a/α strain (Fig. 7B). Thus, the regulation of HOG1 by 
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a1-α2 has a significant biological consequence and shows that osmotic sensitivity is 

under cell-type control in S. cerevisiae. 

 

DISCUSSION 

In this paper, we attempt to identify all of the target genes directly regulated by S. 

cerevisiae mating type locus. The basic regulatory scheme is summarized in Fig. 1, and 

the direct target genes of each of these regulators are listed in Fig. 8. As summarized in 

Fig. 8, we identified six a-specific genes (plus a recombinational enhancer) and five α-

specific genes. Each of these genes is a direct target of the mating-type-encoded 

regulators α2 and α1, respectively, and they are tightly shut off in the inappropriate cell 

types. With the possible exception of one α-specific gene (YLR040C), all of these genes 

are directly involved in some aspect of mating. We identified 19 genes directly regulated 

by a1-α2. Fifteen of these genes were previously known to be directly regulated by a1-

α2 and four are new to this study. Taken as a whole, the a1-α2 regulated genes are 

involved in a variety of biological processes (Fig. 8). Unlike the a- and α- specific genes 

(which are tightly regulated), the a1-α2 regulated genes show a range of repression 

values, with some genes being merely turned down in the a/α cell type (see Figs. 2 and 

6). Presumably, the strength and consequent occupancy of the binding site at least partly 

determines this gene-to-gene variation. Another factor could be the spatial relationship 

between the a1-α2 binding site and the major enhancer (UAS) of the gene, as this is also 

known to affect the level of repression (Johnson and Herskowitz, 1985). 

We verified that one newly discovered process – osmosensing – is indeed under 

cell-type control (Fig. 7). We show that a1-α2 regulation of HOG1 is responsible for 
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rendering a/α cells more sensitive to high NaCl than a/a cells. We do not currently 

understand why this regulation exists, but there are several possibilities. For example, 

osmolarity response is carefully regulated during mating, presumably to reduce the 

chance of cell lysis during the time the two cells join and fuse (Nelson et al., 2004). Once 

an a and an α cell have successfully mated, a1-α2 is formed and, according to this idea, 

osmotic sensing can be downregulated. Another possible reason for the HOG1 down-

regulation in an a/α cell is that higher HOG1 expression in a and α cells could be needed 

to dampen the crosstalk between pheromone and osmotic signaling, which utilize some of 

the same signaling components. It is known that a and α cells deleted in HOG1 will 

activate the pheromone response pathway inappropriately in response to osmotic stress 

(O'Rourke and Herskowitz, 1998). Elevated expression of HOG1 might be necessary to 

prevent this crosstalk in a and α cells, but not in a/α cells, where the pheromone pathway 

is shut off. Finally, it is possible that the cell-type regulation of the osmotic response 

pathway plays some particular, but yet unknown, role in the interaction of S. cerevisiae 

and its natural surroundings. 

An unexpected finding from this study concerns seven a1-α2 sites in the genome 

that are significantly occupied by a1-α2 in a/α cells and that show excellent phylogenetic 

conservation, but that do not seem to control transcription of an adjacent gene. As 

discussed in the results section, there are several possibilities for these observations; 

perhaps the most intriguing is the existence of unannotated transcripts controlled by a1-

α2. There is some evidence for this possibility for the case of IME4. An occupied a1-α2 

site identified in this study is in a position to regulate a haploid-specific IME4 antisense 

transcript identified by Shah and Clancy (Shah and Clancy, 1992); preliminary evidence 
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suggests that regulation of this transcription by a1-α2 could, in principle, control IME4 

production through an antisense mechanism (C. Hongay and G. Fink, personal 

communication). This idea raises the possibility that the other six bona fide a1-α2 

binding sites may also regulate unannotated transcripts, some of which may also produce 

antisense transcripts.  

Finally, we note that although genome-wide ChIP, transcriptional profiling, and 

phylogenetic footprinting are all powerful techniques for analyzing transcriptional 

circuits, each has certain limitations. As we show here, the combination of all three 

approaches can produce an unambiguous and accurate description of a complex 

transcriptional circuit.
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Figure 1.  Cell-type regulation in S. cerevisiae. 

 

  

Figure 1 
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Figure 2. Repression of the a-specific genes by α2-Mcm1. 

(A) Positions on the yeast genome occupied by α2 in α cells, as determined by a 

genome-wide ChIP experiment. The 46 elements with the highest α:a fluorescence ratios 

are mapped as red bars on the chromosomes (see text), with the number of enriched 

elements at each position indicated in parentheses.  (B) A detailed view of the α2-

enriched elements described in (A). The strains used in this experiment contained a 

reporter construct that included α2-Mcm1 binding sites integrated at URA3 (indicated in 

gray lettering); URA3 is not otherwise a target of α2-Mcm1.  (C)  a-specific genes as 

determined by transcriptional profiling on genomic ORF microarrays. Shown are all 

genes with expression levels less than 0.5-fold in α cells compared with a cells and in 

α/α diploid cells compared with a/a diploid cells.  Because of a PCR amplification 

failure, the MFA1 spot was unusable in these arrays. It is known from other studies 

(reviewed in refs. (Herskowitz, 1992; Johnson, 1995; Sprague and Thorner, 1992)) that 

MFA1 mRNA levels are dramatically lower in α cells compared to a cells.  
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Figure 3.  Reproducibility of ChIPs performed with anti-α2 antibodies in a/α cells. 

ChIPs from a/α cells and a cells were carried out three independent times, and each pair 

was hybridized to 2 arrays for a total of 6 arrays. The median percentile rank values for 

each element across the six microarrays are displayed in the histogram, which gives the 

number of array elements for each median percentile rank value (bin size = 0.5 

percentile). The increase from the 96th to 100th percentile ranking reflects a reproducibly 

high enrichment of a set of elements across the six separate microarrays. Based on the 

inflection point position we used a significance cutoff at the 96.5 percentile rank 

(elements with percentile ranks above this cutoff are represented by red histogram bars). 

These highly enriched elements represent ~0.5% of the total number of elements on the 

microarray.  

Figure 3 



48 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Evolutionary conservation of the STE18 a1-α2 binding sites. 

Vertical green lines indicate nucleotides identical in the DNA sequences of S. cerevisiae, 

S. paradoxus, S. mikatae, S. bayanus, and S. kudriavzevii (Cliften et al., 2003; Kellis et 

al., 2003). 

 

 

 

  

Figure 4 
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Figure 5.  Comprehensive mapping of sites in the yeast genome occupied by a1-α2 and 

α2-Mcm1 

All microarray elements with median percentile ranks above 96.5 are mapped as red bars 

on the chromosomes (see Fig. 3 and the text for the rationale of this cutoff point). The a-

specific genes were also identified in this experiment, and they are indicated by black 

lettering. Genes lettered in green denote elements enriched in the IP that contain a 

phylogenetically conserved binding site that regulates the indicated gene. In some cases 

(e.g., CCW12 and HOG1) a single a1-α2 site regulates two divergently transcribed genes. 

Green letters in parentheses denote positions enriched in the IP that contain a 

phylogenetically conserved a1-α2 sequence, but in these cases the neighboring gene does 

not appear to be transcriptionally regulated by a1-α2. Red vertical bars with no 

corresponding lettering indicate elements enriched in the IP (≥96.5 percentile rank), but 

Figure 5 
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which fail to pass subsequent criteria (see text). These are presumed to represent noise in 

the ChIP experiment. 
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Figure 6.  Analysis of a1-α2 and α1-Mcm1 regulation 

(A)  A detailed view of the 23 sites in the a/α cell genome that were enriched in anti-α2 

IPs for which conserved a1-α2 sites (indicated by asterisks) were identified. Genes that 

were repressed at least 1.5-fold in a/α cells (versus a/a or α/α cells; see panels B and C) 

or that were previously published as being repressed in a/α cells are indicated in bold 

green lettering. Enriched elements that contain (or are adjacent to) phylogenetically 

conserved a1-α2 binding sites, but that do not appear to regulate an adjacent gene, are 

indicated with the surrounding genes in black lettering.  (B)  a1-α2 regulated genes. 

Expression patterns for each gene denoted in green in Panel A are displayed. For each 

gene, the number of microarray elements yielding IP percentile ranks ≥96.5 and the 

highest percentile rank among those elements are indicated. Brackets indicate genes that 

Figure 6 
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are divergently transcribed and are controlled by the same binding site (or, in some cases, 

a small cluster of sites). The positions of phylogenetically conserved a1-α2 binding sites 

relative to the start of the ORF are indicated. The degree of transcriptional repression in 

a/α cells (versus a/a or α/α cells) is indicated by the intensity of green color in boxes to 

the right of the table (gray indicates no data).   (C)  Haploid-specific genes identified by 

transcriptional profiling. We compared transcriptional profiles of a/α cells with a/a and 

α/α cells irrespective of ChIP results. This analysis revealed genes directly repressed by 

a1-α2 as well as genes indirectly regulated. Genes that were transcriptionally 

downregulated at least two-fold in EG123 a/α cells and 1.5-fold in a/α Σ2000 cells are 

displayed.  (D)  α-specific genes identified by transcriptional profiling. Expression levels 

from a matα1∆ and a wildtype α strain are compared (first column) and all genes down at 

least 1.5-fold in expression are displayed in order of ascending ratios. Also displayed are 

three sets of expression ratios comparing a and α (or a/a and α/α diploid) strains. Only 

the first five genes reproducibly score as α-specific genes across all four experiments. 

*YLR041W is annotated as a “dubious” ORF in the Saccharomyces Genome Database 

(http://yeastgenome.org/). It overlaps YLR040C almost completely, and the two ORFs 

cannot be distinguished due to crosshybridization. We believe that YLR040C is an α-

specific gene (see text) and that it cross-hybridizes to the YLR041W spot. 
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Figure 7.  a1-α2 repression of HOG1 confers sensitivity to NaCl in a/α cells 

(A)  Isogenic a/a and a/α diploid strains.  (B)  An a/α wildtype strain and an isogenic a/α 

strain containing three point mutations that disrupt the a1-α2 binding site in the HOG1 

promoter (hog1pr***). 

  

Figure 7 
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Table 1.  Summary of the circuit controlled by the MAT locus 

The complete set of genes regulated by the mating type transcriptional regulators. In this 

list are also included sites in the genome significantly occupied by a1-α2, but where no 

genes were observed to be transcriptionally regulated. For each of these, two genes 

flanking the a1-α2 bound intergenic sequences are given in parentheses (see text). 
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CHAPTER 3 
 

 
Epigenetic properties of white–opaque switching in Candida albicans are 

based on a self-sustaining transcriptional feedback loop 
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ABSTRACT 

White–opaque switching in the human fungal pathogen Candida albicans is an 

alternation between two distinct types of cells, white and opaque. White and opaque cells 

differ in their appearance under the microscope, the genes they express, their mating 

behaviors, and the host tissues for which they are best suited. Each state is heritable for 

many generations, and switching between states occurs stochastically, at low frequency. 

In this article, we identify a master regulator of white–opaque switching (Wor1), and we 

show that this protein is a transcriptional regulator that is needed to both establish and 

maintain the opaque state. We show that in opaque cells, Wor1 forms a positive feedback 

loop: It binds its own DNA regulatory region and activates its own transcription leading 

to the accumulation of high levels of Wor1. We further show that this feedback loop is 

self-sustaining: Once activated, it persists for many generations. We propose that this 

Wor1 feedback loop accounts, at least in part, for the heritability of the opaque state. In 

contrast, white cells (and their descendents) lack appreciable levels of Wor1, and the 



61 

feedback loop remains inactive. Thus, this simple model can account for both the 

heritability of the white and opaque states and the stochastic nature of the switching 

between them. 
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INTRODUCTION 

  In this paper, we examine the interconversion between two distinctive types of 

cells in the human fungal pathogen Candida albicans.  This interconversion, which plays 

important roles in both pathogenesis and mating, exemplifies two characteristics shared 

by many examples of cell differentiation: the conversion from one cellular state to 

another is stochastic, and each state, once formed, is heritable for many generations.  

The property of C. albicans we investigate is called white-opaque switching, and 

it refers to an alternation between two distinctive types of cells, white and opaque 

(Slutsky et al., 1987). White cells generally give rise to white cell progeny, but 

approximately every 10,000 generations, a white cell spontaneously switches to the 

opaque form, which will then produce opaque cell progeny for many generations (Bergen 

et al., 1990) (Rikkerink et al., 1988).  Conversely, an opaque cell can spontaneously 

switch back to the white form, and the progeny of this cell will remain in the white form 

for many generations.  Any molecular mechanism for white-opaque switching must 

therefore account for the ability of each state to stochastically convert to the other as well 

as the heritability of each state, once formed. 

 White and opaque cells of C. albicans differ in many features (for reviews, see 

(Soll et al., 1993) (Lockhart et al., 2003a) (Johnson, 2003)).  They are easily 

distinguished under the microscope, with white cells appearing nearly spherical and 

opaque cells appearing larger and more elongated. When grown on agar plates, white 

cells form white, dome-shaped colonies whereas opaque colonies are darker and lie 

flatter against the agar.  Many, if not all, of the differences between white and opaque 

cells are due to differences in gene expression:  for example, mRNAs from approximately 
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400 genes (~7% of the genome) are present in significantly different levels in white 

compared to opaque cells (Lan et al., 2002) (Tsong et al., 2003).  These genes cover a 

wide range of functions including adhesion, drug resistance, metabolism, virulence, and 

mating. 

 Although the full range of biological roles for white-opaque switching are only 

beginning to be appreciated, a few specific examples are well-documented.  C. albicans 

can colonize many different niches in the mammalian host, and white and opaque cells 

differ significantly in this regard.  While white cells are more suited for bloodstream 

infections, opaque cells are better at colonizing skin surfaces (Kvaal et al., 1997) (Kvaal 

et al., 1999) (Lachke et al., 2003).  Thus white-opaque switching provides C. albicans 

with two distinctive types of cells that interact differently with the host. White-opaque 

switching also has a key role in the mating of C. albicans.  White cells mate poorly (if at 

all) whereas opaque cells mate with high efficiency (Miller and Johnson, 2002). The key 

role of white-opaque switching in mating is also reflected by the fact that the mating-type 

locus of C. albicans controls white-opaque switching: while a and α cells (the mating 

forms) are permissive for switching, a/α cells cannot switch and remain locked in the 

white form.  This block to white-opaque switching in a/α cells is mediated through the 

a1-α2 heterodimer, a transcriptional repressor (Miller and Johnson, 2002) (Lockhart et 

al., 2002).  

In this paper, we investigate the molecular mechanism of white-opaque switching.  

We begin by identifying a master regulator of white-opaque switching, the WOR1 gene.  

We show that strains deleted for WOR1 are locked in the white form and that ectopic 

expression WOR1 in white cells converts the population en masse to opaque cells.  
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Ectopic WOR1 expression can also override, at least partially, the a1-α2 block to white-

opaque switching.  We show that Wor1 protein is normally present at very low levels in 

white cells but accumulates to high levels in opaque cells through the action of a positive 

feedback loop:  Wor1 binds to its own promoter and activates its own synthesis. Finally, 

we show that a pulse of ectopically expressed Wor1 in white cells converts the entire 

population to opaque cells, and that these opaque cells continue to give rise to opaque 

progeny for many generations after the ectopic construct has been turned off. Based on 

these results, we propose a simple model – a self-sustaining transcriptional feedback loop 

present in opaque but not white cells – that can account for the stochastic nature of white-

opaque switching and for the heritability of each of the two states. 
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RESULTS 

Identification of WOR1 as a regulator of white-opaque switching. 

In order to identify genes controlling white-opaque switching, we based our 

strategy on the observation that the a1-α2 heterodimer blocks white-opaque switching 

(Miller and Johnson, 2002).  We therefore considered all genes repressed by a1-α2 in 

white cells as candidate regulators of white-opaque switching.  Six a1-α2 repressed genes 

(CEK2 (orf19.460), STE2 (orf19.696), FGR23 (orf19.1616), FAR1 (orf19.7105), CAG1 

(orf19.4015), WOR1 (orf19.4884)) were identified in our previous microarray analysis 

(Tsong et al., 2003), and we constructed two independent knockout strains for each gene 

in an a cell background.  All of the mutant strains underwent white-to-opaque switching 

at normal frequencies (Bennett et al., 2003), as monitored by sectored colony formation 

(typically 2-5% of colonies show opaque sectors), except for the two strains deleted for 

the WOR1 gene (based on the work in this paper, WOR1 was named as White-Opaque 

Regulator 1).  These strains failed to switch; that is, they appeared locked in the white 

phase.  In the course of this work, we examined over 6000 colonies of the wor1∆ strains 

and never observed an opaque colony or sector.  Note that C. albicans is diploid and that 

construction of a knockout strain requires sequential disruption of both gene copies.  For 

convenience, we will denote strains deleted for both copies of the WOR1 gene simply as 

wor1∆ mutants. 

WOR1 codes for a class of conserved fungal proteins that have been implicated in 

several biological processes but whose precise biochemical function is not known (Figure 

1).  For example, Schizosaccharomyces pombe has two proteins closely related to WOR1:  

GTI1 regulates alternative sugar uptake (Caspari, 1997) and PAC2 regulates sexual 
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development (Kunitomo et al., 1995).  The C. albicans WOR1 gene was previously 

identified (as EAP2)  by its ability to enhance adhesiveness to polystyrene when 

introduced into Saccharomyces cerevisiae, but the basis of this effect has not been 

investigated (Li and Palecek, 2005).  We show in this paper that Wor1 is a transcriptional 

regulator, a result strongly suggesting that all members of this protein class share this 

function. 

 

Ectopic Expression of WOR1 converts an entire population of white cells to opaque 

cells. 

 As described in the Introduction, white a or α cells typically switch to the opaque 

form approximately once every 10,000 generations.  When a copy of the WOR1 coding 

region was placed under control of the MET3 promoter (Care et al., 1999) and its 

expression was induced in white a cells, the entire population of white cells was 

converted to opaque cells (Figure 2).  We identify these cells as bona fide opaque cells by 

four criteria:  they have the cell shape characteristic of opaque cells (Figure 2A, 2B), they 

form colonies with the highly characteristic morphology of those formed by normal 

opaque cells (not shown), they up-regulate transcription of opaque-specific genes and 

down-regulate white-specific genes (Figure 2C), and they respond to mating pheromone 

in the way that only opaque cells do—by forming highly characteristic mating projections 

(Bennett et al., 2003) (Figure  2D).  Control experiments demonstrate that the pMET3-

WOR1 construct has no significant effect on white-opaque switching unless it is induced 

(Figure 2A); in addition, the nutritional conditions used to regulate the MET3 promoter 

have no effect on white-opaque switching in cells that lack the pMET3-WOR1 construct 
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(not shown).  We considered the possibility that Wor1 could also regulate hyphal growth 

in C. albicans, thereby confusing our identification of opaque cells by their increased 

length-to-width ratios.  To test this possibility, we monitored hyphal growth in the wor1∆ 

strains on spider medium and on YEPD + 10% serum and found it to be normal (not 

shown).  Thus WOR1 is necessary for opaque cell formation but not for hyphal cell 

formation. 

 

Wor1 activates its own transcription and binds to its own promoter. 

 When WOR1 is expressed ectopically in white cells, transcription from the 

endogenous copies of WOR1 is strongly induced, demonstrating that Wor1 activates its 

own transcription (Figure 3A).  As indicated in the figure, the endogenous transcript is 

considerably larger than that produced from the pMET3-WOR1 construct and is easily 

distinguished from it.  

 The simplest model for Wor1 activating its own transcription predicts that Wor1 

binds to its own DNA regulatory region.  Inspection of the Wor1 amino acid sequence 

indicated that it lacks all of the conventional motifs associated with sequence-specific 

DNA binding or other aspects of transcriptional regulation.  We therefore experimentally 

tested the idea that Wor1 is a transcriptional regulator of its own gene by chromatin 

immunoprecipitation (ChIP).  Protein-DNA complexes were crosslinked in opaque cells, 

sheared, and precipitated using affinity-purified antibodies directed against an Wor1 

peptide.   As shown in Figure 4, the Wor1 protein specifically occupies several discrete 

positions upstream of its gene.  For this experiment, all values for immunoprecipitated 

DNA were normalized to an ADE2 control; the peaks of Wor1 occupancy are 
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approximately 10-fold above both the ADE2 values and those of the “troughs” in the 

WOR1 upstream region.  Control experiments demonstrate that no significant 

precipitation of the WOR1 control region is observed in white a, a/α, or a wor1∆ cells 

(Figure 4).  

 Although we have not formally shown that Wor1 binds DNA directly, this seems 

likely given the multiple discrete sites of occupancy in the WOR1 upstream region.  If 

true, this would mean that Wor1 exemplifies a new motif for sequence-specific DNA 

recognition. 

 

 Wor1 Protein Accumulates to high levels in opaque cells. 

 The results of the ChIP experiments described above demonstrate that Wor1 

occupies its own DNA regulatory region in opaque but not in white cells of the same 

genotype (Figure 4).  A simple explanation for this finding is that Wor1 is present at 

much higher concentration in opaque cells than in white cells, thereby driving its DNA 

occupancy.  As shown in Figure 3A, the WOR1 transcript is present at higher levels in 

opaque cells than white cells, a result also consistent with previous microarray 

experiments (Lan et al., 2002) (Tsong et al., 2003).  In the experiment of Figure 3B, we 

monitored levels of Wor1 protein by Western analysis of crude extracts prepared from a 

variety of white and opaque strains.  Consistent with the mRNA regulation, the results 

clearly show that the Wor1 protein is present in much higher concentrations in opaque 

cells compared to white cells.  The immunoblot also shows that, when induced, the 

pMET3-WOR1 construct does not grossly under- or over-express the Wor1 protein.  This 

experiment also includes a series of control experiments that unambiguously establish 
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that the antibodies specifically recognize the Wor1 protein; these same antibodies were 

used in the ChIP experiments of Figure 4. 

 

A pulse of WOR1 expression is sufficient to stably convert white cells to opaque cells. 

 Our results indicate that Wor1 turns on its own transcription resulting in high 

levels of the protein in opaque cells.  In contrast, the protein is expressed at very low 

levels in white cells.  These observations suggest a simple model for white-opaque 

switching based on a positive feedback loop: in white cells, levels of Wor1 protein are 

below the threshold needed to activate its own synthesis; switching to opaque cells occurs 

when this threshold is exceeded and the feedback loop is activated.  According to this 

model, the positive feedback loop should be self-sustaining; that is, once excited, it 

should persist for many generations.  In this regard, the model makes two important 

predictions, which we test in turn. 

 First, if the model is correct, ectopic expression of WOR1 in white cells should be 

needed only transiently to convert the population to stable opaque cells.  In other words, 

ectopic expression of WOR1 should be needed to initially excite the feedback loop but its 

continued expression should not be required to maintain it.  This prediction was borne out 

by the experiment of Table 1 (lines 1&2). Here, ectopic expression of WOR1 was induced 

in white cells for several generations, converting the population to opaque cells, and then 

shut off.  Many generations later (enough to form a colony from a single cell), these cells 

were still in the opaque form and they continued to give rise to opaque progeny cells.  

Thus, the cells retained a memory of the pulse of ectopic WOR1 expression, faithfully 
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maintaining the opaque state for many generations after the original stimulus had been 

removed. 

 A second prediction of the feedback loop model is that continued expression of 

Wor1 should be needed to maintain the opaque state; that is, Wor1 should be needed not 

only to establish but also to maintain the opaque state.  To test this prediction, we deleted 

the endogenous copies of WOR1 and introduced the pMET3-WOR1 construct.  When the 

construct was induced in white cells, the population converted to a mix of cells types, 

with many resembling true opaque cells, but others showing a less elongated shape.  

However, when the pMET3-WOR1 construct was turned off, all the cells – including 

those resembling true opaques – reverted to white cells as judged by both cell appearance 

and colony morphology (Table 1, lines 3&4).  This experiment shows that, unless the 

endogenous copies of WOR1 are present, a pulse of Wor1 expression from the ectopic 

construct is not sufficient to generate a heritable opaque state.  Thus, Wor1 is necessary 

for both the establishment and the maintenance of the opaque state. 

 

Ectopic Expression of WOR1 can override the a1-α2 block to white-opaque 

switching.  

As discussed in the Introduction, white-opaque switching can occur in a cells and 

α cells, but is blocked in a/α cells by the transcriptional repressor a1-α2.  We present 

four lines of evidence that argue that the a/α block to white-opaque switching is due to 

repression of WOR1 transcription by a1-α2.  First, as discussed above, WOR1 is 

absolutely required for white-opaque switching, hence its repression would be sufficient 

to block switching.  Second, our previous work showed that WOR1 transcription is 
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indeed repressed by a1-α2 (Tsong et al., 2003).  Third, a1-α2 binding sites are highly 

conserved between C. albicans and S. cerevisiae (Hull et al., 2000), and we found a close 

match (TTGATGTGATTTTTAACACG) to the composite consensus sequence in the 

WOR1 upstream region. To provide a fourth test of the idea that the a/α block to white-

opaque switching is due to repression of WOR1, we introduced the pMET3-WOR1 

construct into a/α cells and induced expression of WOR1.  We observed conversion en 

masse of the population to an opaque-like form: many, but not all, of the cells resembled 

true opaque cells under the microscope (Figure 5A), the colonies resembled, but were not 

identical to, those formed by true opaque cells (not shown), and opaque-specific genes 

were induced and white specific genes were repressed (Figure 5B). As for the case of the 

wor1∆ strain, continued expression of the pMET3-WOR1 construct was required to 

maintain this state:  when the construct was turned off in the a/α strain, the cells reverted 

to the white form (Table 1, lines 5&6). This experiment shows that ectopic expression of 

WOR1 can partially override the a/α block to white opaque switching and, in 

combination with the other observations cited above, demonstrates that repression of 

WOR1 by a1-α2 is sufficient to explain why a/α cells cannot undergo white-opaque 

switching.  The experiment also confirms that expression of the endogenous copies of 

WOR1 is necessary to maintain the heritability of the opaque state once the ectopic 

construction is turned off.   
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DISCUSSION 

 Discovered nearly twenty years ago, white-opaque switching in Candida albicans 

is an interconversion between two different types of cells, white and opaque.  As 

reviewed in the introduction, white and opaque cells differ in their appearances, in the 

genes they express, in the host tissues they are most suited for, and in their mating 

behavior.  White-opaque switching in C. albicans embodies two critical features of gene 

expression that underlie numerous examples of cell differentiation.  First, switching is 

stochastic, occurring on average once per 10,000 cell generations.  Second, the two states 

are heritable; that is white cells give rise to white progeny and opaque cells to opaque 

progeny.  This inheritance proceeds for many generations until a cell spontaneously 

switches to the other form. 

       In this paper we investigate the molecular mechanism of white-opaque switching.  

We first identify a master regulator of white-opaque switching, the WOR1 gene.  We 

show that this gene is required for white-opaque switching, and that, when ectopically 

expressed, it converts wholescale a population of white cells to opaque cells.  We show 

that WOR1 forms a positive feedback loop:  the protein binds to its own promoter, 

activates its own transcription, and accumulates to high levels in opaque cells. We 

demonstrate that this feedback loop is self-sustaining by showing that a pulse of ectopic 

WOR1 expression is sufficient to convert a whole population of white cells into opaque 

cells and that these cells continue to generate opaque cell progeny many generations after 

the pulse was ended.  We also provide an explanation for the genetic block to white-

opaque switching in a/α cells: the a1-α2 heterodimer represses WOR1 expression.   

These results show that WOR1 is a master regulator of white-opaque switching and that it 
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is required both to establish and maintain the opaque state.  We propose that it does so by 

forming a self-sustaining positive feedback loop, which produces high levels of the 

protein in the opaque state.  It seems likely that, in addition to turning on its own 

expression, Wor1 activates a set of opaque-specific genes, whose expression endows the 

opaque state with its specialized properties. 

In its most succinct form, our model for white-opaque switching is given in 

Figure 6.  a/α cells cannot undergo white-opaque switching because WOR1 transcription 

is repressed.  In a and α white cells, WOR1 is expressed at low levels, below the 

threshold necessary to excite the WOR1 positive feedback loop.  According to the model, 

the level of WOR1 expression in white cells exhibits cell-to-cell variation (noise) and, in 

a population, the threshold level of WOR1 will be exceeded in a small number of cells. In 

these rare cells, the feedback loop will be activated, Wor1 levels will accumulate, and the 

cells will switch to the opaque form.  A similar idea can explain the switch from opaque 

back to white:  if the levels of WOR1 expression drop below the threshold needed for 

self-activation, the feedback loop will be broken and cells will revert to the white form.  

The self-sustaining feedback loop model also explains the heritability of the two states.  

According to the model, white cells give rise to white cells because their progeny receive 

only low levels of Wor1 protein.  In contrast, opaque cell progeny would receive 

sufficiently high levels of Wor1 to maintain the feedback loop.  

Although the simplified model of Figure 6 can in principle account for the critical 

features of white-opaque switching, the actual circuitry probably includes additional 

features that further stabilize the white and opaque states.   For example, Wor1 binds to 

multiple positions in the WOR1 upstream region, and cooperative effects may well 
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sharpen the switch-like behavior of the white-opaque transition.   It is also possible that 

WOR1 levels in white a and α cells are kept low by a repressor, thereby ensuring a low 

(but observable) switching rate, and the production of this repressor is antagonized as 

Wor1 levels increase.  It is also possible that the high levels of WOR1 production in 

opaque cells are limited, perhaps by a negative feedback loop.  The structure of the 

WOR1 gene itself is consistent with additional regulatory inputs: its mRNA contains 

extensive untranslated regions and the DNA control region appears to be on the order of 

8 kb in length.   

In closing, we note that our experiments establish that white-opaque switching is 

almost certainly an epigenetic phenomenon; that is, switching creates a heritable change 

without altering the primary DNA sequence. (Technically, a small, reversible DNA 

rearrangement cannot be rigorously ruled out, but this idea seems highly unlikely in light 

of the experiments presented here.)   In eukaryotes such as C. albicans, epigenetic 

changes are often attributed to heritable changes in chromatin structure, but we are 

proposing a very different type of model for white-opaque switching--the inheritance of a 

diffusible protein that directs its own production. This idea is reminiscent of the 

epigenetic alterations between the immune and anti-immune states of E. coli containing 

derivatives of bacteriophage lambda (Ptashne, 1994).  In this case, inheritance of the 

immune state is based on a diffusible protein (the lambda repressor) which activates its 

own synthesis. 

 Many challenges remain in understanding white-opaque switching in C. albicans.  

Given the apparent absence of this type of phenomenon in many other fungi including S. 

cerevisiae, it is possible that white-opaque switching co-evolved during C. albicans’ long 
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association with warm-blooded animals (Lott et al., 2005). Perhaps producing two 

distinct types of cells has enabled C. albicans to thrive in the hostile environment created 

by an evolving innate immune system.  The simple mechanism we have proposed 

suggests that an epigenetic phenomenon like white-opaque switching could have easily 

evolved from more conventional (that is, non-heritable) types of transcriptional circuits. 
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MATERIALS AND METHODS 

See Supplemental Table 1 for a list of strains used in this study.  PCR primers are listed 

in Supplemental Table 2. 

 

Media 

Standard laboratory media have been described (Guthrie, 1991). Synthetic complete 

medium + 2% glucose + 100 µg/ml uridine (SCD+Urd) was used to maintain strains in 

the white and opaque phases at room temperature (RT).  Supplemented Lee’s medium 

(Slutsky et al., 1987) was further supplemented with 70 µg/ml Arg, 81 µg/ml Ade, 0.023 

µg/ml His, and 100 µg/ml Urd.  For the MET3 induction experiments (Care et al., 1999), 

cells were grown in SCD+Urd lacking Met and Cys (SD-Met-Cys+Urd).  To repress the 

MET3 promoter, SCD+Urd was supplemented with 2.5 mM each of Met and Cys 

(SD+Met+Cys+Urd).  Strains were grown on solid media for 5-7 days at RT before 

inoculating liquid cultures used in the experiments described below. 

 

Plasmids 

To generate pMET3-WOR1, the WOR1 ORF was amplified from SC5314 genomic DNA 

using primers containing BglII and AvaI restriction sites and was cloned into 

BamHI/BspEI-digested pCaEXP(Care et al., 1999), creating plasmid pRZ25.   

 

Strain construction  

All strains were derived from SC5314.  With the exception of the cag1∆ mutant, 

the a strains were generated by growth on sorbose-containing medium, as described 
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previously (see (Bennett et al., 2003) and references therein).  Mating type was 

determined by PCR (Miller and Johnson, 2002). 

The cag1∆ mutant was derived from RM1000:  Urablaster methods using 

pCH152 disrupted the MTLa1 and MTLa2 genes (Hull and Johnson, 1999) (Fonzi and 

Irwin, 1993), and the two alleles of CAG1 were disrupted using HIS1 and URA3 markers 

(Wilson et al., 2000).  This strains also contains a maltose-inducible STE3 construct, 

generated from pAU15 (Uhl and Johnson, 2001).     

Deletions of CEK2, FGR23, FAR1, and WOR1 were created from the parent strain 

RZY47 –an a derivative of SN87 (-His -Leu) generated by sorbose-selection (Noble and 

Johnson, 2005).   The target genes were disrupted using the fusion PCR strategy as 

described previously (Noble and Johnson, 2005).  For each target gene, at least two 

independent deletion mutants were generated from independent heterozygous mutants. 

The fusion knockout strategy was also used to create a wor1∆ mutant in SN78 

(a/α -His -Leu -Ura) (Noble and Johnson, 2005).  The strain was then transformed with 

linearized pRZ25 (containing pMET3-WOR1) to direct integration to the RP10 locus 

(Care et al., 1999).  Proper integration was verified using PCR.  This strain was sorbose-

selected on media supplemented with 2.5 mM Met and Cys to generate a isolates. 

The pRZ25 plasmid was also transformed into CAI4 (-Ura) or RZY9 (a derivative 

of CAI4).  These strains are referenced as pMET3-WOR1 (a/α or a) in the text.  As 

controls, pCaEXP was introduced into CAI4 or RZY9 to create pMET3 control (a/α or a) 

strains.  
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DNA sequences of C. albicans genes were obtained from the Candida Genome 

Database (http://www.candidagenome.org).  Fungal protein sequences were obtained 

from Proteome Bioknowledge Library (http://www.proteome.com).   
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White-Opaque Switching Assays 

White–opaque switching assays were performed as described previously (Miller and 

Johnson, 2002), with the following modifications.  Each strain was streaked onto 

supplemented Lee’s medium (described above) and grown for 5 days at 25˚C.  Cells were 

then plated onto SCD+Urd and grown for 7 days at RT, at which time the colonies were 

monitored for the presence of opaque colonies and sectors.  At least two independent 

isolates of each mutant were used in this assay. 

 

Ectopic expression of WOR1 and cell measurements 

Cells were grown on SD+Met+Cys+Urd (repressing) media at RT for 5 days.  For each 

strain, 5-10 colonies were resuspended in sterile water and plated onto repressing or 

inducing media (SD-Met-Cys+Urd).  After growth at RT for 5 days, colony phenotypes 

were recorded.  Colonies were resuspended in sterile water and cells were examined 

using differential interference contrast (DIC) microscopy on a Zeiss Axiovert 200M 

microscope (Carl Zeiss, Germany). Cell dimensions were measured using Zeiss 

AxioVision software.  Additional experiments with independent wildtype and mutant 

strains were nearly identical to those shown in Figures 2 and 5 (not shown).  To test the 

effect of transient ectopic expression of WOR1, colonies grown on inducing media were 

replated on repressing media (or inducing, as a control).  Plates were grown at RT for ~7 

days and colony phenotypes were recorded. 

 

Quantitative reverse transcription PCR (RT-PCR) 
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Cultures were grown in SD-Met-Cys+Urd at RT to mid-log phase, harvested by 

centrifugation, and frozen in liquid nitrogen.  Total RNA was isolated from the cell 

pellets using buffered phenol extractions.  Total RNA from each sample was linearly 

reverse-transcribed and cDNA was amplified by quantitative PCR, as monitored by Sybr 

Green fluorescence in a MJ Research Opticon instrument (Waltham, MA).  Quantitative 

PCR was performed 3 times on the same cDNA preparation and the median value is 

shown in Figures 2 and 5.  Signal for each gene is normalized to the median PAT1 

transcript level in the corresponding strain.   

 

Response to mating pheromone 

Synthetic α-factor treatment was performed as previously described (Bennett et al., 

2003).  Cells were fixed and observed by DIC microscopy after 4 hours of pheromone 

treatment.  

 

Northern Blot Analysis 

Five µg of total RNA (isolated above) were analyzed by Northern blot analysis.  Radio-

labeled DNA probes were generated by PCR and purified using Probe Quant G50 

Sephadex Columns (Amersham Biosciences, UK).  Signal was detected using a Storm 

phosphorimager (Molecular Dynamics, Sunnyvale, CA). 

 

Western Blot Analysis  

C. albicans cultures were grown in repressing or inducing medium and harvested as 

described above.  Whole cell extracts (WCE) were prepared in urea lysis buffer (Ubersax 
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et al., 2003), and 5µg of WCE from each sample was separated SDS-PAGE and analyzed 

by Western blotting.  α-Wor1 is an affinity-purified antibody generated against a peptide 

at the C-terminus of Wor1 (DDAVGNSSGSYYTGT) (Bethyl Laboratories, 

Montgomery, TX).  As a loading control, the membrane was stripped and reprobed with 

rat α-Tub1, raised against S. cerevisiae Tub1 (#ab1616, Abcam, Cambridge, MA).   

 

ChIP Experiments   

Overnight cultures were grown in SCD+Urd for ~16h at 25ºC to an OD600 of 0.4.  Cells 

were formaldehyde crosslinked and lysed by spheroplasting and osmotic lysis.  Using 5µl 

α-Wor1 antibody (described above), immunoprecipitation (IP) was performed as 

described (Liu et al., 2005), with modifications.  After spheroplasting, micrococcal 

nuclease digestion was omitted, and spheroplasts were resuspended in lysis buffer (50 

mM HEPES-KOH [pH 7.5], 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% 

sodium deoxycholate).    DNA was sheared by sonication 10 times for 10s at power 

setting 2 on a Branson 450 sonicator, incubating on ice for 2 min between sonication 

pulses.  Extracts were clarified by centrifugation.   

 

PCR primers were designed at ~250bp intervals across the intergenic sequence upstream 

of the WOR1 ORF.  For each ChIP experiment, DNA derived from the WCE and IP 

eluate was analyzed by quantitative PCR (qPCR).  For each primer pair, three 

independent pairs of WCE and IP qPCR reactions were run, and median IP/WCE 

quantity ratios across the three replicates were divided by median IP/WCE quantity ratios 

across three control reactions run in parallel using primers to the ADE2 ORF.  ChIP 
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experiments using an MTLα1∆MTLα2∆ opaque strain (not shown) had an enrichment 

profile that was virtually identical to the a opaque profile shown in Figure 4. 
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Table 1.  Transient ectopic expression of WOR1 forms stable opaque colonies in a 

strains containing the endogenous WOR1 genes. 

Ectopic expression of pMET3-WOR1 was induced by growth on appropriate media, and 

strains formed opaque or opaque-like colonies as described in the text.  When replated 

onto media that represses expression of the pMET3-WOR1 construct, only the a strains 

that contain the endogenous copies of WOR1 were able to maintain the opaque state. 

  

Table 1 
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Figure 1.  Alignment of Wor1 homologs across fungal species. 

Protein sequences were aligned using CLUSTALW (Chenna et al., 2003), which 

identified a highly conserved region at the N-terminus of each protein (blue).  For 

instance, C. albicans Wor1 and S. pombe Gti1 are 53% identical across the conserved 

region.  C. albicans Wor1 protein is 785 amino acids in length, and the other proteins are 

drawn to scale. 

  

Figure 1 
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Figure 2 
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Figure 2.  Ectopic expression of WOR1 in white cells drives the cells to the opaque 

phase. 

Panels A and B:  Ectopic expression of WOR1 causes white cells to resemble opaque 

cells in appearance. Cell dimensions were measured in DIC images (panel B), and 

populations of cells were compared based on the distribution of length/width ratios for 50 

cells/strain/condition (panel A).  Panel C:  Ectopic expression of WOR1 in white cells 

causes them to express genes characteristic of opaque cells.  Quantitative RT-PCR was 

used to monitor transcription of the white-specific genes WH11 and EFG1 and the 

opaque-specific genes SAP1 and OP4.  All values were normalized to PAT1, a transcript 

that is not regulated by white-opaque switching.  Panel D:  Ectopic expression of WOR1 

in white cells renders them sensitive to the mating pheromone α-factor.  This specialized 

property of true opaque cells is visualized by the formation of mating projections on the 

ends of the cells (Bennett et al., 2003).  Cells were treated with α-factor (10µg/ml in 

DMSO) or an equivalent amount of DMSO as a control.  In panels A and B, “ON” and 

“OFF” indicate the expression of the pMET3-WOR1 construct, as controlled by media 

conditions.  For strains that lack the pMET3-WOR1 construct, media conditions are 

designated by “(on)” or “(off)”.  For experiments shown in panels C and D, strains were 

grown in media that induces pMET3-WOR1 expression.  All strains are a strains. 
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Figure 3.  Northern and Western analysis of WOR1 expression.   

Panel A:  Northern analysis of total RNA isolated from strains grown under conditions 

that induce the pMET3-WOR1 construct.  The relevant genotypes are indicated above 

each lane (all strains are a strains).  RPL5 serves as a loading control.  Panel B: 

Immunoblot analysis of Wor1 protein levels in white and opaque cells of several different 

strains.   Wor1 was detected in whole cell extract using an antibody (α-Wor1) generated 

against a peptide portion of Wor1.  Strain 1 (a, wor1∆) controls for non-specific binding 

of the antibody.  Strain 2 (CAF2-1, a, white) and strain 3 (CAF2-1, a, opaque) show the 

differential expression of Wor1 between white and opaque cells.  Strain 4 (a, pMET3-

WOR1), strain 5 (a, wor1∆ + pMET3-WOR1), and strain 6 (a/α, pMET3-WOR1), show 

that the pMET3-WOR1 construct is tightly regulated by media conditions and that the 

protein is not grossly over-expressed.  Strain 7 (SNY87, a, white) and strain 8 (SNY87, a, 

opaque) again show the differential expression of Wor1 in white versus opaque cells.  

The blot was stripped and re-probed with α-Tub1 as a loading control.  “ON” and “OFF” 

indicate media conditions used to regulate the pMET3-WOR1 construct, as described in 

Figure 2. 

Figure 3 
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Figure 4.  Wor1 protein is bound to the region upstream of its gene. 

Chromatin immunoprecipitation was performed with α-Wor1 antibodies in wildtype a 

opaque, wildtype a white, wildtype a/α, and wor1∆ a strains.  Wor1 ChIP enrichment was 

detected by quantitative PCR at ~250bp intervals across the 10.3kb intergenic region.  

Shown are enrichment values at each position upstream of WOR1 relative to a control 

gene (ADE2) that is not regulated by white-opaque switching. 

  

Figure 4 
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Figure 5.  Ectopic expression of WOR1 in a/α cells induces opaque-like 

characteristics.  Ectopic expression of WOR1 was regulated using the pMET3-WOR1 

construct in a/α strains.  Panels A:  Ectopic expression of WOR1 causes white cells to 

resemble opaque cells in appearance. Cell dimensions were measured in DIC images, 

and populations of cells were compared based on the distribution of length/width ratios 

for 50 cells/strain/condition.  “ON” and “OFF” indicate media conditions used to regulate 

the pMET3-WOR1 construct, as described in Figure 2.  Panel B:  Ectopic expression of 

WOR1 in white cells causes them to express genes characteristic of opaque cells.  

Quantitative RT-PCR was used to monitor transcription of the white-specific genes 

WH11 and EFG1 and the opaque-specific genes SAP1 and OP4 under conditions that 

Figure 5 
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induce the pMET3-WOR1 construct.  All values were normalized to PAT1, a transcript 

that is not regulated by white-opaque switching. 
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Figure 6.  A model for a positive Wor1 feedback loop in regulation of white-opaque 

switching. 

  

Figure 6 
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CHAPTER 4 

 

Genomic Control of the White-Opaque Regulatory Program by the Wor1 

Master Switch Regulator in Candida albicans 
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INTRODUCTION 

 White-opaque switching in Candida albicans is a switch that occurs at low 

frequency between two distinct morphological states, white and opaque. White and 

opaque cells differ both macroscopically at the colony level, and microscopically in terms 

of cell morphology.  Opaque cells undergo efficient mating, whereas white cells appear 

to be unable to mate.  Under appropriate growth conditions, a white cell will convert, or 

switch, to an opaque cell once in every 10,000 cell generations. Likewise, an opaque cell 

will switch to a white cell with similar frequency (Miller and Johnson, 2002).  Substantial 

cellular changes accompany the switch and a few hundred genes are expressed differently 

in the two states, when compared under standard laboratory growth conditions (Lan et al., 

2002; Tsong et al., 2003).  Importantly, cells of each of the two states have been shown to 

thrive better in two separate models for host pathogenesis (skin infection, and systemic 

infection) and it has been suggested that the two states are thought to be adapted to 

different roles in pathogenesis (Kvaal et al., 1997; Lachke et al., 2003).  Were this the 

case, the switch would serve to allow the infecting population to adapt as it colonizes and 

disseminates in the host.  The regulation of the process by which this switch occurs is 

poorly understood, but environmental conditions have been identified that bias the switch 

towards the white or opaque states. 

 The molecular basis of the switch is only beginning to be understood.  Based on 

current evidence, the switch appears to be modulated at the level of transcriptional 

regulation.   Several sequence specific DNA binding proteins that are specific to the two 

states were identified from expression microarray experiments comparing the two states 

and tested for their roles in the switch. Three have been demonstrated to be required for 
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normal rates of switching between the white and opaque states.  These include CZF1 and 

ZCF33, which are opaque specific and are considered activators of the opaque state.  

EFG1, a white specific gene, is needed for efficient switching from the opaque to white 

state.  A fourth gene, WOR1, does not contain any homology to any known DNA binding 

domain, but encodes a protein that we have shown previously to localize to sites on 

DNA, possibly directly (Zordan et al., 2006).  WOR1, an opaque specific gene, has the 

strongest switching phenotype of any of these regulators: whereas deletions in the other 

factors lower the switching frequency, a wor1∆/wor1∆ strain is completely locked in the 

white state.  Moreover, we previously showed that overexpression of WOR1 is sufficient 

to drive a white population of cells rapidly into the opaque state.  Thus, its expression 

was shown to be necessary and sufficient for the switch to the opaque state (Zordan et al., 

2006).  Genetic epistasis experiments place WOR1 at the center of the regulation of the 

white-opaque switch.  WOR1 is highly expressed in opaque cells and Wor1 protein was 

previously shown to bind to its own promoter and to activate its own expression.  The 

most parsimonious explanation is that Wor1 activates its own expression as  a direct 

transcriptional regulator.  This autoregulatory positive feedback loop offers a mechanism 

to explain how the white and opaque phases are modulated in cells that are homozygous 

at the MTL locus.  Current models suggest that the “flipping” of the switch itself might be 

determined by subtle Wor1 protein thresholds in white cells.  The switch from the opaque 

state to the white state might occur by stochastic fluctuations of Wor1 protein level 

within a dividing population of cells, whereby low levels of Wor1p in a rare individual 

cell would be sufficient to trigger the WOR1 autoregulatory feedback loop and cause the 

cell to switch to the white cell type.  Specific environmental conditions modulate the 
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switch; thus, in this model, these conditions might act by stabilizing or destabilizing 

Wor1 or by affecting its expression. 

 Although Wor1 has not been determined to be a sequence-specific DNA binding 

protein, it occupies its own promoter in vivo, as determined by ChIP (Zordan et al., 

2006).  Whether it directly recognizes DNA or is recruited to DNA by other proteins has 

not been resolved.  With Wor1 established as the key regulator of the establishment and 

maintenance of the opaque phase, and with it likely to be a sequence-specific 

transcriptional regulator, two different scenarios seem likely.  In one scenario, Wor1 

might regulate just a few genes directly, including transcriptional regulators.  In this case, 

those downstream regulators would carry out the transcriptional changes at hundreds of 

genes that have been shown to be upregulated in the opaque state.  Alternatively, Wor1 

might bind to hundreds of genes and carry out the bulk of opaque-phase regulation itself.  

In principle, this direct regulation might allow for tighter control of the circuit and the 

switch. 

 It was previously noted that relatively large numbers of genes are specific to 

white and opaque type cells (Lan et al., 2002; Tsong et al., 2003).  By our own 

assessment of the data,  288 genes were upregulated at least 2-fold in opaque cells as 

compared to white cells.  159 genes were upregulated 2-fold in white cells, compared to 

opaque cells.  Current models to explain the dynamics of how the epigenetic white-

opaque switch occurs focus on the binding of Wor1 at its own promoter and at the 

promoters of a few other transcriptional regulators.  Thus, understanding where Wor1 is 

localized on a genomic level might be expected to elucidate basic aspects of the white-

opaque switch itself. 
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 Here, we explore the set of gene targets directly regulated by Wor1, by ChIP chip, 

to determine the extent of the Wor1 circuit.  We identify 221 ORFs whose upstream 

intergenic regions are significantly occupied by Wor1.  These ORFs show strong overlap 

with sets of genes that are specific to both the white and opaque states, suggesting that 

Wor1 potentially acts as a transcriptional activator and repressor.  Nineteen known or 

putative sequence-specific DNA binding proteins were among the set of Wor1 target 

genes.  Many genes that were white- or opaque-specific were not Wor1 targets; this is 

perhaps not surprising given the large number of transcriptional regulators that appear to 

be directly regulated by Wor1.  Surprisingly, many genes that are bound by Wor1 were 

not previously identified as white or opaque-specific under standard laboratory growth 

conditions.  This may reflect the existence of white or opaque genes that are not 

expressed or that are not differentially regulated under laboratory growth conditions.  

This regulation might only come into play, for example, in host tissues.  Indeed, most 

genes implicated in alpha-1,3-mannosyltransferase activity, which modulates the 

adherence properties of Candida in host tissues are bound by Wor1 (4 of 7 genes 

genomewide), but only two had been identified previously as being white or opaque 

specific.  Finally, Wor1 binding is strongly biased to large promoters, a statistically 

significant distribution well above that predicted solely on the likelihood of a binding site 

occurring as a function of promoter length.  The majority of the set of largest promoters 

bound by Wor1 are involved in transcriptional regulation, host-pathogen interactions, or 

both. 
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RESULTS 

 To explore Wor1 localization genomewide, chromatin immunoprecipitation was 

carried out in opaque cells, using affinity purified antibodies specific to an N-terminal 

peptide from Wor1.  IP-enriched DNA was amplified, fluorescently labeled, and 

competitively hybridized against genomic DNA on custom DNA tiling microarrays 

containing 60-mer oligonucleotides tiled at 80bp intervals across the C. albicans genome.  

Two replicate microarrays were hybridized using DNA from two separate IPs (see Figure 

1).  As a control, a single Wor1 IP in a wor1∆/wor1∆ strain, which is locked in the white 

form, was also hybridized. 

 We examined the Wor1 IP data, combined from the two replicates, using 

previously  published software that implements a statistical model to determine the 

likelihood of enrichment and integrates data from several neighboring spots along 

chromosomes to identify IP enrichment peaks (Pokholok et al., 2005).  Using standard 

default parameters, this procedure identified 206 peaks across the genome.  Visual 

inspection of the ChIP chip data plotted along chromosomes revealed that all peaks that 

were identified by the software appeared to be well-above experimental noise, with each 

peak clearly described by a contiguous set of data points indicating enrichment.  We 

estimate the software identified at least 80% of bona fide enrichment peaks using these 

parameters.  Potential peaks that were missed using these parameters were smaller and 

often less readily distinguishable from noise.  Thus, by visual inspection, we estimate that 

the parameters chosen were somewhat conservative, with virtually all peaks identified 

associated with bona fide ChIP enrichment and with only a relatively small number 

(≤20%) of peaks falling below the threshold as possible false negatives. 
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 We applied the same threshold parameters to the Wor1 IP carried out in the white 

wor1∆/wor1∆ strain.  This identified 120 enrichment peaks.  Of these 120 peaks, only 25 

coincided with those identified in the Wor1 IP in wildtype opaque cells, and appear to 

represent cross-reactivity with the peptide antibody used (Figure 5).  As for the other 95 

peaks from the wor1∆/wor1∆ experiment, we note that the IPs from wor1∆/wor1∆ strains 

underwent significantly more amplification than those from the WOR1/WOR1 wildtype 

strains, and these likely represent the amplification of noise when the primary target of 

the antibody was removed.  We have observed this previously with IPs directed against 

other target proteins.  After subtracting the 25 peaks that likely represent antibody 

crossreactivity, 181 peaks remained as Wor1 targets.  We also carried out a series of 

Wor1 IPs using a different affinity purified antibody, raised against a peptide from a 

different region of Wor1.  The Wor1 enrichment peaks identified in these experiments 

strongly overlapped the original set, with 142 of the peaks coinciding in the two sets (data 

not shown).  The level of crossreactivity with this second antibody, as judged by ChIP 

chip experiments in wor1∆/wor1∆ strains, was significantly higher than that seen with the 

original antibody; therefore, we chose to focus on data from experiments using the 

original antibody when describing the Wor1 circuit. 

 With 181 peaks identified as high confidence Wor1 targets, we turned to the 

question of what genes were potentially regulated by Wor1.  Of these 181 peaks, 178 

coincided with intergenic regions and three were positioned within ORFs.  Of those peaks 

that occurred within ORFs, none were positioned near the promoters of these ORFs and 

none of these ORFs were named or had a known or suspected functions.  One of these 

ORFs was annotated as being a potentially spurious ORF in the Candida Genome 
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Database.  Given the unclear nature of Wor1 binding at these locations, we excluded 

these three peaks from further consideration.  Of the 178 peaks occurring in intergenic 

regions, 170 were positioned to regulate at least one ORF, with the remaining peaks 8 

peaks occurring at intergenic regions between two convergent ORFs.  It is possible that, 

at these positions, Wor1 controls antisense transcripts or unannotated ORFs.  Since there 

are so few of these peaks, we chose not consider them in our subsequent analysis. 

 Because some Wor1 peaks lay in the intergenic region of two divergently 

transcribed genes, the number of potential genes regulated by Wor1 is 221.  We first 

consider how the set of Wor1 bound genes correlates with the set of white- and opaque-

specific genes obtained from transcriptional profiling.  Of the 221 ORFs bound by Wor1, 

38 are opaque-specific genes and 20 are white-specific.  These results indicate that, in 

opaque cells, Wor1 functions as a repressor of white-specific genes and as an activator of 

opaque-specific genes.  Although the white to opaque transition can be driven solely by 

expression of Wor1, Wor1 seems to control only about 15% of known white- and 

opaque-specific genes directly.  This is perhaps not surprising, because many of these 

genes are themselves transcriptional regulators. 

 What is surprising is that Wor1 is found at so many genes that were not identified 

by transcriptional profiling as white- or opaque specific.  Because of ambiguities in 

ascribing regulation at divergently transcribed genes, we can only estimate this number, 

but we believe that it must be well above 100 genes.  There are two reasonable 

explanations for this apparent discrepancy.  First, Wor1 controls these genes in both 

white- and opaque cells, but their transcription is not regulated by the transition.  We 

think this explanation is unlikely because Wor1 expression is quite low in white phase 
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cells and is upregulated 40-fold in opaque cells; it seems unlikely that this could have no 

consequences for gene expression.  Consistent with this idea, we observed in a Wor1 

ChIP chip experiment in white cells that Wor1 is not bound at any of these genes (data 

not shown).  We favor a second explanation:  these 100 genes are marked as white- or 

opaque-specific by Wor1, but they require external signals (such as those from the host) 

to express this pattern.  Since the only known habitat for C. albicans is in warm blooded 

host animals, it seems likely that a great deal of regulation is overlooked when the 

organism is cultured in laboratory medium. 

The sets of genes that were bound by Wor1 but not regulated in the expression 

data set hint at a regulatory program that is not evident in the expression array 

experiments.  For instance, two of the three genes annotated genome-wide as being 

involved in azole transport were identified in the Wor1 IP, but neither gene was regulated 

in the expression experiments comparing white and opaque cells.  Similarly, 7 of 9 genes 

involved in amine transport identified in the Wor1 IP data set were not differentially 

regulated in the expression experiments.  Finally, of 9 genes that were identified in the 

Wor1 IP set with annotations for cell adhesion, only 3 were differentially regulated in the 

expression experiments. 

 Next, to determine, on a general level, what types of genes tended to be directly 

bound by Wor1, we analyzed all 221 ORFs in a Gene Ontology (GO) database.  This 

analysis showed an overrepresentation of genes annotated as being components of the 

plasma membrane or cell surface (25% of genes for which annotation was available, as 

opposed to 6% of all annotated genes in the genome).  Strikingly, 4 of the 7 genes 

annotated genome wide for alpha-1,3-mannosyltransferase activity, were represented in 
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the set (all of these genes were also annotated for protein amino acid O-linked 

glycosylation).  Two of the three genes annotated genomewide for fluconazole transport 

were Wor1 bound.   Finally, 9% of genes that were annotated in the set were involved in 

a multi-organism process (21 of 224 annotated genes in the set; 243 of 4060 genes were 

annotated as such genome-wide), with 15 of those genes having annotations for 

symbiosis, encompassing mutualism through parasitism. 

 Consistent with its identification as a master regulator of the white-opaque 

transition, Wor1 controls many other transcriptional regulators.  Based on published data 

for C.  albicans, annotation, and homology to proteins in Saccharomyces cerevisiae, we 

identified a total of 216 proteins in C. albicans to be sequence-specific DNA binding 

proteins that regulate transcription (Table 1).  Of this set, we found 19 to have Wor1 

bound upstream.  Thus, approximately 8.5% of all genes potentially regulated by Wor1 

fit this category, as compared with 3.5% of all genes in the genome.  Specific regulatory 

functions have not been directly attributed to most of the proteins encoded by these 

genes.  However, based on GO annotation, several of these factors are involved in the 

filamentous growth, cell adhesion, biofilm formation, and multi-organism processes 

(26%, 21%, 10%, and 26%, respectively).  In summary, the genes bound by Wor1 make 

conceptual sense.  Since white-opaque switching is intuitively tied to the host, it makes 

sense that its master regulator would directly control many genes implicated in host-

pathogen interactions.  In addition, Wor1 is bound upstream of a disproportionate number 

of transcriptional regulators, again consistent with its role as a master regulator. 

As discussed in the introduction, it is not known whether Wor1 binds directly to 

DNA or is brought to DNA indirectly by other proteins.  To understand the nature of 
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Wor1 binding further, we carried out de novo motif analysis to search for DNA sequence 

motifs that were overrepresented at sites of Wor1 ChIP enrichment using a computer 

program (MEME).  This analysis identified a motif that was highly overrepresented 

statistically (Figure 5), being clearly present at 149 of the 181 Wor1 ChIP enrichment 

peaks (82%; pval < 10-4).  Overall, the occurrence of this motif tended to track with 

location of the peak value of ChIP enrichment.  A sampling of random intergenic 

sequences showed that only approximately 29% of sequences would have this sequence 

by chance (data not shown).  The presence of this motif in the dataset did not appear to 

correlate with any particular subset of genes, based either on function or white-opaque 

specific gene regulation.  Thus, we believe that Wor1 either binds to this DNA sequence 

directly, or that a single factor is responsible for localizing Wor1 to DNA in most cases. 

 Analysis of the ChIP data set revealed that Wor1 was preferentially bound at 

promoters that were unusually long.  Examination of intergenic regions at all 6077 gene 

promoters in the C. albicans genome (excluding those at telomeres) revealed a median 

promoter length of 623bp.  The median promoter length bound by Wor1, by contrast, was 

3390.  As shown in figure (Figure 5), 12 of the 19 intergenic regions over 10kb were 

bound by Wor1.  Over half of these intergenic regions (7 out of 12) were upstream of 

genes encoding sequence specific DNA binding proteins, including the gene with the 

largest promoter in the genome, RME1.   Strikingly, the median intergenic length 

upstream of the 19 sequence specific DNA binding proteins controlled by Wor1 was 

7606 bp. 

 Of genes for which GO annotations were available, over 30% of genes with 

promoters over 5kb that were Wor1 bound (10 of the 32 genes for which annotation was 
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available) had GO annotations for “multi-organism process” , a strong 

overrepresentation, given that only 6% of annotated genes in the genome were annotated 

with this process.  Also, over 30% of these genes (10 of 32 genes) had GO annotations 

for filamentous growth; among these were well-studied genes, including CZF1, EFG1, 

RFG1, TCC1, and CLN3.  Thus, the set of long promoters that are Wor1 bound appear to 

lie upstream of genes with specific biological roles. 

 Given that Wor1 binding is strongly biased for long promoters, we wondered 

whether this bias might exist in other data sets.  To examine this question further, we 

carried out cluster analysis of the Wor1 IP data with promoter length data and virtually 

all previously published expression microarray data.  Of all data sets, the Wor1IP data set 

was most strongly correlated with the two previously published expression data sets for 

opaque vs. white cell type and with promoter length.  Moreover, based on the branch 

length of the cluster data, this analysis showed that the Wor1 IP data and the expression 

data comparing opaque and white cells were much more closely correlated with promoter 

length than any other data set (data not shown). 

 

DISCUSSION 

 The white and opaque states in C. albicans represent two distinct cell types in 

terms of cell morphology, mating proficiency, and virulence properties.  Wor1 has 

previously been identified as a central regulator of the white-opaque switch, as its 

expression is necessary and sufficient to carry out the switch from the white phase to the 

opaque phase.  Previous work that demonstrated that Wor1 binds to its own promoter and 

activates its own transcription suggests that Wor1 acts as a transcriptional regulator.  
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Here, we have identified the upstream regions of 221 genes that are bound by Wor1 in 

opaque cells under laboratory growth conditions.  Approximately 25% of genes (58 

genes) bound by Wor1 were differentially regulated in the white and opaque phases, 

showing that Wor1 is both a repressor and an activator of transcription. 

 Transcriptional regulation of cellular processes often includes a host of different 

factors that bring about the more general changes in gene expression that underlie those 

processes.  Our work shows that, as a key upstream regulator that initiates the switch to 

the opaque state, Wor1 appears to do so by regulating a small subset of genes, including 

several transcriptional regulators, which in turn carry out a large downstream 

transcriptional program. 

 Surprisingly, the majority of genes in position for regulation at sites of Wor1 

binding were not differentially expressed in the two cell types.  Potentially, Wor1 may act 

as a transcriptional activator or repressor, in which case that activity would be either 

inhibited or overridden in the majority of cases.  Alternatively, Wor1 may act 

combinatorially with different factors at the promoters to which it binds to bring about 

the regulation that distinguishes the two cell types.  Given that it does not significantly 

affect transcription at the majority of the promoters to which it binds under standard 

laboratory growth conditions, and that it binds at genes that are both repressed and 

activated, it appears most likely that Wor1 must bind together with other factors to effect 

changes in transcriptional regulation. 

 The existence of two distinct morphological states in C. albicans suggests that it 

is beneficial for this yeast to alter its physiology dramatically over relatively long 

timescales.  It is known that environmental cues bias the switch in one direction or the 
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other:  osmotic stress conditions have been shown to drive a cell population into the 

opaque state, whereas growth at 37°C is known to drive a cell population into the white 

state.  Moreover, the opaque state alone is the mating proficient form.  While the 

response to environmental conditions could conceivably occur as a graded response, in 

which changes in C. albicans physiology might happen in a fine-tuned fashion over 

shorter timescales, the changes in this yeast occur in a switch-like fashion, presumably 

allowing it to retool extensively for two distinct lifestyles.  It appears that Wor1 protein 

directs the white-opaque switch by binding to the promoters of genes specific to the two 

states.  Dramatically, however, Wor1 binds to a larger set of genes that are not 

differentially regulated in the two states under standard laboratory growth conditions. 

Many of the genes that Wor1 binds but does not regulate, under laboratory 

conditions, are involved in transcriptional regulation, pathogen-host interaction, and cell 

adhesion; this binding hints at broader changes that Wor1 sets up in the opaque state.  

The two states are unlikely to be simply two static states with two basic sets of genes that 

are specific to the two states.  Rather, the two states represent two dramatically different 

types of cells that thrive in two different host microenvironments and respond to 

environmental conditions differently.  The localization of Wor1 to a large set of genes, 

which appear to be significant to the different modes of the two cell types, suggests an 

extensive reprogramming of the regulation of these genes by Wor1 localization.  Perhaps 

more compellingly, the promoters of approximately 9% of DNA sequence specific 

transcriptional regulators were bound by Wor1.  For the large set of gene promoters 

bound, Wor1 would alter how these genes respond to various conditions in the opaque 

cell.  By this model, Wor1 sits at a large number of genes in the opaque state poised to 
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modulate gene expression in an opaque-specific fashion.  Thus, only under appropriate, 

specific conditions, Wor1 would direct these genes to be up- and downregulated in a 

fashion suitable for an opaque cell.  The simplest explanation for how this might occur 

would be by Wor1 specific recruitment of transcriptional factors in an pattern unique to 

opaque cells.  Alternatively, Wor1 might act at some or all of these promoters by 

blocking the binding of transcription factors that would ordinarily bind in white cells. 

 The results from our Wor1 ChIP chip experiments indicate a strong bias for Wor1 

binding at large intergenic regions upstream of genes.  An analysis of virtually all 

genome-wide expression experiments, together with our Wor1 ChIP data, indicate that by 

far the strongest correlation between promoter length and regulation occurs with our 

ChIP data and with previously published expression data comparing populations of white 

and opaque cells.  We could find no published literature that refers to any such 

correlation between promoter length and biological process on a system level. 

Relatively large promoters have previously been described anecdotally in S. 

cerevisiae in the context of transcriptional regulation.  Two well-studied examples are 

that of IME1, a master regulator of meiosis, and MUC1, which is a cell-surface 

glycoprotein that is important in yeast filamentation.  In each of these cases, large 

numbers of different binding sites have been identified for transcriptional regulators 

across the promoters of these genes, and both genes have been shown to be regulated by a 

complex set of inputs, including several nutritional cues.  Thus, it would appear that the 

promoters of these genes, each of which spans more than 2kb, are unusually long to allow 

for extensive, multi-factorial regulation (Rupp et al., 1999; Shefer-Vaida et al., 1995). 
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The biological complexity that undoubtedly accompanies pathogen-host 

interactions  must also involve the incorporation of complex nutritional and stress-related 

information.  This could provide some explanation for why a large subset of genes 

involved in pathogenesis, and in setting up the white and opaque states, have unusually 

long promoters.  That is, these promoters may allow for binding of large sets of 

transcriptional regulators to bring about finely-tuned transcriptional programs that are 

matched to specific host microenvironments. 

Our analysis of the genomic localization of the regulator of this process, Wor1, 

has uncovered four key aspects of the regulation of these two states.  First, Wor1 binds at 

the promoters of genes specific to both the white and the opaque cell types, suggesting 

that it acts as a platform for combinatorial regulation that brings about both repression at 

white specific genes and activation at opaque specific genes in the opaque cell type.  

Second, Wor1 binds at only about 15% of the white and opaque specific genes, including 

a large number of DNA sequence specific transcriptional regulators.  We have previously 

identified transcriptional regulators (CZF1, ZCF33, and EFG1) that are bound by Wor1 

and that have been shown to be important for regulating the white-opaque switch.  Based 

on our observations here, we conclude that Wor1 regulates genes at the top of a 

regulatory network that establishes the opaque state; a subset of these genes, in turn, carry 

out the bulk of the regulation of genes specific to the two states.  Third, most sites bound 

by Wor1 in opaque cells are not differentially expressed under standard laboratory 

growth conditions.  Although most of these genes have not been studied, the functions of 

those for which there is annotation suggest an overrepresentation of genes involved in 

filamentation, pathogen-host interactions, and cell adhesion.  Based on the function of 
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these genes, we propose that Wor1 binds to the promoters of these genes to set up 

extensive changes in gene regulation in order to tailor how these two cell types respond 

to host microenvironments (Figure 5).  Finally, we identified a strong bias for Wor1 

binding at the largest genes in the genome. 

The C. albicans genome contains promoters that are much longer than those in 

other yeasts, and it is striking that these genes are overrepresented in functions 

encompassing pathogen-host interaction and cell adhesion.  Two striking characteristics 

that distinguish C. albicans from other well-studied yeasts are its role as a pathogen and 

its ability to enter the opaque epigenetic state, a state that is morphologically distinct 

from other yeasts.  Our analysis of the set of Wor1 bound genes strengthen the evidence 

for the connection between these two processes.  Moreover, we identify a third striking 

characteristic in Candida, the presence of a large set of unusually long promoters, and 

show a connection between long promoters, white-opaque switching, and pathogenesis.  

We propose that the unusually long promoters bound by Wor1 allow for extensive, fine-

tuned regulation of pathogenesis genes to match the myriad complex microenvironments 

that are encountered in the host.  

 

MATERIALS AND METHODS 

Strains and Media 

 Wor1IP experiments were carried out in previously published strains:  an opaque 

isolate of RZY47 (MTLa/MTLa his1∆/his1∆ leu2∆/leu2∆ URA3/ura3∆::imm[434] 

IRO1/iro1∆::imm[434]) and RZY219 (MTLa/MTLa his1∆/his1∆ leu2∆/leu2∆ 

URA3/ura3∆::imm[434] IRO1/iro1∆::imm[434] wor1∆::HIS1/wor1∆::LEU2). 
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ChIP experiments 

Overnight cultures were grown in SCD+Urd for ≈16h at 25°C to an OD600 of 0.4. 

Cells were formaldehyde cross-linked and lysed by spheroplasting and osmotic lysis. α-

Wor1 is an affinity-purified antibody generated against a peptide at the N terminus of Wor1. 

(Bethyl Laboratories, Montgomery, TX).  Using 5 µl of α-Wor1 antibody, 

immunoprecipitation (IP) was performed as described in (Zordan et al., 2006). Briefly, 

after spheroplasting, micrococcal nuclease digestion was omitted, and spheroplasts were 

resuspended in lysis buffer (50 mM Hepes-KOH, pH 7.5/140 mM NaCl/1 mM EDTA/1% 

Triton X-100/0.1% sodium deoxycholate). DNA was sheared by sonication 10 times for 

10 s at power setting 2 on a Branson 450 sonicator (Danbury, CT), incubating on ice for 2 

min between sonication pulses. Extracts were clarified by centrifugation.  IPs were also 

carried out in experiments not shown using affinity-purified antibody generated against a 

peptide at the C terminus of Wor1 (DDAVGNSSGSYYTGT) (Bethyl Laboratories, 

Montgomery, TX). 

DNA amplification and labeling 
 
ChIP enriched DNA was amplified and fluorescence labeled as described(Iyer et al., 

2001) . Labeled DNA for each channel was combined and hybridized to arrays in Agilent 

hybridization chambers for 40 hours at 65°C, according to protocols supplied by Agilent 

(Agilent Technologies, Santa Clara, CA).  Arrays were then washed and scanned, using 

an Axon Instruments Genepix 4000A scanner. 

Tiling Array Design 

 Approximately 185,000 60-mer oligo probes were designed across the entire 

Candida genome (contigs20 haploid genome assembly) at approximately 78bp intervals, 
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excluding non-unique regions of the genome.  Custom microarrays were manufactured by 

Agilent Technologies (Agilent Technologies, Santa Clara, CA). 

Data Analysis 

 Arrays were blank subtraction normalized, inter-array median normalized, and 

intra-array median normalized using Agilent ChIP Analytics 1.3 software (Agilent 

Technologies, Santa Clara, CA).  After normalization, average ratios across replicate 

arrays (where relevant) were used for further analysis.  After normalization, the single 

array error model was applied across replicate arrays (where relevant), to derive a p-value 

statistic to represent the probabilities that data at each spot occurred within experimental 

noise.  Using the ChIP Analytics software, the Whitehead Neighborhood Model was 

applied using default parameters as described (Pokholok et al., 2005).  This analysis 

yielded segments representative of chromosomal positions.  Overlap of segments 

between Wor1 ChIP chips in wildtype strains and wor1∆/wor1∆ strains, and between 

Wor1 ChIP chips performed in wildtype strains using the two different Wor1 antibodies, 

was scored if there was any overlap between segments.  Closer examination indicated 

that this assessment was appropriate, since all segments showed significant overlap, and 

since the peak probe values within segments (as judged by the lowest p-value) were 

usually close together for overlapping segments. 

 Peak locations were assessed for each segment generated by ChIP Analytics 

according to the location of the probe with the lowest p-value (indicative of the highest 

level of ChIP enrichment).  The positions of peaks were then assessed in relationship to 

ORFs throughout the C. albicans genome.  ORFs were identified as being potentially 
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regulated by Wor1 if at least one peak lay within an intergenic region, with the start of 

the ORF directly at the edge of the intergenic region. 
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ID GENE DOMAIN Description Opaque vs. White 
Expression 

Min 
P[Xbar] 

Promoter 
Length 

orf19.4884 WOR1   Transcriptional regulator ("master switch") of white-opaque phenotypic switching; required to establish and maintain the opaque state; opaque-
specific, nuclear; regulates its own expression 

4.11 8.45E-07 10335 

orf19.4972 orf19.4972 Zn-C2H2 Putative transcription factor with zinc finger DNA-binding motif 2.37 6.02E-06 7223 

orf19.3127 CZF1 Zn(2)-Cys(6) Predicted transcription factor; hyphal growth regulator 1.83 7.85E-06 7618 

orf19.5992 ZCF33 Zn(2)-Cys(6) Predicted zinc-finger protein of unknown function 1.77 2.65E-05 11042 

orf19.4056 GAT2 Zn-GATA-
type 

Putative DNA-binding transcription factor;  transposon mutation affects filamentous growth 0.68 4.37E-06 10009 

orf19.2356 CRZ2 Zn-C2H2 Putative transcription factor;  null mutation suppresses fluconazole resistance of homozygous cka2 null (defective in CK2 kinase ) 0.67 1.12E-04 7093 

orf19.2823 RFG1 HMG box Transcriptional regulator of filamentous growth and hyphal genes 0.43 8.93E-07 14192 

orf19.723 BCR1 Zn-C2H2 Transcription factor required for wild-type biofilm formation; regulates cell-surface-associated genes; filament induced; Tup1p-, Tec1p-regulated 0.32 4.97E-04 7606 

orf19.5001 CUP2 Copper Fist Similar to S. cerevisiae Cup2p, which is a copper-binding transcription factor that activates transcription of metallothionein genes 0.32 5.47E-04 1000 

orf19.5026 orf19.5026 Zn-C2H2 Putative transcription factor with zinc finger DNA-binding motif 0.26 2.59E-05 4490 

orf19.6514 CUP9 Homeobox Transcription reduced upon yeast-hyphal switch; ketoconazole-induced; Plc1p-regulated 0.15 1.79E-04 4456 

orf19.4000 orf19.4000 Homeobox Has low similarity to S. cerevisiae Pho2p, which is a transcription factor that is required for phosphate pathway and other genes -0.06 1.23E-04 6899 

orf19.7381 ZCF37 Zn(2)-Cys(6) Predicted zinc-finger protein of unknown function; not essential for viability -0.17 4.90E-05 10158 

orf19.4438 RME1 Zn-C2H2 White-specific transcription; upregulation correlates with clinical development of fluconazole resistance -0.39 3.35E-04 17486 

orf19.5729 FGR17 Zn(2)-Cys(6) 
+ FSTFD 

Putative DNA-binding transcription factor;  transposon mutation affects filamentous growth -0.44 3.14E-04 2909 

orf19.1543 OPI1   Functional homolog of S. cerevisiae Opi1p, which is a transcriptional repressor of INO1 involved in inositol biosynthesis; has leucine zipper -0.68 3.47E-04 2807 

orf19.7436 AAF1   Production in S. cerevisiae increases endothelial cell adherence and flocculence; alkaline or caspofungin upregulated -0.77 1.06E-05 8204 

orf19.6874 orf19.6874 Myb Protein containing two Myb-like DNA-binding domains -1.14 3.26E-04 6587 

orf19.610 EFG1 HLH-APSES Transcriptional repressor; required for white-phase cell type; hyphal growth, metabolism, cell-wall gene regulator; roles in adhesion, virulence -2.4 5.17E-05 10132 

 

Table 1.  Trancriptional regulatory genes identified by ChIP chip as Wor1 binding 

targets. 

Promoter lengths are shown for each gene (base pairs) and enrichment values are shown 

for the probe showing maximum ChIP chip enrichment at each gene promoter (Minimum 

P[Xbar]). 

  

Table 1 
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Figure 1.  Wor1 ChIP chip data from one experiment in wildtype opaque cells shown 

plotted along a ~1.2 megabase segment of chromosome 1. 

ORFs are displayed in the upper portion of the figure.  The lower portion of the figure 

shows normalized microarray fluorescence ratios (y-axis) plotted along the chromosome 

(x-axis).  Note that the peak with the highest fluorescence ratio value is comprised of four 

tightly compressed peaks occurring in the Wor1 promoter.  

  

Figure 1 
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Figure 2.  Scatter plot comparing Wor1 ChIP chip data from wildtype opaque and 

wor1∆/wor1∆ strains. 

Shown are fluorescence ratios at each microarray spot from Wor1 ChIP experiments in 

wildtype opaque cells (x-axis) versus wor1∆/wor1∆ cells (y-axis).  ChIP experiments 

were carried out with affinity purified antibody raised against a peptide at the N-terminus 

of the Wor1 protein.  The wildtype data consist of normalized, averaged fluorescence 

ratios from two ChIP chip experiments.  The wor1∆/wor1∆ data consist of normalized 

ratios from one ChIP chip experiment. 
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Figure 3.  Motif identified at sites of enrichment in Wor1 ChIP chip experiments. 

 

 

  

Figure 3 
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Figure 4.  Distribution of promoter lengths bound by Wor1 in ChIP chip experiments. 

 (A)  Histogram bargraphs indicate the absolute number of promoters enriched in the 

Wor1 ChIP chip experiments (defined as promoters bound in wildtype opaque cells, but 

not in wor1∆/wor1∆ strains) within ranges of promoter size (in base pairs).  (B)  Same as 

in (A), but for all gene promoters in the C. albicans genome (excluding those that occur at 

telomeres).  (C)  Histograms bargraphs indicate the percentage of all promoters within a 

given size range that are bound by Wor1 in ChIP experiments. 
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Figure 5.  Model for Wor1 regulation in opaque cells. 

In white cells, where Wor1 is not present in significant quantities, white-specific genes 

are on by default.  Under appropriate conditions in the host, a subset of genes involved in 

virulence are expressed in a white-specific fashion.  In opaque cells, Wor1 protein is 

abundant and binds at a large number of gene promoters, extensively changing the 

transcriptional regulation patterns at several types of genes.  These include many white- 
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and opaque-specific genes.  For some of these genes, Wor1 activates or represses genes 

constitutively.  For other genes, many of which are involved in virulence, Wor1 affects 

regulation only under specific conditions found in host microenvironments. 
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Evolution of Mcm1 Regulation in Ascomycete Fungi 
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INTRODUCTION 

The coordination of cellular processes is largely controlled at the level of 

transcriptional regulation.  Most likely, the differences between species may be explained 

largely by alterations in amount, timing, and spatial distribution of transcription of sets of 

genes.  Complex, multifactorial regulation is common, where several transcription factors 

act on a single gene to determine its transcriptional output.  As species evolve and 

diverge, the set of genes that a given transcription factor regulates may change relatively 

easily, though the genes themselves may remain largely unchanged.  As a result, the 

phenotypic differences between evolutionarily divergent organisms will more likely be 

accounted for by differences in transcriptional regulation and protein sequence in a circuit 

than by dramatic restructuring of regulation and generation of new proteins (King and 

Wilson, 1975).  

It remains unclear what types of molecular genetic events drive the divergent 

evolution of related species.  Clearly, duplications of genes occur repeatedly in evolution 

and are thought to provide one driving force behind evolution; in principle, a duplicated 

gene can evolve more freely to assume a new function while the original gene remains 

functionally unperturbed in the genome (Ohno, 1970; Taylor and Raes, 2004).  The 

evolution of transcriptional regulators is also likely to be an important driving force in the 

evolution of an organism.  Small changes in a transcriptional regulator could significantly 

alter its binding profile, such that large changes occur in the transcriptional profile in a 

circuit.  Mutations in gene promoter DNA sequences also allows evolution of cis 

regulation to change the set of genes regulated within a circuit, although how this 

happens independently at large numbers of genes is unclear.  Molecular changes of each 
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of these types have been well documented anecdotally both in fungi and in 

metazoans(Davidson, 2006; Gompel et al., 2005; Ihmels et al., 2005; Levine and Tjian, 

2003; Ludwig et al., 2005; Tanay et al., 2005; Wittkopp et al., 2004).  Examining all of 

the changes that occur evolutionarily in a large circuit would provide a view of how 

prominently these different types of events figure in shaping the evolution of 

transcriptional circuits on a systems level.  

Mcm1 regulation in the fungal lineage that includes Saccharomyces cerevisiae 

and Candida albicans offers a model in which to study in detail how a transcriptional 

circuit has evolved over the course of approximately 800 million years.  Mcm1 is a 

MADS box transcriptional regulator that usually binds together with one of at least eight 

other regulators to regulate a wide range of different processes.  In S. cerevisiae, Mcm1 

binds at the promoters of approximately 200 genes involved in diverse processes 

(Harbison et al., 2004).  Previously, one evolutionary change in Mcm1 regulation has 

been documented.  Mata2 and  Mcm1 bind together to regulate a-specific genes in C. 

albicans and Kluyveromyces lactis, whereas Matα2 and Mcm1 bind together to carry out 

the regulation of these genes in Saccharomyces cerevisiae (Tsong et al., 2006).   

Although Mcm1 appears able to regulate a small number of genes on its own, in most 

pathways that it controls, it binds to DNA directly together with a specific DNA-binding 

protein specific to a biological process. 

The binding sites of these other regulatory proteins generally co-occur 

immediately next to Mcm1 binding site; thus, it is likely that Mcm1 interacts directly 

with each of these other proteins to regulate genes combinatorially.  Interestingly, Mcm1 

transcript levels do not appear to change with many of the processes that it regulates.  
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Thus, in the most general sense, Mcm1 appears to act in an accessory role, facilitating the 

cooperative binding of other regulators at gene promoters without being involved in the 

decision making that determines regulation for a given process.  Perhaps as an accessory, 

Mcm1 helps fine tune the binding of its cofactors by extending DNA sequences that are 

bound and through cooperative binding.  In evolution, combinatorial binding of Mcm1 

together with cofactors might be expected to alter the dynamics of how cis regulation 

changes.  For instance, it could potentially act as a catalyst that allows handing off of 

regulation from one factor to another, reducing the number of changes in DNA sequences 

needed to allow binding of the cofactor.  The large size of the Mcm1 circuit offers a good 

model for the evolution of transcriptional regulation in eukaryotes, allowing for not just 

the identification of individual changes that occur, but for identification of patterns in 

circuit evolution. 

In S. cerevisiae, most or all of the Mcm1 cofactors are known.  A DNA binding 

protein and DNA binding motif has been identified for seven functional gene sets that 

Mcm1 regulates.  Matα1 and Matα2 bind together with Mcm1 to regulate the α- and a-

specific genes that specify haploid cell type.  Ste12 binds at pheromone response genes 

during mating to carry out much of the transcriptional program that carries out mating.  

Arg81 is thought to bind independently with Mcm1 or with Arg80, an Mcm1 paralog, to 

regulate genes involved in arginine metabolism.  Yhp1 and Yox1 are two homeodomain 

regulators that individually bind together with Mcm1 to activate genes involved in the 

G1/S phase cell cycle transition.  Fkh2 binds together with Mcm1 to activate genes in the 

G2/M phase of the cell cycle.  Finally, in C. albicans and K. lactis Mata2 binds together 

with Mcm1 to activate a-specific genes.  A Mata2 homolog is not present in S. cerevisiae, 
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where a-specific genes are activated by Mcm1 alone and are instead specifically 

repressed by α2-Mcm1 in α and a/α cell types.  

 To determine changes in the Mcm1 circuit during evolution, we mapped the 

transcriptional circuits of Mcm1 in three fungal species using chromatin IP microarrays 

(ChIP chip):  S. cerevisiae, K. lactis, and C. albicans.  Despite general conservation of 

many forms of regulation among the three species, these experiments showed specific 

changes in the regulation of genes by Mcm1 and in the cofactors that Mcm1 binds 

together with. 

 

EXPERIMENTAL PROCEDURES 

To explore Mcm1 localization genomewide in the three fungal species, a cells 

from each yeast species (MTLa/MTL∆ white diploid cells in the case of C. albicans) were 

grown in YEPD and harvested.  In addition, cells were grown under the appropriate 

conditions for pheromone induction and treated with synthetic α-factor specific to each 

species.  Chromatin immunoprecipitation (ChIP) was carried out using antibodies 

specific to peptides from the Mcm1 proteins in each species.  IP-enriched DNA was 

amplified, fluorescently labeled, and competitively hybridized against genomic DNA on 

custom DNA tiling microarrays specific to each fungal genome (Agilent Technologies, 

Santa Clara, CA).  Each type of array contained approximately 185,000 60-mer 

oligonucleotides tiled at 59 to 78bp intervals across the genome.  Array hybridization was 

carried out according to protocols supplied by Agilent Technologies.  For each 

experiment, two replicate microarrays were hybridized using DNA from two separate 

IPs. 
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 We examined the Mcm1 IP data, combined from the two replicates, using 

previously  published software that implements a statistical model to determine the 

likelihood of enrichment and integrates data from several neighboring spots along 

chromosomes to identify IP enrichment peaks (Pokholok et al., 2005).  Using standard 

parameters, this procedure identified 214 (S. cerevisiae Mcm1 ChIP with α-factor) to 642 

peaks (C. albcicans Mcm1 ChIP with α-factor) in the different pairs of ChIP chip 

experiment data.  At the time of the writing of this chapter, the details of determining 

peaks and informatics analysis are actively being tested and optimized. 

 

RESULTS AND DISCUSSION 

 At the time of the writing of this chapter, the informatics analysis to determine the 

structure of Mcm1 regulation in the three fungal species is ongoing.  Here, we present an 

overview of the analysis and preliminary findings that indicate specific changes in the 

Mcm1 regulatory circuitry. 

 We examined the overlap among the sets of genes regulated in the two conditions 

(with and without pheromone) across the three species (Figure 2).  The overlap among 

Mcm1 target genes between the two conditions in each species was exceptionally high 

(≥67% overlap in all cases; overlap p-value range: 10-320 to 10-282).  Although most 

Mcm1 targets in S. cerevisiae and K. lactis were unique to each species, the overlap 

between the two sets, nevertheless, demonstrated a high degree of conservation between 

the two sets (15-38% overlap; overlap p-value range: 10-18 to 10-33).  The amount of 

overlap between the sets in the two species was not markedly different in experiments 

performed in the presence and absence of pheromone.  In contrast, the set of target genes 
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in C. albicans was very different from those in the two other species.  This is not 

surprising, given that S. cerevisiae and K. lactis are ~800 million years diverged from a 

common ancestor with C. albicans, whereas S. cerevisiae and K. lactis are ~200 million 

years diverged. 

 We explored the processes controlled by Mcm1 in the three fungal species, based 

on GO annotation.  This approach is of particular value here, since the processes that are 

regulated by Mcm1 with its specific cofactors in S. cerevisiae are well-defined and are 

functionally separated.  This analysis showed clear similarities and differences in the 

processes regulated by Mcm1 in the three species (Figure 3). 

 From our GO analysis, we identified processes that are uniquely Mcm1 regulated 

in C. albicans.  This analysis indicated that classes of proteins involved in the cell wall 

and cell adhesion are Mcm1-regulated in C. albicans but are not in the other two fungal 

species.  Likewise, genes involved in hyphal growth, drug export, amino acid synthesis, 

and metal ion binding were uniquely regulated in C. albicans.  Interestingly, many of 

these processes are important in pathogenesis, which is unique to C. albicans. 

We also identified ribosomal genes as being uniquely Mcm1 regulated in K. 

lactis.  This included a large set of ribosomal genes were Mcm1 targets in K. lactis, but 

were clearly not Mcm1 bound in the other two species.  The regulation of ribosomal 

genes in the context of evolution has been examined in depth, and is known to change 

significantly through fungal evolution (Tanay et al., 2005).  Further analysis of Mcm1 

regulation of ribosomal genes was carried out, which we discuss below. 

Finally, our GO analysis identified a set of genes that are regulated in S. 

cerevisiae and K. lactis, but not in C. albicans.  These included genes annotated as 
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having roles in response to pheromone and conjugation.  Interestingly, similar numbers of 

these genes were bound by Mcm1 in the presence and absence of α-factor in S. 

cerevisiae, whereas significant numbers were only bound in the presence of pheromone 

in K. lactis.  This result can partly be explained by the observation that K. lactis cells 

have to be grown in specific conditions to be able to become sensitive to pheromone, 

whereas S. cerevisiae cells do not.  We also observed that a large number of Mcm1 

targets identified in the ChIP chip experiments are involved in cell cycle regulation in S. 

cerevisiae, which matches previously published reports that indicate that Mcm1 regulates 

cell cycle specific genes combinatorially with at least three different cofactors.  GO 

analysis indicated that a large number of cell cycle specific targets are also Mcm1 bound 

in K. lactis., but many of these genes are not bound in C. albicans.  Motif analysis, 

however, indicate that motifs matching those of the three cell cycle regulators that control 

cell cycle genes together with Mcm1 in S. cerevisiae are present at a large number of 

Mcm1 ChIP chip targets genes in C. albicans (data not shown).  Several of these genes 

appear to have cell cycle roles.  Thus, it appears that this regulation is preserved in C. 

albicans, although the precise set of cell cycle genes that are regulated are significantly 

different. 

 We performed de novo motif finding using sequences that corresponded to Mcm1 

enrichment sites in the different data sets.  In all cases, for the three species, Mcm1 

motifs were identified.  Moreover, at most Mcm1 enrichment peaks, the Mcm1 motif was 

present.  We also identified a couple of unexpected motifs, that suggested regulation that 

was specific to K. lactis and C. albicans. 
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 Our analysis of the set of Mcm1 bound positions in the K. lactis genome 

identified a motif that resembled the Rap1 site in S. cerevisiae as well as a putative 

regulatory element (Homol-E Box) identified previously (Figure 4).  Rap1 is a regulator 

of ribosomal genes in S. cerevisiae, and a previously published informatics analysis has 

identified Rap1 motifs in the promoters of ribosomal genes in other yeast species, 

including K. lactis (Tanay et al., 2005).  We identified Rap1 motifs in 128 intergenic 

regions where Mcm1 was enriched in our ChIP chip experiments.  Of these intergenic 

regions, 90 occurred upstream of ribosomal genes.  Thus, it appears that Mcm1 regulates 

ribosomal genes as a set in K. lactis.  Our Mcm1 ChIP chip experiments in S. cerevisiae 

and C. albicans did not reveal enrichment at a significant number of ribosomal genes.  

Moreover, ribosomal genes in these species did not contain Mcm1 motifs in their 

promoters.  Further analysis revealed that the Mcm1, Rap1, and Homol-E box motifs are 

generally constrained in their spacing from one another, with approximately 100 base 

pairs separating the Rap1 and Mcm1 (Figure 4).  While this does not fit the familiar mode 

of Mcm1 cofactor binding, where it binds immediately next to its cofactors on the DNA, 

it does suggest an interaction between Mcm1 and Rap1.  Potentially, Mcm1 and Rap1 

might physically interact, with secondary chromatin structure allowing the two regulatory 

proteins to come together and interact. 

 Motif analysis at the ribosomal genes in other fungal species suggests that the 

presence of Mcm1 motifs precedes Rap1 regulation at ribosomal genes (Figure 5).  

According to a previously published analysis, the promoters of ribosomal genes do not 

contain Rap1 motifs in any species that diverged in evolution in the lineage that includes 

S. cerevisiae before C. albicans.  Rap1 motifs occur at ribosomal genes in Ashbya 
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gossypii and are found in all species in the lineage including A. gossypii and S. cerevisiae 

in evolution.  Interestingly, Mcm1 sites appear in the promoters of ribosomal genes in 

species that are more distantly related, such as Histoplasma capsulatum, apparently 

together with another, unidentified motif.  Mcm1 motifs are present in ribosomal genes in 

some yeast species in the lineage that includes K. lactis and S. cerevisiae, but were lost 

shortly after the genome duplication.  Interestingly, the Mcm1 paralog that is gained in 

the genome duplication is retained only in Candida glabrata and Saccharomyces castelli 

and is not present in the other Saccharomyces species that have been sequenced.  C. 

glabrata is the only post-duplication species that contains clear Mcm1 motifs in 

ribosomal gene promoters, although there is some weak evidence for these motifs in S. 

castelli. 

The post-duplication species are known to have undergone a number of changes 

that allow them to undergo anaerobic growth and result in a fermentative lifestyle in rich 

nutrient environments (the Crabtree effect).  The ability of these species to grow under 

anaerobic conditions is almost entirely unique among eukaryotes, and appears to be 

brought about by several evolutionary events, some of which have been characterized 

(Hall et al., 2005; Thomson et al., 2005).  The species in the clade that includes C. 

glabrata and S. cerevisiae undergo growth under anaerobic conditions, are all petite 

positive, and produce high levels of ethanol under glucose-rich environments (Merico et 

al., 2007).  This unusual fermentative lifestyle coincides with the emergence of fleshy 

fruits in evolution and is thought to provide a competitive advantage in the high ethanol 

environments that these yeast create(Thomson et al., 2005).  Significant changes in the 

regulation of ribosomal genes would fit this dramatic change in these species.  The loss of 
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the unidentified motif that co-occurs with Mcm1 at ribosomal genes coincides with this 

change.  Although present in C. glabrata, the Mcm1 motif appears to have been lost 

shortly after the loss of this other motif in the lineage that includes S. cerevisiae.  These 

physiological changes also correlate with the loss of the Homol-D box at ribosomal 

genes. 

 Our analysis of the set of Mcm1 bound positions in the C. albicans genome 

identified a motif that was not previously been known to be associated with Mcm1 

regulation (Figure 6).  This motif was entirely lacking at Mcm1 regulated genes in S. 

cerevisiae and K. lactis.  This motif generally occurred by itself, not with the canonical 

Mcm1 motif, at the Mcm1 ChIP chip target sites.  Many of these motifs occurred in the 

promoters of cell adhesion and aldehyde metabolism genes.  Interestingly, Mcm1 was 

also enriched at the promoters of many cell adhesion genes in S. cerevisiae, but not in K. 

lactis (Figure 3). 

At the time of the writing of this chapter, the informatics analysis of the Mcm1 

circuit was being actively conducted.  Thus, several basic aspects of this analysis were 

still absent.  For instance, examining the promoter sequences of all Mcm1 regulated 

genes in the three species to determine the presence or absence of all known and newly 

identified Mcm1 cofactor binding sites would be valuable in determining the extent of the 

changes in the sets of cofactors that Mcm1 binds together with.  Likewise, evaluating the 

extent of the changes in the genes in the regulatory batteries regulated by each cofactor 

would provide a unique view into how rapidly gene sets change within different batteries 

in evolution.  These types of analyses would be key in exploiting the strengths of this 

large model circuit as an evolutionary model, moving beyond isolated case study 
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examples, which may often represent atypical novelties.  Global analyses of the circuit 

would provide a much needed view of the interplay of all evolutionary events in a larger 

context and would offer not just examples of molecular changes that occur in evolution, 

but insights into which types of molecular events are important in shaping evolution. 
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Figure 1.  Phylogenetic tree of 32 fungal species with completely sequenced genomes. 
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Figure 2.  Overlap of Mcm1 target gene sets from Mcm1 ChIP chip experiments between 

experimental conditions and among the three yeast species (S. cerevisiae, K. lactis, and 

C. albicans).  A. Absolute total counts of target genes are shown for each set of 
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experiments in the top row.  Overlap between conditions and overlap among orthologous 

gene pairs between two species are shown in all other rows.  B. Fraction of entire gene 

set presented on the y-axis that also overlaps the gene set on the x-axis.  C. The 

probabilities of the overlap in two data sets occurring by random chance is presented as a 

negative log of the hypergeometric distribution.  Two experimental replicates were 

hybridized to tiling arrays for each experiment. 
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Figure 3.  Gene Ontology (GO) analysis of Mcm1 ChIP chip target genes identified in 

the three species.  All GO categories that were significantly overrepresented in at least 

one dataset are presented.  For each experiment, the number of genes genomewide are 

listed (GO count), the number of Mcm1 target genes within the category (Overlap), the 

# of genes analyzed:
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GO:0030427 site of polarized growth 149 26 1 11.2 149 24 1 10.2 95 12 17 2.8 95 15 17 2.8 71 8 40 1.6 71 11 31 2.0 27 3 244 0.3 27 6 163 0.8
GO:0005933 bud 147 25 2 10.5 147 23 2 9.5 87 12 11 3.1 87 15 11 3.2 67 7 72 1.3 67 10 51 1.7 24 3 225 0.4 24 6 114 0.9
GO:0005935 bud neck 112 18 6 7.3 112 16 16 6.2 70 10 16 2.8 70 12 20 2.7 53 6 71 1.3 53 9 32 2.0 21 3 201 0.5 21 6 75 1.2
GO:0005886 plasma membrane 256 20 57 3.2 256 16 134 2.0 112 7 288 0.5 112 13 87 1.4 83 9 33 1.6 83 13 19 2.3 67 8 194 0.5 67 11 276 0.5
GO:0005618 cell wall 114 21 3 9.6 114 20 3 9.2 33 6 23 2.4 33 8 14 2.9 20 3 90 1.1 20 4 98 1.3 93 14 72 1.2 93 19 66 1.2
GO:0009986 cell surface 165 30 6 3.6 165 40 5 3.8
GO:0004338 glucan 1,3-beta-glucosidase activity 8 0 646 0.0 8 0 627 0.0 4 0 606 0.0 4 0 767 0.0 4 2 25 1.8 4 3 3 2.9 3 0 350 0.0 3 2 53 1.3
GO:0015926 glucosidase activity 28 3 205 1.1 28 2 313 0.6 9 2 113 1.2 9 2 206 0.9 9 2 84 1.1 9 4 7 2.6 5 0 350 0.0 5 3 31 1.6

GO:0004553 hydrolase activity, hydrolyzing O-
glycosyl compounds 56 4 260 0.9 56 2 443 0.3 16 2 210 0.8 16 2 368 0.5 14 3 41 1.5 14 5 6 2.7 15 0 350 0.0 15 5 48 1.3

GO:0051301 cell division 324 32 7 7.1 324 32 7 7.8 209 13 226 0.7 209 22 61 1.6 158 7 461 0.1 158 14 256 0.6 41 4 263 0.2 41 11 34 1.6
GO:0000910 cytokinesis 101 13 31 4.3 101 12 43 4.0 74 8 61 1.6 74 10 72 1.6 61 4 331 0.4 61 6 327 0.6 20 3 190 0.5 20 6 51 1.3
GO:0000920 cell separation during cytokinesis 9 0 646 0.0 9 0 627 0.0 7 0 606 0.0 7 0 767 0.0 6 2 44 1.5 6 3 21 2.2 10 2 177 0.6 10 4 46 1.4
GO:0005656 pre-replicative complex 15 5 43 3.9 15 5 41 4.1 14 3 64 1.6 14 4 39 1.9 10 2 98 1.0 10 4 11 2.4
GO:0042555 MCM complex 6 4 27 4.7 6 4 29 4.8 6 2 69 1.5 6 3 28 2.3 4 0 598 0.0 4 0 747 0.0

GO:0016538 cyclin-dependent protein kinase 
regulator activity 22 6 37 4.1 22 6 36 4.2 8 3 27 2.3 8 2 181 1.0 5 0 598 0.0 5 0 747 0.0 5 0 350 0.0 5 2 139 0.8

GO:0004003 ATP-dependent DNA helicase activity 17 6 24 4.8 17 6 25 5.0 17 4 32 2.1 17 6 12 3.2 15 0 598 0.0 15 0 747 0.0 2 0 350 0.0 2 0 453 0.0
GO:0008026 ATP-dependent helicase activity 44 6 94 2.4 44 6 89 2.5 42 6 42 1.9 42 8 31 2.2 41 3 312 0.4 41 4 370 0.5 6 0 350 0.0 6 0 453 0.0
GO:0051726 regulation of cell cycle 165 19 14 5.4 165 20 14 6.4 105 7 251 0.6 105 9 359 0.6 80 6 235 0.6 80 8 237 0.7 21 2 269 0.2 21 4 273 0.5
GO:0000082 G1/S transition of mitotic cell cycle 46 8 48 3.8 46 8 42 4.0 24 2 302 0.5 24 2 470 0.3 18 2 238 0.6 18 3 182 0.9 6 0 350 0.0 6 2 179 0.7
GO:0000087 M phase of mitotic cell cycle 126 9 163 1.5 126 10 128 2.1 91 10 36 2.0 91 12 52 1.7 74 5 289 0.5 74 6 432 0.4 6 0 350 0.0 6 0 453 0.0
GO:0000070 mitotic sister chromatid segregation 57 2 475 0.2 57 2 450 0.2 43 6 44 1.8 43 7 62 1.6 37 2 417 0.2 37 3 464 0.3 3 0 350 0.0 3 0 453 0.0
GO:0007049 cell cycle 420 33 19 5.1 420 33 22 5.6 297 21 89 1.4 297 24 283 0.7 224 16 126 1.0 224 20 209 0.8 27 5 116 0.9 27 7 82 1.1
GO:0051325 interphase 92 12 34 4.1 92 12 34 4.4 58 3 402 0.3 58 5 405 0.5 47 4 230 0.7 47 5 290 0.6 7 2 125 0.8 7 3 71 1.2
GO:0019236 response to pheromone 88 15 10 6.5 88 15 12 6.8 55 3 389 0.3 55 8 82 1.5 33 2 392 0.3 33 5 129 1.1 9 0 350 0.0 10 3 158 0.8
GO:0000747 conjugation with cellular fusion 113 16 11 5.8 113 17 9 6.9 73 2 558 0.1 73 9 120 1.3 47 2 454 0.2 47 5 290 0.6 15 0 350 0.0 18 4 215 0.6
GO:0000902 cell morphogenesis 248 14 182 1.3 248 16 123 2.1 161 11 186 0.8 161 18 57 1.7 128 8 300 0.5 128 15 75 1.4 32 8 13 2.0 32 11 14 2.5
GO:0030448 hyphal growth 135 17 131 0.8 135 27 35 1.5
GO:0030446 hyphal cell wall 35 7 56 1.3 35 8 112 1.0
GO:0030447 filamentous growth 95 4 428 0.4 95 5 292 0.7 60 4 305 0.5 60 7 195 1.0 48 3 369 0.3 48 5 312 0.6 301 36 101 1.0 301 53 36 1.4
GO:0003774 motor activity 17 0 646 0.0 17 0 627 0.0 6 0 606 0.0 6 0 767 0.0 3 2 10 2.1 3 3 1 3.4 4 0 350 0.0 4 0 453 0.0
GO:0000323 lytic vacuole 154 11 138 1.7 154 9 201 1.2 95 7 202 0.8 95 10 191 1.0 77 7 110 1.0 77 12 25 2.1 9 2 155 0.7 9 2 283 0.4
GO:0005830 cytosolic ribosome (sensu Eukaryota) 176 4 572 0.1 176 4 534 0.1 45 19 1 13.6 45 20 1 11.9 45 0 598 0.0 45 0 747 0.0 5 0 350 0.0 5 0 453 0.0

GO:0005842 cytosolic large ribosomal subunit 
(sensu Eukaryota) 97 3 496 0.2 97 3 468 0.2 21 11 3 9.3 21 12 2 8.9 20 0 598 0.0 20 0 747 0.0 2 0 350 0.0 2 0 453 0.0

GO:0005843 cytosolic small ribosomal subunit 
(sensu Eukaryota) 62 0 646 0.0 62 0 627 0.0 14 8 4 7.2 14 8 5 6.1 14 0 598 0.0 14 0 747 0.0 2 0 350 0.0 2 0 453 0.0

GO:0006412 translation 684 5 644 0.0 684 5 626 0.0 215 21 13 2.9 215 26 21 2.7 198 5 568 0.0 198 5 738 0.0 25 0 350 0.0 25 0 453 0.0
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GO:0007155 cell adhesion 12 2 197 1.2 12 3 116 2.2 5 0 606 0.0 5 0 767 0.0 2 0 598 0.0 2 0 747 0.0 49 16 1 5.3 49 20 1 5.5
GO:0044406 adhesion to host 34 12 3 4.4 34 11 19 2.3
GO:0022610 biological adhesion 12 2 197 1.2 12 3 116 2.2 5 0 606 0.0 5 0 767 0.0 2 0 598 0.0 2 0 747 0.0 66 19 2 5.2 66 23 3 4.9
GO:0042710 biofilm formation 5 0 646 0.0 5 0 627 0.0 2 0 606 0.0 2 0 767 0.0 2 0 598 0.0 2 0 747 0.0 29 10 5 3.7 29 14 2 5.0
GO:0051704 multi-organism process 128 16 22 5.1 128 18 13 6.8 81 2 576 0.0 81 9 179 1.0 55 3 409 0.3 55 6 230 0.7 195 29 12 2.1 195 46 4 4.0

GO:0044419 interspecies interaction between 
organisms 2 0 646 0.0 2 0 627 0.0 2 0 606 0.0 2 0 767 0.0 2 0 598 0.0 2 0 747 0.0 170 25 27 1.8 170 38 7 2.9

GO:0007154 cell communication 224 16 98 2.3 224 16 88 2.5 129 3 593 0.0 129 7 636 0.1 99 11 19 1.9 99 13 53 1.7 50 3 316 0.1 50 7 353 0.2
GO:0051701 interaction with host 68 15 7 2.8 68 17 22 2.0
GO:0009405 pathogenesis 139 20 50 1.4 139 32 9 2.7
GO:0008361 regulation of cell size 130 4 499 0.2 130 5 399 0.4 83 6 227 0.7 83 10 114 1.3 63 6 114 1.0 63 12 2 2.9 9 3 58 1.3 9 3 119 0.9

GO:0019878 lysine biosynthetic process via 
aminoadipic acid 8 0 646 0.0 8 0 627 0.0 6 0 606 0.0 6 0 767 0.0 4 3 1 3.3 4 3 3 2.9 2 0 350 0.0 2 0 453 0.0

GO:0006553 lysine metabolic process 9 0 646 0.0 9 0 627 0.0 7 0 606 0.0 7 0 767 0.0 5 3 2 2.9 5 3 8 2.5 3 0 350 0.0 3 0 453 0.0

GO:0006575 amino acid derivative metabolic 
process 28 0 646 0.0 28 0 627 0.0 21 0 606 0.0 21 0 767 0.0 21 5 9 2.4 21 4 107 1.2 4 0 350 0.0 4 0 453 0.0

GO:0008652 amino acid biosynthetic process 103 0 646 0.0 103 0 627 0.0 77 3 500 0.1 77 4 630 0.1 69 9 17 2.1 69 11 28 2.1 21 3 201 0.5 21 3 355 0.2

GO:0009067 aspartate family amino acid 
biosynthetic process 19 0 646 0.0 19 0 627 0.0 14 0 606 0.0 14 0 767 0.0 10 3 20 1.9 10 3 71 1.5 6 0 350 0.0 6 0 453 0.0

GO:0009064 glutamine family amino acid metabolic 
process 43 0 646 0.0 43 0 627 0.0 31 0 606 0.0 31 0 767 0.0 29 3 201 0.7 29 6 37 1.8 4 0 350 0.0 4 0 453 0.0

GO:0009309 amine biosynthetic process 111 2 582 0.0 111 2 559 0.1 83 3 517 0.1 83 4 664 0.1 75 9 23 1.9 75 11 49 1.8 22 3 211 0.4 22 3 364 0.2

GO:0044271 nitrogen compound biosynthetic 
process 111 2 582 0.0 111 2 559 0.1 83 3 517 0.1 83 4 664 0.1 75 9 23 1.9 75 11 49 1.8 22 3 211 0.4 22 3 364 0.2

GO:0009069 serine family amino acid metabolic 
process 22 0 646 0.0 22 0 627 0.0 17 3 90 1.3 17 4 63 1.6 15 0 598 0.0 15 0 747 0.0 7 0 350 0.0 7 0 453 0.0

GO:0046872 metal ion binding 24 0 646 0.0 24 0 627 0.0 16 0 606 0.0 16 0 767 0.0 16 0 598 0.0 16 0 747 0.0 8 3 43 1.5 8 5 10 2.7
GO:0046914 transition metal ion binding 15 0 646 0.0 15 0 627 0.0 9 0 606 0.0 9 0 767 0.0 10 0 598 0.0 10 0 747 0.0 6 3 21 1.8 6 4 18 2.3
GO:0043169 cation binding 20 0 646 0.0 20 0 627 0.0 14 0 606 0.0 14 0 767 0.0 15 0 598 0.0 15 0 747 0.0 7 3 29 1.6 7 4 21 2.0
GO:0046618 drug export 5 3 11 2.1 5 3 31 1.6
GO:0046942 carboxylic acid transport 50 2 459 0.3 50 2 421 0.3 29 4 94 1.3 29 6 37 1.9 17 2 222 0.7 17 2 379 0.5 8 3 43 1.5 8 4 23 1.8
GO:0015833 peptide transport 5 2 124 1.9 5 2 129 2.0 5 3 12 3.0 5 3 22 2.6 3 0 598 0.0 3 0 747 0.0 12 2 195 0.5 12 3 208 0.6
GO:0000271 polysaccharide biosynthetic process 33 3 244 1.0 33 3 222 1.0 9 3 31 2.1 9 3 53 1.7 10 0 598 0.0 10 0 747 0.0 14 0 350 0.0 14 2 359 0.2
GO:0005976 polysaccharide metabolic process 59 3 391 0.5 59 3 352 0.5 26 3 169 0.9 26 5 77 1.6 24 0 598 0.0 24 3 297 0.6 15 0 350 0.0 15 3 278 0.4
GO:0006066 alcohol metabolic process 164 5 502 0.2 164 5 472 0.2 83 4 416 0.2 83 5 563 0.2 74 8 50 1.5 74 11 36 1.8 35 3 277 0.2 35 7 204 0.7

S. cerevisiae K. lactis C. albicans C. albicans
SGD SGD->Kl SGD->Ca CGD

YPD alphaF
227 214 178 250 156 215 125 182
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Figure 3
Figure 3 
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significance rank of the category for the specific experiment (rank), and the likelihood 

that the GO category is significantly overrepresented within the set, based on the negative 

log of the hypergeometric distribution statistic (p-value).  
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Figure 4.  Relative positions of the Homol-E Box, Mcm1, and Rap1 sequence motifs in 

ribosomal gene promoters where all three are clearly present in K. lactis.  Weblogo 

diagrams of the three motifs are pictured on the left.  The relative positions of the motifs 

are represented by diamonds with colors corresponding to the three motifs (Homol-E 

Box, red; Mcm1, green; Rap1, dark blue).  The motifs are anchored based on the position 

of the motif closest to the start of the ORF (corresponding to 0 on the x-axis). 
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Figure 5.  Presence of Mcm1 motifs at ribosomal gene promoters in several fungal 

species.  Weblogo diagrams of two sequence motifs found in ribosomal gene promoters 

are shown at the top.  The motif on the left matches the canonical Mcm1 motif identified 

in S. cerevisiae.  The motif on the right appears to consist of a novel sequence followed 

by a Mcm1 motif.  For each motif, ribosomal gene promoters were scanned for its 

presence, and the fraction of promoters containing the motif is given in the first column.  

The second column shows the fraction of promoters containing the motif genomewide.  

The third column shows the absolute difference between these fractions, and provides a 

S pombe

U reesii

C immitis

H capsulatum

A terreus

A nidulans

F graminea

T reesei

N crassa

C globosum

M grisea

S sclerotiorum

C parapsilosis

L elongisporus

C dubliniensis

C albicans

C tropicalis

C guilliermondii

D hansenii

C lusitaniae

S paradoxus

S cerevisiae

S mikatae

S bayanus

S castellii

C glabrata

K waltii

S kluyveri

K lactis

E gossypii

Y lipolytica

S japonicus

KlMcm1 motif (cutoff = 3.0)
U. reesiiMcm1‐Snt2 motif (cutoff = 4.0)

at 
ribosomal 
promoters

at all 
promoters diff p‐value

at 
ribosomal 
promoters

at all 
promoters diff p‐value

0.15 0.22 -0.07 9.83E-01 0.03 0.03 0.00 5.42E-01
0.17 0.22 -0.05 9.37E-01 0.03 0.02 0.00 5.12E-01
0.19 0.20 -0.01 6.32E-01 0.02 0.02 0.00 5.92E-01
0.21 0.20 0.02 3.70E-01 0.03 0.02 0.01 3.50E-01
0.34 0.26 0.09 3.89E-02 0.03 0.03 0.01 4.41E-01
0.39 0.20 0.18 4.55E-07 0.05 0.02 0.03 1.50E-02
0.18 0.13 0.04 1.28E-01 0.06 0.01 0.04 5.05E-03
0.26 0.18 0.08 6.38E-02 0.10 0.02 0.08 2.15E-03
0.71 0.17 0.54 -3.55E-15 0.07 0.01 0.06 1.31E-05
0.20 0.16 0.04 1.01E-01 0.06 0.01 0.04 3.82E-04
0.17 0.21 -0.04 8.62E-01 0.01 0.02 0.00 7.47E-01
0.19 0.21 -0.02 7.87E-01 0.01 0.02 0.00 6.93E-01
0.28 0.24 0.03 2.72E-01 0.04 0.02 0.02 1.71E-01
0.18 0.22 -0.04 8.59E-01 0.04 0.01 0.04 3.41E-03
0.14 0.16 -0.03 8.22E-01 0.02 0.02 0.00 6.91E-01
0.22 0.19 0.03 2.44E-01 0.01 0.02 -0.01 8.55E-01
0.26 0.19 0.06 4.44E-02 0.03 0.02 0.01 2.68E-01
0.25 0.20 0.04 1.70E-01 0.03 0.02 0.01 2.49E-01
0.46 0.14 0.32 1.33E-15 0.00 0.01 -0.01 1.00E+00
0.14 0.17 -0.03 8.51E-01 0.19 0.07 0.12 1.92E-06
0.19 0.14 0.05 5.85E-02 0.17 0.05 0.11 1.58E-06
0.41 0.35 0.06 7.85E-02 0.24 0.12 0.12 4.38E-05
0.16 0.16 0.01 4.52E-01 0.25 0.10 0.15 1.62E-06
0.20 0.14 0.06 2.69E-02 0.27 0.10 0.17 1.11E-08
0.08 0.09 -0.01 7.15E-01 0.05 0.02 0.03 4.43E-02
0.08 0.14 -0.06 9.55E-01 0.06 0.06 0.00 5.78E-01
0.11 0.17 -0.05 9.74E-01 0.06 0.03 0.02 8.31E-02
0.15 0.15 0.00 5.35E-01 0.01 0.02 -0.01 8.04E-01
0.14 0.09 0.06 1.50E-02 0.06 0.02 0.04 2.16E-03
0.26 0.17 0.09 5.59E-03 0.04 0.02 0.01 2.26E-01
0.18 0.21 -0.03 8.35E-01 0.01 0.01 0.00 6.26E-01
0.24 0.20 0.04 1.40E-01 0.04 0.01 0.03 1.49E-02

Figure 5 



144 

metric to assess the contrast between ribosomal genes promoters and all promoters.  The 

final column (p-value) indicates the likelihood that the motif is not overrepresented at the 

ribosomal gene promoters.  
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Figure 6.  A novel motif identified by de novo motif finding at Mcm1 ChIP chip target 

sites in C. albicans .  Weblogo diagrams show both the novel motif and the Mcm1 

binding site motif, which were both identified in the analysis. 
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CHAPTER 6 

 

Mating Type Regulation in Kluyveromyces lactis 
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I.  Conditioning Kluyveromyces lactis for pheromone response and 

mating 

Fermentation and respiration in the fungal lineage is as varied as the niches that 

different fungal species occupy.  Whereas mating and pheromone response appears to 

occur readily in a wide range of laboratory growth conditions for the most studied yeast 

species, Saccharomyces cerevisiae, it is well-documented that mating will often occur for 

other fungal species only under specific nutritional conditions.  S. cerevisiae cells are 

generally isolated from the wild in the diploid form and the haploid state appears to exist 

only transiently.  Other yeasts, such as Schizosaccharomyces pombe, are stable in the 

haploid form and do not readily undergo mating under standard growth conditions; 

instead, S. pombe requires nitrogen starvation for the mating type regulators to be 

expressed and for mating to occur (Kelly et al., 1988).  In the case of Candida albicans,  

a yeast pathogen in which two diploid yeasts of opposite mating types will mate to form a 

tetraploid yeast , it has previously been shown that cells will undergo mating only after 

they have undergone a morphological switch to an opaque cell state;  this switch has been 

shown to occur and to be stabilized under certain specific growth conditions (Miller and 

Johnson, 2002).  Consistent with this observation, a pheromone response, after treatment 

with synthetic α-factor, only occurs in C. albicans cells that are maintained in the opaque 

form (Bennett et al., 2003). 

Unlike mating in S. cerevisiae, mating in Kluyveromyces lactis does not occur at a 

detectable rate in standard rich growth media such as YEPD.  Instead, Malt Extract 

medium, a non-rich complex medium, is generally used to accomplish efficient mating 

for that species (Wolf et al., 2003).  On solid Malt Extract media, a and α type K. lactis 
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cells are observed to mate and form zygotes and spores after being mixed and grown for 

several days.  Moreover, in our hands, growing a strain of the a mating type (yDG909) by 

itself on solid Malt Extract medium  will result in the formation of zygotes in the same 

timeframe.  Though not documented in detail, we have noticed that this mating appears to 

follow a mating-type switch that occurs efficiently for a, but not for α, type cells on Malt 

Extract medium (data not shown).  For this reason, and due to marked slow growth on 

this medium, Malt Extract was not investigated as a medium for growing cells and testing 

for pheromone response. 

Using information derived from K. lactis genome sequence information, two 

candidates for alpha factor genes were identified.  Synthetic peptides were generated for 

these two different forms, 13 and 15 aminio acids in length, and yDG909 cultures were 

treated at 30°C in YEPD.  Cells were observed periodically and were not seen to undergo 

any morphological change that might be indicative of a pheromone response.  These 

standard growth conditions are the same as what would typically be used to elicit a strong 

pheromone response in S. cerevisiae (Roberts et al., 2000). 

C. albicans does not  respond to pheromone under standard growth conditions 

(30°C in YEPD), since it requires different growth conditions to be maintained stably in 

the mating proficient form (Bennett et al., 2003; Miller and Johnson, 2002).  Instead, 

MTLa type cells must first be grown under appropriate growth conditions to allow cells to 

undergo the morphological switch from the white to the opaque cell type.  This is 

typically carried out on solid SC media (Standard complete; also commonly referred to as 

SD + amino acids) at 25°C, where cells are observed to undergo the morphological 

switch, at a low frequency, by the formation of visibly distinct opaque colony sectors.  
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Cells from these opaque sectors are then selected and can be maintained stably on SC 

medium at 25°C. 

For K. lactis, this begged a simple question:  is there a morphological switch in K. 

lactis, similar to that in C. albicans, that must occur before pheromone response and 

mating can occur?  To address this question, K. lactis yDG909 \a cells were streaked to 

ten SC plates and to ten Malt Extract plates.  For each set of plates, five were grown for 

three days at 25°C and five were grown for six days at room temperature (approximately 

20°C).  For all intents and purposes, the colony morphologies (and cells observed 

microscopically) for each medium type were similar at the two incubation temperatures.  

Colonies grown on Malt Extract media were observed microscopically.  With the 

exception of a low frequency of zygotes and spore asci, all cells exhibited typical yeast 

cell morphology (round cell shape).  Colonies grown on SC were thoroughly observed 

under a colony microscope, and no visible sectors, such as would be seen in C. albicans 

switching competent strains, were observed.  Colonies grown on SC were homogenous 

and bore coloration and opacity somewhat reminiscent of C. albicans opaque cells; under 

microscopic examination, however, cells exhibited typical yeast cell morphology and did 

not resemble C. albicans opaque cells. 

Despite the observation that K. lactis did not exhibit an observable morphological 

switch on SC at 25°C, the possibility still remained that this medium might still somehow 

allow K. lactis cells to respond to synthetic pheromone.  To test this, yDG909 a cells 

were grown in overnight cultures in SC liquid medium at 25°C to an O.D.600 of ~0.5 and 

diluted to an O.D.600 of 0.01 in fresh SC medium.  The diluted culture was split into three 

3ml cultures.  2.5µl of 10mg/ml 13-mer or 15-mer alpha factor (in 10% DMSO), a 
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considerably higher dose than would be needed to elicit a response in S. cerevisiae or C. 

albicans,  were added to each of two cultures.  2.5µl of 10% DMSO was added to the 

remaining culture as a control.  Cultures were then incubated, rolling, at 25°C.  At 1, 2, 4, 

6, 8, 10, 22, and 27 hours after treatment, cultures were briefly sonicated, to separate 

cells, and cells were observed under a microscope.  At the 1, 2, 4, 6, 8, and 10 hour 

timepoints, all cells in the three cultures appeared spherical under the microscope and no 

cell projections were observed that resembled S. cerevisiae shmoos. 

At 22 hours, a subset of both pheromone-treated cells exhibited clear projections 

that were similar in appearance to S. cerevisiae shmoos, whereas none of the cells treated 

with only DMSO resembled shmoos.  The O.D.’s of five-fold diluted cultures were 

measured for all three cultures, and each dilution had O.D.600 measurements close to 0.3.  

100 cells from sonicated cultures were scored under a microscope as being single 

unbudded spherical cells, single or budded cells with a mating projection, or spherical 

budded cells.  For cells treated only with DMSO, 0 had mating projections, 78 were 

spherical unbudded cells, and 22 were spherical budded.  For cells treated with 13-mer 

pheromone, 36 had mating projections, 48 were spherical unbudded cells, and 16 were 

spherical budded.  For cells treated with 15-mer pheromone, 28 had mating projections, 

52 were spherical unbudded cells, and 20 were spherical budded.  At the 27 hour 

timepoint, cultures treated with both forms of pheromone still contained a significant 

percentage of cells with mating projections, but the overall percentages of these cells was 

markedly decreased, as compared with the 22 hour timepoint.  Similar experiments were 

carried out in YEPD and in Spider medium, a medium which has been identified as 

optimal for eliciting a maximal pheromone response in C. albicans (Richard Bennett, 
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personal communication).  No mating projections were observed at any timepoint for 

experiments carried out in YEPD.  Approximately 1%  of cells treated with 13-mer or 15-

mer pheromone exhibited mating projections in Spider medium at the 22 hour timepoint.  

No mating projections were observed in these cultures at any other timepoint. 

The relatively long timescales (greater than 10 hours) required to elicit a 

pheromone induction might be due to two likely possibilities.  First, K. lactis might 

simply need to be in the presence of pheromone for a long period of time, in the proper 

medium conditions, to produce a morphological response to pheromone.  Second, K. 

lactis might actually need to change something in the media itself in order to be 

competent to carry out a detectable pheromone response.  This would appear to be the 

more likely explanation, since cells exhibited a markedly weaker pheromone response in 

experiments where pheromone-treated cultures were more dilute (data not shown).  The 

change in medium might conceivably involve the secretion of some quorum molecule 

into the medium, a scenario that has not been (to this author’s knowledge) documented 

for pheromone response for any other yeast species.  More likely, the change in medium 

needed for a full pheromone response would involve some nutrient in the medium being 

exhausted to make conditions optimal for the response.  

We tested starvation of two nutrients, phosphate and nitrogen, for enhancement of 

the pheromone response.  These nutrients were chosen for two reasons.  First, the 

pheromone response and filamentation pathways are known to share components and be 

closely related (Madhani et al., 1997), and it seemed likely that the nutritional cues for 

the two processes might be readily switched in fungal evolution.  Nitrogen starvation is 

well-documented as a condition that causes filamentation in wild a/α S. cerevisiae strains 
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(Gimeno et al., 1992), and phosphate starvation has been observed to cause filamentation 

in opaque C. albicans strains (Aaron Hernday, personal communication).  Second, 

nitrogen starvation is known to be required for a pheromone response in S. pombe 

(Sugimoto et al., 1991).  In early pilot experiments, cells were grown overnight at room 

temperature in SC, SLAD (nitrogen starvation medium), or SC lacking phosphate at room 

temperature, and were subsequently treated with a high dose of 13-mer alpha factor 

(40µg/ml in 10%DMSO) or with DMSO, as a control.  Cells were then grown at room 

temperature and observed at several timepoints up to 28hours.  No cells were induced 

after 6 hours of treatment in any medium.  Maximal induction was seen in the SC 

medium lacking phosphate after 28 hours of treatment, at which point (out of 100 cells 

counted) 90 cells had mating projections, 10 cells were unbudded spherical cells, and no 

cells were budded.  No cells had an observable pheromone response in the pheromone-

treated SLAD culture at any timepoint.  It was also noted in both the treated and 

untreated cultures in SC medium lacking phosphate that a low percentage of cells 

(~0.5%) formed long filaments that did not resemble mating projections.  A subsequent 

experiment to test dosage showed that 13-mer α-factor at final concentrations of 8µg/ml 

and 40µg/ml showed similar induction (~90%), whereas a final concentration of 1.6µg/ml 

resulted in only a ~25% induction.  Another experiment showed that induction was 

similar in cultures that were grown at room temperature, 25°C, and 30°C. 

This led us to a final optimization experiment, in which we identified final 

conditions to use in a standardized induction protocol.  In order to make experiments 

more easily standardized (in preparation for later induction experiments) and to eliminate 

the long exposure to phosphate starvation that caused the low level of filamentous 
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growth, the experiment included a shift of cells from SC medium to SC medium lacking 

phosphate.  For these experiments, we used yDG955, since we had decided that it would 

be used in subsequent induction experiments.  yDG955 cells were inoculated into SC 

medium supplemented with 0.5g/L Leucine (a requirement for growth of this strain) at a 

O.D.600 of 0.67 and grown at 30°C for 12 hours  to an O.D.600 of 0.87.  Cells were then 

pelleted, washed twice in H2O, and resuspended and diluted to O.D.600 0.25 in SC 

lacking phosphate supplemented with 0.5g/L Leucine.  Cells were then grown at 30°C for 

6 hours in the starvation medium.  The O.D.600 was measured and noted to be 0.8.  Cells 

were then split into two 4ml cultures.  One culture was treated with 3.3µl 13-mer alpha 

factor (10mg/ml in 10% DMSO), for a final concentration of 8.25µg/ml.  The other 

culture was treated with 3.3µl 10% DMSO as a control.  After 4hour’s growth at 30°C, 

the O.D.600 was 0.96 and 0.97 for the treated and DMSO control cultures, respectively.  

The cultures were sonicated briefly, and 100 cells were scored from each culture, as 

previously described.  For the untreated culture, 0 cells exhibited mating projections, 86 

cells were spherical unbudded cells, and 14 cells were spherical and budded.  For the 

treated culture, 73 cells exhibited mating projections, 25 cells were spherical and 

unbudded, and 2 cells were spherical and budded.  It was previously noted in similar 

experiments with yDG909 that ~90% induction was achieved after 4hrs, as had been the 

case when yDG909 was grown continuously in SC medium lacking phosphate.  It was 

later noted that different strains respond to different degrees to pheromone.  It also may 

be that the addition of a large amount of leucine to yDG909 cultures resulted in a less 

complete phosphate starvation.  Finally, it was decided that this induction protocol 

represented the best balance of variables, since a high percentage of cells were induced 
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and no filamentous cells were present and since it could be readily reproduced across 

many subsequent experiments (allowing for reproducible cell density).  

One final question is how specific the phosphate starvation is in rendering K. 

lactis cells sensitive to α-factor.  Cells do not appear to grow rapidly in SC medium 

lacking phosphate, and appear to slow in their growth after a couple of generations.  

Thus, it may be that many types of starvation that result in slow growth or entry into early 

stationary phase will have similar effects in sensitizing cells to pheromone.  This remains 

unexplored, as our primary goal was simply to identify conditions that would allow for 

efficient pheromone induction, and phosphate starvation accomplished that goal. 
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II. Description of the a1-α2 regulatory battery in  Kluyveromyces lactis 

 Sexual reproduction is a process in which two full sets of genes in a genome are 

combined in an organism, the two sets are shuffled and separated through meiosis, and 

finally, two sets are combined anew in a new diploid progeny organism, with the two 

haploid genomes often coming from two genetically distinct organisms.  For an 

organism, there are two key advantages to this form of reproduction compared to asexual 

reproduction.  First, it allows a population to combine genetic information, which allows 

advantageous mutations originating in different individuals to be combined in single 

organisms.  Second, mating allows for purifying selection for excluding suboptimal gene 

mutations in a population (Barton and Charlesworth, 1998).   

 Given the apparently universal advantages that are thought to be associated with 

sexual reproduction and meiosis, and given the wide conservation of basic properties of 

this process in evolution, the regulation of  genes that separate the haploid and diploid 

states might be expected to be widely conserved.  In Saccharomyces cerevisiae, the 

majority of genes that are differentially expressed in haploid and diploid cells are known 

to be regulated by the a1-α2 heterodimer, which is present in the diploid a/α cell, but not 

in the haploid a or α cell types (Galgoczy et al., 2004; Johnson, 1995). 

 In S. cerevisiae, the yeast species in which the regulation of genes by a1-α2 is best 

worked out, most genes that are regulated appear to play direct roles in regulating 

processes that are narrowly related to haploid functions.  These include all genes in the 

MAPK signaling pathway that are specific to the pheromone response, other genes 

involved directly in mating (e.g., FAR1), genes that are directly involved in cell type 

specification (MATα1 and MATα2), and the HO gene, which is needed for mating type 
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switching and, thus, is important for the mating process.  Also included are genes are the 

AXL1 and AMN1 genes, which have more peripheral roles in mating:  they alter the 

budding pattern in haploid cells and allow cells to cluster together, presumably to bring 

cells together to facilitate mating.  a1-α2 repression at a NEJ1 shuts down an error-prone 

DNA repair process  that must be used in haploid cell types, where second copies of 

genes are not present in the genome to use as templates for high fidelity recombinational 

repair.  One gene, RDH54, is involved in early meiotic gene induction of gene conversion 

and is required for meiosis, which is not readily reconciled with the fact that it is a1-α2 

repressed.  Finally, a key repressor that prevents meiosis from initiating in haploid cells 

(RME1) is repressed by a1-α2 in a/α diploid cells.  The four genes remaining genes 

repressed by a1-α2 (HOG1, CCW12, ICS2, and DDR2), cannot readily be appreciated as 

having roles that are specific to haploid cells.  For all of these genes, except for HOG1, 

this may be due to the fact that clear roles have not yet been established.  Given that 

virtually all of these genes appear to have importance that is specific to the haploid cell 

type, it would make intuitive sense that their regulation by a1-α2 would be fixed in fungal 

evolution. 

C. albicans, a yeast pathogen,  contains clear homologs for Mata1 and Matα2 

(MTLa1 and MTLα2 in C. albicans), and these have been shown to bind to a similar 

binding site in the promoter of one homolog of an a1-α2 repressed gene in S. cerevisiae, 

GPA1.  In the case of this yeast, 52 a1-α2 target genes were identified (Srikantha et al., 

2006).  When compared with expression array experiments, comparing MTL  

homozygous strains with MTL heterozygous strains (Tsong et al., 2003), only six of these 

were transcriptionally downregulated in a/α cells versus a or α cells types.  Although a 
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greater proportion of the a1-α2 genes in S. cerevisiae were differentially expressed in our 

previously published experiments among the different cell types, this observation in C. 

albicans is qualitatively similar to results that we had previously seen in S. cerevisiae.  

As in S. cerevisiae, all of the components of the MAPK signaling pathway specific to the 

pheromone response were bound by a1-α2 in the C. albicans ChIP chip experiment, 

including CAG1 (the GPA1 homolog), STE4, STE18, CEK2 (the FUS3 homolog).  No 

clear homolog for the pheromone response MAPK signaling scaffold protein, STE5, is 

present in C. albicans.  In addition, STE2 (the α-factor receptor) and CPH1 (the STE12 

homolog) were bound by a1-α2.  Although the a1-α2 binding profile indicates far more 

extensive regulation than the differences in expression under standard laboratory growth 

conditions would suggest, the set of target genes overlapped significantly with the set of 

a1-α2 regulated genes in S. cerevisiae.  However, only approximately 25% of this large 

set were involved in mating-related functions.  Many of the genes that were regulated by 

a1-α2 in C. albicans had roles in diverse processes such as development or 

morphogenesis, transcriptional regulation, cell cycle, cytoskeleton, transport, metabolism, 

membrane function, drug resistance, and DNA repair.    

Kluyveromyces lactis is another yeast that has diverged approximately 200 million 

years from a common ancestor with S. cerevisiae.  a1 and α2 are conserved in K. lactis 

and would be predicted to bind to DNA together as a heterodimer to repress transcription, 

as they do in S. cerevisiae and C. albicans.  S. cerevisiae, which appears to live stably in 

the diploid state, will typically undergo meiosis only under strict starvation conditions.  

Resulting spores, once placed in nutrients for growth, will rapidly mate and form stable 

diploid cells.  K. lactis, by contrast, grows stably in the haploid form, and will only mate 
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under specific conditions described here and previously (Wolf et al., 2003).  In this yeast 

species, the diploid state is maintained only transiently and meiosis occurs efficiently 

after mating.  The basic biology appears to be similar, in terms of mating and meiosis as 

well as many of the general transcriptional mechanisms of gene regulation (i.e., by a1-

α2). 

To explore a1-α2 regulation in K. lactis, we carried out two independent ChIP 

chip experiments using affinity purified antibodies raised against a C-terminal peptide 

from the K. lactis a1.  We also carried out a single ChIP chip experiment using antibodies 

raised against an N-terminal peptide from the K. lactis α2 and a single ChIP chip 

experiment using antibodies raised against a C-terminal peptide from α2.  We performed 

peak finding using ChIP analytics 1.3 (Agilent Technologies), using standard peakfinding 

parameters previously published (Pokholok et al., 2006).  This approach identified 13 

genes that were common to the three data sets (Table1).  We performed de novo motif 

finding using MEME (Bailey and Gribskov, 1998) and found that all of these genes 

contained motifs that resembled the a1-α2 binding site from S. cerevisiae (Figure 1). 

The set of genes regulated by a1-α2 in K. lactis contained only one gene in 

common with S. cerevisiae, RME1, and shared none in common with C. albicans; 

moreover, the set generally consisted of genes involved in processes that don’t have clear 

roles in specifying differences in cell type.  Strikingly, whereas all genes specific to 

pheromone signaling were directly regulated by a1-α2 in S. cerevisiae and C. albicans, 

no genes involved in pheromone signaling were a1-α2 bound in K. lactis.  Two DNA 

repair genes, RAD16 and RAD54, were present in the set.  RAD16 is involved in 

nucleotide excision repair, and it is not readily apparent why this gene would be a1-α2 
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regulated in K. lactis, but perhaps this repair process is downregulated to allow 

recombinational repair processes to take priority in diploid cells, where two homologs are 

present for each gene.  RAD54 is a paralog of RDH54, which is a1-α2 regulated in S. 

cerevisiae; both proteins are involved in meiotic recombination in S. cerevisiae.  It 

remains a mystery why genes involved in a process during meiosis, an a/α diploid 

specific process, would be regulated by a1-α2. 

Strikingly, 6 of the 13 genes that are a1-α2 bound in K. lactis are known or 

suspected transcriptional regulators.  These include homologs of SWI5/ACE2 (a 

duplicated ortholog pair that is present only as a single copy in K. lactis), TEC1, RME1, 

SUT1, CYC8, and YPR013C in S. cerevisiae.   Most a1-α2 bound genes in K. lactis were 

involved in processes that aren’t typically considered to be cell type specific.  For 

instance, CYC8, which encodes a component of the Tup1-Cyc8 global transcriptional 

repressor in S. cerevisiae, was a1-α2 regulated in K. lactis.  SWI5, which is the closest 

homolog of both SWI5 and ACE2 in S. cerevisiae, was also a1-α2 regulated.  Both SWI5 

and ACE2 encode transcription factors that activate the expression of early G1-specific 

genes in S. cerevisiae.  Interestingly, in S. cerevisiae, Swi5 is involved in regulation of 

the HO gene, and is required for homothallic switching.  HO is not present in K. lactis, 

although K. lactis does contain silent mating cassettes and undergoes mating type 

switching.  Ace2p is localized to daughter cells after cytokinesis and delays G1 

progression in daughter cells.  Thus, although they are not cell-type regulated in S. 

cerevisiae, these regulators have roles that are at least partly specific to cell-type in S. 

cerevisiae.  SUT1 also encodes a DNA sequence-specific transcription factor that is a1-α2 

regulated.  It is involved in sterol uptake and induction of hypoxic gene expression in S. 
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cerevisiae.  It is unclear why this gene would be mating type specific in K. lactis.  TEC1 

is required for haploid invasive growth and for diploid pseudohyphal growth in S. 

cerevisiae.  Although TEC1 is not a1-α2 repressed in S. cerevisiae, there appear to be 

significant differences in these two types of filamentation that occur in the haploid and 

the a/α diploid cell types.  Many genes that are a1-α2 repressed in S. cerevisiae are not 

completely shut off in a/α cells, but rather are expressed at lower levels (Galgoczy et al., 

2004).  HOG1, a MAPK involved in osmotic sensing,  is downregulated only 1.6- to 2- 

fold by a1-α2 in S. cerevisiae, and the most likely explanation for this regulation is that it 

allows for fine-tuning of signaling, either to minimize crosstalk with other signaling 

pathways or to modulate the sensitivity of the signaling pathway in the different cell 

types.  Potentially, subtle downregulation of TEC1 could allow fine-tuning of the 

sensitivity of the filamentation pathway in K. lactis.  CYC8 is part of a global 

transcriptional repressor complex that regulates a couple hundred genes in diverse 

processes in S. cerevisiae (DeRisi et al., 1997; Hughes et al., 2000).  It is very surprising 

that CYC8 would be cell-type regulated in K. lactis, although it is worth noting that it is 

required for repression of a-specific genes in S. cerevisiae.  No function has been 

identified as of yet for YPR013C in K. lactis or S. cerevisiae. 

The remaining a1-α2 targets in K. lactis appear to be involved in diverse 

processes that do not readily seem to call for mating type specific regulation.  SEN34 

encodes a tRNA splicing subunit.  PMC1 is involved in calcium localization.  A couple 

of genes are involved in metabolic processes:  PDC6 encodes a pyruvate decarboxylase 

involved in the alcohol fermentation pathway and YJR096W encodes a putative xylose 

and arabinose reductase.  A function has not been identified for YJL051W, but its mRNA 
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is localized to the bud tip by the She2-dependent transport system.  In S. cerevisiae, 

ASH1 encodes a transcription factor that is daughter cell localized and is important for 

daughter cell specific mating type interconversion, but the mechanism for interconversion 

that is regulated by Ash1 is not conserved in K. lactis (Butler et al., 2004).   Nevertheless, 

the fact that two a1-α2 regulated genes in K. lactis, the ACE2 and YJL051W homologs, 

are daughter cell localized in S. cerevisiae hints at daughter specific roles for these genes 

in haploid cells in K. lactis. 

The very different sets of genes that are a1-α2 regulated in S. cerevisiae, C. 

albicans, and K. lactis demonstrate that this regulatory battery is highly plastic in fungal 

evolution.  Although the basic roles of the three mating types among these yeasts are 

similar, there are significant biological differences separating these species.  For instance, 

C. albicans does not appear to have a viable haploid form.  Rather, this yeast appears to 

assume the mating competent form by homozygosis of the MTLa or MTLα mating locus 

in the diploid form, allowing two diploid cells of opposite mating types to mate and form 

a tetraploid a/α type cell.  RME1, a repressor of meiosis that is a1-α2 repressed in other 

yeasts, is present but not a1-α2 regulated in C. albicans.  This correlates with the 

apparent absence of conventional meiosis in this yeast species.  Similarly, the presence of 

a host of cellular functions that are uniquely regulated in C. albicans may reflect the 

unique environment that that yeast occupies as a fungal pathogen.  The opaque cell type 

in C. albicans, which is the mating proficient form and occurs only in cells homozygous 

at the MTL locus, would appear to be adapted to specific host tissues in pathogenesis 

(Kvaal et al., 1997; Lachke et al., 2003).  Perhaps, then, the a1-α2 regulation that is 

specific to the a/α cell type in C. albicans tailors the a/α cell to specific roles in 
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pathogenesis.  This might partly explain the large set of genes that are a1-α2 regulated 

that don’t have clear roles in the establishment of the a/α cell type as it is understood to 

function in other species, such as S. cerevisiae. 

K. lactis appears to differ from the two other yeasts in that it is stably maintained 

in the haploid (or MTL homozygous) form but not in the diploid (or MTL heterozygous) 

form.  Consistent with this idea, the components of the pheromone signaling pathway, 

which are all directly a1-α2 regulated in the other two yeast species, are not regulated in 

K. lactis.  Meiosis appears to follow mating directly in K. lactis, an observation which 

distinguishes it from S. cerevisiae.  Given its short transition through the a/α diploid state, 

K. lactis may not require the direct repression of components of the pheromone signaling 

pathway that occurs in other yeasts.  It also appears that cell type is more tied to nutrient 

availability in K. lactis than in these two other yeasts.  Unlike S. cerevisiae and C. 

albicans, where mating can occur under different, nutrient rich conditions, K. lactis 

requires nutrient starvation to respond to pheromone and mate.  Moreover, mating type 

interconversion, which allows a homogenous haploid cell population to undergo mating, 

appears to be enhanced under starvation conditions (data not shown).  We have also 

identified a large set of α2-Mcm1 bound genes, by α2 and Mcm1 ChIP chip experiments, 

that are involved in metabolic pathways (see section III).  Given that mating (and, by 

extension, cell type) is influenced by nutrient availability, it makes some sense that two 

metabolic genes, the PDC6 and YJR096W homologs, were identified as being cell type 

regulated a1-α2 targets in K. lactis.  Thus, comparison of the a1-α2 regulatory battery in 

the three yeast species reveals that the set of genes that are regulated change radically, 

seemingly to suit the lifestyle of individual yeast species. 
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III.  Identification of putative α2-Mcm1 regulation Kluyveromyces lactis 

 In Schizosaccharomyces pombe, Candida albicans and Kluyveromyces lactis, a-

specific genes (or their equivalent) are positively regulated by a2 in a cells (Astrom et al., 

2000; Kjaerulff et al., 1997; Tsong et al., 2003).  In C. albicans and K. lactis, a2 carries 

out this regulation in a complex with Mcm1.  In Saccharomyces cerevisiae, no a2 

homolog is present in the genome and, instead, a-specific genes are expressed without 

cell type specific regulation in a cells and are repressed by α2-Mcm1 in the other cell 

types.  In all three yeast species, the a1-α2 complex represses a different set of genes in 

a/α cells, and it appears that a1-α2 co-regulation predated α2-Mcm1 regulation in 

evolution.  In C. albicans, genetics experiments have indicated that α2 does not regulate 

a-specific genes, and no α2-Mcm1 site is present in a-specific gene promoter sequences.  

Thus, the assumption is that α2 and Mcm1 do not regulate genes together in C. albicans 

and that α2-Mcm1 regulation evolved at some point in the S. cerevisiae lineage after 

divergence from an ancestor with C. albicans.  The simplest explanation for how a-

specific gene regulation would have transitioned from a2 to α2 regulation is that both 

forms of regulation might have been present at some stage in evolution (Tsong et al., 

2006). 

In K. lactis, traces of a short sequence resembling an α2 binding site have been 

identified next to the a2-Mcm1 binding sites in the promoter sequences of a small subset 

of a-specific genes.  Genetics experiments have not been performed under the appropriate 

conditions to determine whether an α2 deletion affects repression.  ChIP experiments, 

however, were performed under standard growth conditions as well as under nitrogen 

starvation condition in both the presence and absence of pheromone, and failed to detect 
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α2 enrichment at a-specific genes; this suggests that α2 may not bind at a-specific gene 

promoters.  It remains a possibility that regulation of a-specific genes were previously 

regulated by both a2 and α2 in an ancestor of K. lactis, but that this dual regulation has 

since been lost. 

In the course of ChIP chip experiments to determine the set of a1-α2 bound genes 

in a/α cells in K. lactis, we identified a large number of genes promoters that were bound 

by α2, but not by a1.  One possible explanation for this observation was that α2 bound to 

these promoters together with Mcm1.  Comparing these targets with those identified in 

Mcm1 ChIP chip experiments revealed that most targets in the α2 ChIP chip were also 

bound in the Mcm1 ChIP chip experiments (Figure 2).  Furthermore, α2-Mcm1 sites were 

identified in many of these gene promoters (Brian Tuch, personal communication).  

Surprisingly, the number of genes identified in ChIP chip experiments indicated that the 

promoters at a large number of genes were bound by both α2 and Mcm1 (107 genes), and 

that these genes did not match the a-specific genes that are present in C. albicans and S. 

cerevisiae.  Instead, a large percentage of these genes were involved in metabolism. 

The observation that α2-Mcm1 potentially regulates metabolic genes in K. lactis 

is surprising.  Given that α2 is cell type specific, this would likely mean that metabolic 

genes are regulated differently in a and α cells.  This would make some sense, based on 

some observations that we have made about the biology in K. lactis.  Microarray 

experiments have demonstrated that α2 is not expressed under standard growth conditions 

in rich medium (YEPD at 30°C) but is expressed under the nitrogen starvation conditions 

(SC medium without phosphate) that allow mating to occur (data not shown).  This 

expression pattern was only seen in α cells, not in a cells, where α2 is not expressed 
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under either growth condition.  Also, under these phosphate starvation conditions, a cells 

were observed to undergo mating at a high frequency at extended timepoints (30 hours), 

most likely following efficient mating type switching to the α cell type.  Efficient mating 

was not observed under the same conditions for α cells, which strongly suggests that α 

cells do not undergo efficient mating type switching (data not shown).  Thus, it would 

make sense that starvation conditions cause a switch to the α cell type, where α2-Mcm1 

could regulate metabolic genes in a manner suited to these conditions.  α2-Mcm1 

regulation of metabolic genes would also be expected to continue after mating, in the a/α 

cell.  Thus, these results suggest that  different mating types regulate metabolic genes 

differently, and that nutrient conditions drive a cells to switch modes of metabolic gene 

regulation by undergoing a switch to the α cell type. 

It remains a mystery how the co-regulation of genes by α2 and Mcm1 might have 

arisen in evolution.  In S. cerevisiae, the protein sequences in both α2 and Mcm1 that are 

needed for the two proteins to interact have been carefully mapped, and the homologous 

protein sequences in C. albicans would not be predicted to support this interaction.  

Moreover, α2 ChIP experiments in C. albicans do not suggest that α2-Mcm1 co-

regulation occurs in that species.  Our results presented here offer an example of α2-

Mcm1 co-regulation in K. lactis, a species that shares a common lineage with S. 

cerevisiae; this lineage diverged from C. albicans approximately 800 million years ago. 

The lineages for S. cerevisiae and K. lactis diverged more recently, approximately 200 

million years ago.  Given that α2-Mcm1 co-regulation is present in both S. cerevisiae and 

K. lactis, the ancestral species also likely possessed α2-Mcm1 co-regulation.  In light of 

the fact that a2-Mcm1 regulation is preserved at a-specific genes in K. lactis, it appears 
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that α2-Mcm1 co-regulation may not have first arisen at a-specifc genes, but instead first 

arose at metabolic genes.  Presumably, Mcm1 would have regulated these genes without 

α2 originally.  Given that this form of regulation would have required specific molecular 

adaptations that subsequently had to be maintained, it seems likely that cell type 

regulation of metabolic genes via α2-Mcm1 occurs because it confers a selective 

advantage in K. lactis.  By one possible sequence of events, pressure for this regulation 

might have driven the evolution of the changes in α2 and Mcm1 that allowed them to 

interact and to regulate metabolic genes.  In turn, with the basic framework for α2-Mcm1 

regulation established, α2-Mcm1 regulation might have been acquired relatively easily at 

a later timepoint at a-specific genes and subsequently lost at metabolic genes in the 

Saccharomyces lineage. 
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Name S. cerevisiae Ortholog Description of S. cerevisiae ortholog 

KLLA0D16456g Swi5 Transcription factor that activates transcription of genes expressed at the M/G1 phase boundary and in G1 phase 

  Ace2 Transcription factor that activates expression of early G1-specific genes, localizes to daughter cell nuclei after cytokinesis and delays G1 progression in daughters 

KLLA0E12507g Tec1 Transcription factor required for haploid invasive and diploid pseudohyphal growth 

KLLA0A02629g Rme1 Zinc finger protein involved in control of meiosis; prevents meiosis by repressing IME1 expression; mediates cell type control of sporulation 

KLLA0A03091g Sut1 Transcription factor of the Zn[II]2Cys6 family involved in sterol uptake; involved in induction of hypoxic gene expression 

KLLA0B09262g Cyc8 Putative transcription factor; multicopy suppressor of mutations that cause low activity of the cAMP/protein kinase A pathway; highly similar to Sut1p 

KLLA0A08910g Pmc1 Vacuolar Ca2+ ATPase involved in depleting cytosol of Ca2+ ions 

KLLA0E16357g Pdc6 Minor isoform of pyruvate decarboxylase, key enzyme in alcoholic fermentation, regulation is glucose- and ethanol-dependent 

KLLA0A03069g Rad54 DNA-dependent ATPase; involved in the recombinational repair of double-strand breaks in DNA during vegetative growth and meiosis 

KLLA0B09240g Rad16 Protein that recognizes and binds damaged DNA in an ATP-dependent manner (with Rad7p) during nucleotide excision repair 

KLLA0A08932g Sen34 Subunit of the tRNA splicing endonuclease 

KLLA0A04609g Ypr013c Putative zinc finger protein; YPR013C is not an essential gene 

KLLA0F01386g Yjl051w Bud tip localized protein of unknown function; mRNA is targeted to the bud by a She2p dependent transport system 

KLLA0F03256g Yjr096w Putative xylose and arabinose reductase 

 

 

Table 1.  a1-α2 regulated genes in K. lactis.  The set consists of genes that were 

identified in both a1 and α2 ChIP experiments in a/α cells and for which a1-α2 binding 

sites are present in the gene promoters.  Note that KLLA0D16456g has two orthologs in 

S. cerevisiae, SUT1 and ACE2, due to a duplication event in the Saccharomyces lineage. 

  

Table 1 
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Table 2.  Strains used in Chapter 6. 

 

 

  

Name Species Brief genotype Mating type Genotype Alternative name
yDG909 K. lactis wt a lysA1 trp1 leu2 metA1 uraA1 nej1∆::LEU2 ATY607; SAY572
yDG955 K. lactis wt a lysA1 trp1 leu2 metA1 uraA1 ATY604; SAY45

Table 2 
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Figure 1.  a1-α2 motif identified in 13 gene promoters that were enriched in both a1 and 

α2 ChIP experiments in K. lactis. 
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Genomic Dissection of Transcriptional Regulation by the Tup1-Cyc8 Global 

Transcription Regulatory Complex in Saccharomyces cerevisiae 
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INTRODUCTION 

The complex consisting of Tup1 and Cyc8 in Saccharomyces cerevisiae is one of 

the first corepressor complexes to be identified (Keleher et al., 1992).  Microarray studies 

indicate that this global corepressor is responsible for the repression of over 180 genes 

(Green and Johnson, 2004).  The genes regulated by this complex include glucose 

repressed genes, DNA damage response genes, hypoxic response genes, osmotic 

response genes, cell adhesion and flocculation genes, genes involved in mating type 

specification, and genes involved in a few other processes.  The specificity of repression 

is determined by sequence-specific DNA binding proteins, which recruit Tup1-Cyc8 to 

turn off subsets of genes.  Such DNA binding proteins include Mig1, Rfx1, Rox1, Sko1, 

Sfl1, and α2.  The mechanism by which Tup1-Cyc8 effects repression is not completely 

understood.  Genetic studies suggest that the complex interacts with the RNA polymerase 

II mediator complex, which suggests that repression is at least partly brought about by 

physical interactions with the transcriptional machinery (Papamichos-Chronakis et al., 

2000).  Other studies have suggested that Tup1-Cyc8 interacts with histones and histone 

modifying enzymes (Davie et al., 2002; Edmondson et al., 1996). 

Tup1 and Cyc8 are widely conserved, and have sequence homologs in 

Schizosaccharmyces pombe and Caenorhabditis elegans.  Moreover, corepressor proteins 

having similar domain structures and functions are present in flies and vertebrates 

(Malave and Dent, 2006).  Tup1 and Cyc8 regulation have been studied extensively in S. 

cerevisiae. Given that the function and localization of both proteins appear to be 

inseparable in all cases where they have been studied, it appears that Tup1 and Cyc8 

always act together in a complex.  In Candida albicans, one study has indicated that tup1 
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and ssn6 mutants have distinct phenotypes, suggesting that both proteins may not be 

required for all functions of the complex or that they function separately (Garcia-Sanchez 

et al., 2005). 

Genomewide localization of Tup1 has been examined in one study in S. 

cerevisiae, both under high and low glucose conditions (Buck and Lieb, 2006).  This 

study focused on how Tup1 localization affects the localization of Rap1, a DNA 

sequence specific transcriptional regulator, at a subset of Rap1 regulated genes.  Most 

notably, the set of Rap1 target genes expands, under low glucose conditions, to a set of 

genes that are bound by Tup1.  In a tup1 deletion strain, Rap1 was mislocalized to these 

low-glucose targets even under glucose rich conditions.  Their experiments suggested that 

Tup1 prevents Rap1 binding by recruitment of chromatin-modifying factors.  The general 

profile of Tup1 binding, however, was not examined in this paper outside of the context 

of Rap1 target genes.  The use of these data in this study was quite reasonable for the 

authors to draw broad conclusions in the context of Rap1 regulation.  However, the Tup1 

ChIP enrichment levels were relatively low at some targets in this study.  Moreover, the 

ChIP chip experiments were carried out using relatively low resolution microarrays 

similar to those used previously in our lab(Galgoczy et al., 2004).  Thus, it is the belief of 

this author that the Tup1 ChIP chip data presented in this paper would not be sufficient to 

describe the extent of Tup1 localization genomewide with clarity. 

In this chapter, we present data for Tup1 and Cyc8 localization genomewide.  

This study was carried out using high density DNA oligonucleotide tiling microarrays.  

We believe that the data generated using this technology presents a clearer view of 

localization of Tup1 and Cyc8 genomewide. 
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RESULTS 

To examine localization of Tup1 and Cyc8 genomewide, we carried out 

chromatin immunoprecipitation experiments as described previously (Galgoczy et al., 

2004), with some modifications.  Formaldehyde crosslinking was carried out for 5 

minutes and 2µl of affinity purified α-Tup1 antibody (approximately 1µg/µl) were used.  

In the case of the Cyc8-TAP ChIP experiments, immunoprecipitation was carried out 

using IgG sepharose.  IP and total DNA was amplified and labeled as described 

previously (Galgoczy et al., 2004) and competitively hybridized to microarrays 

containing approximately 44,000 60-mer DNA oligonucleotide spots tiled across the S. 

cerevisiae genome (at approximately 250bp intervals).  Hybridization and washes were 

carried out according to protocols supplied by Agilent Technologies (Santa Clara, CA).  

Two independent Tup1 ChIP experiments carried out in a wildtype strain were hybridized 

to two separate microarrays.  As a control, one Tup1 ChIP experiment carried out in a 

tup1∆ strain was also hybridized.  One TAP ChIP experiment was carried out in a strain 

in which Cyc8 was tagged at the C-terminal end with the TAP epitope tag.  One TAP 

ChIP was also carried out in a wildtype strain that did not contain the TAP tag.  It is 

important to note that this control ChIP sample was hybridized to a stripped microarray 

that had previously been used in a Tup1 ChIP experiment in a wildtype strain; a scan of 

the stripped microarray indicated that significant residual fluorescence was still present 

on the microarray after stripping. 

We examined the Tup1 and Cyc8 IP data using previously published software that 

implements a statistical model to determine the likelihood of enrichment and integrates 

data from several neighboring spots along chromosomes to identify IP enrichment peaks 
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(Pokholok et al., 2005).  In the case of the Tup1 ChIP experiments, data were combined 

from the two replicates.  For all experiments, we applied parameters as follows:  we 

required that enrichment peaks  contain a probe with a P() value below 0.01 and either 

that both the central probe have a P(X) value below 0.01 and a neighboring probe have a 

P(X) value below 0.1 or that a neighboring probe have a P(X) value below 0.05.  In cases 

where enrichment peaks met these criteria, the software identified genomic segments 

corresponding to these peaks. 

Using these parameters, we identified 226 peaks in the Tup1 ChIP experiments 

performed in the wildtype strain and 149 peaks in the Tup1 ChIP experiment performed 

in the tup1∆ strain.  37 enrichment segments overlapped between these two sets of 

experiments.  We subtracted these overlapping segments, leaving 189 segments in the set 

identified specifically in the wildtype strain.  For the Cyc8-TAP IP experiments, we 

identified 227 peaks in the tagged strain.  For the corresponding control experiment in the 

untagged strain, 233 peaks were identified.  As mentioned above, the control IP 

experiment performed in the untagged strain was hybridized to a tiling array that had 

been previously used and that was subsequently stripped to remove fluorescently labeled 

DNA that had previously been hybridized.  Although, in terms of gross intensity, most of 

the fluorescence signal (>95%) was successfully stripped, we identified 130 peaks when 

we scanned the stripped array, and 35 of these overlapped those identified on the array 

after it was hybridized with the TAP ChIP sample from the untagged strain.  When we 

subtracted these segments from those identified in the TAP IP experiment performed in 

the untagged strain, 198 segments remained.  Of this subtracted set, 59 overlapped with 
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segments identified in the tagged strain.  After subtracting this set from the IP experiment 

in the tagged strain, 169 segments remained. 

After subtraction of the segments identified in the negative controls for the two 

sets of ChIP chip experiments, we compared the sets of genomic positions that were IP 

enriched in the Tup1 and Cyc8 experiments.  Of the 189 segments identified in the Tup1 

experiment and the 169 segments identified in the Cyc8 experiment, 97 overlapped.  

There are two possible explanations for this relatively low amount of overlap.  One 

explanation would reflect differences in the biology; that is, there might be positions in 

the genome that are bound by one factor but not the other.  The other explanation is that 

the low level of overlap reveals experimental issues; in this case, either experimental 

noise or shortcomings of the approach to identifying ChIP enrichment peaks would cause 

this difference.  To distinguish between these two possibilities, we examined the 

enrichment values at all sites of enrichment in the two sets of experiments.  For cases 

where segments were independently identified in the Tup1 and Cyc8 ChIP data sets, the 

minimum P() values occurring within overlapping segments were well correlated 

(Figure 1A), indicating a strong degree of consistency between the localization of the two 

factors, which would be expected if both Tup1 and Cyc8 act as a complex in a similar 

fashion at all sites of binding. 

We also examined enrichment levels in both data sets for those cases where 

enrichment was identified in one data set but not in the other.  For this analysis, we 

compared the minimum P() value from each segment in the data set where enrichment 

was identified with the minimum P() value occurring within 500bp of the position of 

this value in the second data set (Figure 1B and 1C).  This analysis revealed that several 
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positions that were identified as being enriched only in one data set (by the parameters 

indicated above) were strongly enriched (as measured by the minimum P() value) in 

both datasets.  For all cases where significant enrichment was not seen in the second data 

set, the minimum P() value within the segment that was identified was near to the 

threshold designated for the original peakfinding (P() of 0.01).  Were it the case that 

Tup1 or Cyc8 bound independently of one another at some positions in the genome, we 

would expect there to be a set of enrichment values that is strong in one set of 

experiments, but not in the other.  Given that this was not the case, it appears that Tup1 

and Cyc8 act together in all cases where they bind to sites in the genome under the 

conditions tested (mid-log phase growth in YEPD at 30°C). 

We next turned to the question of what ORFs are in position to be regulated by 

Tup1-Cyc8.  Because Tup1 and Cyc8 ChIP enrichment levels were well correlated at 

peaks genomewide, we examined data sets from both sets of ChIP experiments in a single 

genomewide analysis.  In all, there were 154 enrichment peaks that were identified in 

either the Tup1 or Cyc8 ChIP experiments where there was a significant degree of 

enrichment found in both sets of  experiments (see Figure 1D for the inclusion criteria).  

Genes were identified as Tup1-Cyc8 targets if they contained these ChIP peaks either in 

intergenic regions immediately upstream or within the ORFs (Figure 2).  In all, 146 peaks 

were in position to regulate 194 target genes by these criteria (Figure 2, bracketed).  The 

remaining eight peaks occurred in intergenic regions between two convergently 

transcribed genes; given that the number of these cases were relatively small, we chose to 

exclude these peaks from further analysis. 
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Tup1-Cyc8 has been shown to be required for repression of certain genes under 

standard growth conditions; by definition, these genes are derepressed in tup1∆ and 

cyc8∆ strains.  To gain a better understanding of how Tup1-Cyc8 affects expression at all 

of the sites where it binds, we examined the expression of genes in tup1∆ and cyc8∆ 

strains at sites of Tup1-Cyc8 binding using previously published genomewide expression 

data sets (Green and Johnson, 2004; Hughes et al., 2000).  Of the 146 sites where the 

ChIP experiments identified Tup1-Cyc8 binding within a gene or at a gene promoter, 132 

sites had expression array data at the genes in position to be regulated.  Of these 132 

sites, 48 sites were positioned at genes that were transcriptionally upregulated (or 

derepressed) in tup1∆ and cyc8∆ strains.  Expression data were available for 177 of the 

total 194 genes that were in position to be regulated by Tup1-Cyc8.  Of these 177 genes, 

52 genes were upregulated in the deletion strains.  Strikingly, none of these genes were 

consistently downregulated in the deletion strains.  Results of this analysis are shown in 

Figures 2 and 3.  In all, 291 genes were transcriptionally upregulated in the deletion 

strains (Figures 3 and 4). 

These results indicate that, under standard laboratory growth conditions, Tup1-

Cyc8 is required for repression of approximately one third of the genes to which it 

localizes.  The remaining two thirds of genes are not affected by the absence of Tup1-

Cyc8; most likely, redundant mechanisms of regulation act at these genes under the 

conditions tested. 

Our experiments also demonstrate that the vast majority of genes that are 

upregulated in tup1∆ and cyc8∆ strains are not directly regulated by Tup1-Cyc8.  Of the 

291 genes that were transcriptionally upregulated in the tup1∆ and cyc8∆ expression data 
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sets, only 52 genes (or 18%) were in position to be directly regulated by Tup1-Cyc8 

binding (Figure 3).  The fact that the bulk of transcriptional regulation driven by Tup1-

Cyc8 is indirect is not surprising, given that several of the Tup1-Cyc8 target genes 

identified are transcriptional regulators. 

The Tup1-Cyc8 complex is known to regulate genes involved in several diverse 

processes.  To generate an overview of the biological processes that the complex 

regulates, we examined the Gene Ontology (GO) annotations of the genes directly 

regulated by Tup1-Cyc8 (Figure 5).  We analyzed the set of 194 Tup1-Cyc8 target genes 

to find GO functions and processes that were statistically overrepresented in the set.  99 

of the 194 genes had GO annotations for function.  Of these, 7% (7 genes) were 

annotated as hexose transporters.  This set comprises half of the genes in the entire yeast 

genome that were annotated as hexose tranporters (15 genes total).  Interestingly, hexose 

transporters are functionally redundant, occur at telomeres, and have been shown in some 

cases to be easily duplicated and, thus, would be highly evolvable.  23% of these 99 

genes were annotated as having trancription regulator activity (23 genes).  This represents 

a strong enrichment for transcriptional regulators, given that only 4.5% of genes have this 

annotation genomewide. 

Tup1-Cyc8 is known to regulate several disparate biological processes by 

recruitment by a handful of process-specific DNA binding transcriptional regulators.  Not 

surprisingly, the genes that are affected transcriptionally by Tup1-Cyc8 extend far 

beyond the genes that it regulates directly.  According to GO annotation, 23 direct Tup1-

Cyc8 targets are transcriptional regulators, and it appears that 22 of these bind to DNA 

directly (Table1).  Three are regulators of the cell cycle; these include POG1, XBP1, and 
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TOS8.  Two, YAP6 and CIN5, regulate salt tolerance.  The remaining 18 DNA sequence 

specific transcriptional regulators appear to regulate a few processes which, while 

historically described as being distinct, appear to be interrelated.  Finally, in addition to 

these regulators identified by GO annotation, YPR013C and YGR067C are Tup1-Cyc8 

target genes that encode proteins of unknown function; although these lack GO 

annotations, they contain regions that are homologous to zinc-finger domains and would 

therefore be predicted to be DNA sequence specific transcriptional regulators.   

The pathways that govern metabolism, the stress response, cAMP protein kinase 

A (PKA) signaling, aerobic growth, nitrogen utilization, meiosis, and filamentation are 

nutrient regulated and are interrelated in how they regulate cellular processes.  The genes 

for18 transcriptional regulators that were direct targets of Tup1-Cyc8 regulate these 

processes.  Transcriptional regulators controlling metabolic processes include Aca1, 

which regulates genes involved in the utilization of non-optimal carbon sources, and 

Gat2, which is involved in cell metabolism and is repressed by leucine.  Cup9, a 

transcriptional repressor, is known to regulate a major peptide transporter.  Gat1 activates 

nitrogen utilization genes in nitrogen starvation conditions and is predicted to function in 

the stress response as well.  Gat4 and Msn4 are regulators of the stress response.  Ime1 is 

the master regulator of meiosis, and activates the early meiotic genes.  Ime1 is induced 

under carbon starvation and nitrogen starvation conditions.  Rox1 and Mot3 regulate 

hypoxic genes, and Hap4 is a global regulator of cell respiration under aerobic 

conditions.  Hap4 is also glucose repressible.  Mga1, Hms1, Sfg1, Phd1, and Sok2 

regulate filamentous growth.  In addition to its role in regulating filamentous growth, 

Sok2 is also a regulator of the cAMP/PKA pathway   It is worth noting that HMS2, which 
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was not annotated as a transcriptional regulator according to GO category, is a Tup1-

Cyc8 target gene that encodes a predicted transcriptional regulator that is involved in 

regulation of filamentation genes.  Sut2 has been shown to be a regulator of the 

cAMP/PKA pathway.  Each of these factors has been shown to have roles in one or two 

of these processes; given the overlap in these pathways, many of these factors might be 

expected to have roles that extend beyond the functions that have been identified. 

Examination of the GO annotations for the set of Tup1-Cyc8 target gene set 

showed that, in general, the set was spread across most categories for molecular function 

and biological process (Figure 5).  This is not surprising given that these categories are 

broad and extend across multiple molecular pathways.  Tup1-Cyc8 is recruited to 

regulate genes that act in pathways (or a small number of pathways) that are relatively 

defined molecularly.  One striking departure from this trend was the set of genes that had 

GO annotations for pseudohyphal growth for GO biological process, where a relatively 

large percentage of the set of all genes bearing this annotation genomewide (12%) were 

direct targets of Tup1-Cyc8.  This is not surprising, given that genes encoding five 

transcriptional regulators regulating this process were direct Tup1-Cyc8 targets.  

Although significantly less enriched in the set, genes bearing annotations for 

“transcription regulator activity” and “DNA binding” for GO molecular function were 

markedly enriched in the set. 

Examination of the functions of the overall set of target genes revealed trends that 

tracked with the functions of the transcriptional regulators that are Tup1-Cyc8 regulated 

(Table 2).  A large number of genes were involved in metabolism, aerobic growth, 

ergosterol biosynthesis, and processes in the mitochondria.  Several genes were also 
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involved in filamentous growth, flocculation, and the stress response, which are affected 

by environmental factors that also affect metabolism.  A large set of genes involved in 

amino acid synthesis and utilization were Tup1-Cyc8 regulated.  Several genes encoded 

cell wall proteins and proteins involved in salt tolerance, osmoregulation, and drug 

transport.   A large number of genes encoded ribosomal subunits or other proteins 

involved in translation.  Several genes encoded proteins involved in the regulation of the 

cell cycle or that were cell cycle regulated.  Finally, the set also included a number of 

meiotic genes, including IME1, the master regulator of meiosis. 

 

DISCUSSION 

Tup1-Cyc8 is a conserved global transcriptional regulator in fungi that is recruited 

by a subset of DNA binding proteins to carry out repression of genes involved in several 

different cellular processes.  Given that the expression level and activity of Tup1 and 

Cyc8 are not apparently modulated under different conditions, it appears that the role of 

the complex is defined by the transcriptional regulators that recruit it.  Essentially, it is a 

module that appears to be effective in preventing transcription, and is actively brought in 

to do so.  The analysis presented here reveals two basic aspects of how Tup1-Cyc8 acts. 

First, it appears that Tup1 and Cyc8 always bind together in the genome.  The 

results presented in Figure 1 indicate that, where enrichment of one factor is significant, 

the other factor is enriched to a comparable extent in chromatin IP experiments.  

Although the mechanism by which Tup1-Cyc8 regulates is incompletely understood, it is 

a large complex that appears to act at a few different levels, by interacting directly with 

the transcriptional machinery and modifying local chromatin state.  This hints at 
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significant sophistication in how it effects repression.  Thus, if it is a sophisticated 

complex with multiple molecular mechanisms of action, it makes some intuitive sense 

that the function of the complex would depend on both proteins being present for it to 

carry out its function.  The phenotypes of tup1∆ and cyc8∆ strains in C. albicans are 

significantly different, suggesting that the two gene products may function separately.  In 

S. cerevisiae, tup1∆ and cyc8∆ mutants are phenotypically similar, and no roles have 

been identified that distinguish the two proteins.  Our results here indicate that Tup1 and 

Cyc8 are present in all cases where either protein binds in the genome. 

Second, our results show that Tup1-Cyc8 target genes are either upregulated 

(derepressed) or unchanged in expression in tup1∆ and cyc8∆ strains; given that no target 

genes are downregulated in the deletions strains, this strongly suggests that Tup1-Cyc8 

functions as a dedicated repressor.  Presumably, target genes that are not affected 

transcriptionally by the deletion of these proteins either have redundant mechanisms of 

repression or would not otherwise be activated under the conditions tested.  Potentially, 

the DNA sequence specific transcriptional regulator that recruits Tup1-Cyc8 might also 

localize the complex to target genes but somehow inhibit its action under the conditions 

tested.  Since we did not test the tup1∆cyc8 double mutant here, it remains a formal 

possibility that Tup1 or Cyc8 could bind individually at some of these genes to bring 

about repression in the absence of the other component. 

The role of Tup1-Cyc8 in the biology of fungi remains unclear.  Our results 

presented here show that approximately 5% of yeast genes require Tup1 or Cyc8 for 

repression and that the Tup1-Cyc8 complex is localized to approximately 3% of all genes 

under standard laboratory growth conditions.  Consistent with previous reports, our 
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results show that Tup1-Cyc8 appears to act as a dedicated repressor, but can also be 

localized to gene promoters where it does not effect repression.  Several examples of 

transcriptional repression exist in yeast that do not involve Tup1-Cyc8.  Thus, with 

several mechanisms available in the cell to bring about transcriptional repression, why 

specific mechanisms are recruited to specific genes in evolution is unclear. 

It is an open question as to whether Tup1-Cyc8 repression simply represents one 

of many mechanisms that can be recruited, more or less randomly, to bring about 

repression of a gene or if the Tup1-Cyc8 is a mode of repression that is specifically 

adapted to bring about repression optimally in certain cases.  It is notable that the 

processes that Tup1-Cyc8 regulates appear to be highly evolvable.  Fungi, especially 

those in the Saccharomyces clade, appear to evolve quickly in how they change to 

optimize metabolism and aerobic growth to suit their environments.  The environmental 

cues to undergo meiosis and filamentous growth are different in different yeasts, and the 

regulation of ribosomal genes differs in different species in relationship to nutrient 

availability.  Finally, several highly evolvable genes that occur at yeast telomeres, such as 

hexose transporters and flocculation (FLO) genes, are Tup1-Cyc8 regulated.  A 

characteristic of Tup1-Cyc8 that could allow its rapid incorporation in gene regulation on 

evolutionary timescales is the presence of seven WD40 domain repeats in Tup1.  WD40 

domains readily allow protein-protein interactions to occur, and the multiple repeats of 

this domain in Tup1 would allow Tup1 to be easily recruited by interactions with novel 

transcriptional regulators in evolution.  Thus, if the Tup1-Cyc8 mode of transcriptional 

repression does serve a specific role in the cell, it might have important properties in how 

it carries out repression on a molecular level or in the evolution of gene repression. 
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Figure 1.  Correlation of enrichment at Tup1 and Cyc8-TAP ChIP chip enrichment 

peaks. 

Scatter plots show enrichment values of the most highly enriched spot (maximum             

-logP()) for each of the two data sets at enrichment peaks identified by criteria specific 

to panels A-D.  In cases where peaks from both sets of experiments overlapped, values 

are maximum enrichment values across segments.  In cases where peaks were identified 

only in one set of ChIP experiments, values include the maximum enrichment value 

across the identified enrichment segment from the first data set (in which the peak was 

identified) and the highest enrichment value occurring within 500 bp of that maximum 

enrichment value in the second data set. 

A. Maximum enrichment values for the 97 chromosome segments at ChIP 

enrichment peaks identified in both the Tup1 and Cyc8-TAP ChIP experiments 

(described in Results). 

B. Maximum enrichment values for all peaks identified in either Tup1 or Cyc8-TAP 

ChIP experiments. 

C. Maximum enrichment values at ChIP enrichment peaks identified in either the 

Tup1 or the Cyc8-TAP ChIP experiments, but not in both.  This demonstrates that 

enrichment is detected in both sets of ChIP experiments at several peaks that are 

identified in only Tup1 or Cyc8-TAP ChIP experiments. 

D. Maximum enrichment values for all peaks identified in the Tup1, Cyc8-TAP, or 

both ChIP experiments where the maximum enrichment (-logP()) in both 

datasets was greater than or equal to 2.  This set of peaks was used for subsequent 

genome-wide analyses.  
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Figure 2.  Tup1 and Cyc8 ChIP chip target genes displayed with tup1∆ and cyc8∆ 

expression levels. 

ChIP enrichment peaks were identified from Tup1 and Cyc8-TAP experiments as 

described in the Results.  Target genes were identified at ChIP enrichment peaks as 

described in the Results.  Shown are all genes identified in both sets of experiments (left), 

genes identified only in the Tup1 ChIP experiment (center), and genes identified only in 

the Cyc8-TAP experiment (right).  Enrichment levels (-logP()) are shown from both 

sets of experiments and show strong correlation at sites where enrichment is strong in 

either ChIP chip experiment (as shown in Figure 1A-D).  Genes in the center column are 

sorted in descending order according to Cyc8-TAP enrichment values.  Genes in the right 

column are sorted in descending order according to Tup1 enrichment values.  Brackets 

indicate genes that were judged to be enriched in both ChIP chip experiments, according 

to criteria described in Figure 1D.  Expression levels are shown as log2 ratios from two 

sets of published data comparing tup1∆ strains to wildtype strains (YEPD at 30°C), as 

well as from a published data set comparing a cyc8∆ strain to a wildtype strain (YEPD at 

30°C).  “R” indicates datasets published by Rosetta Inpharmics (Hughes et al., 2000).  

“SG” indicates the dataset published by Sarah Green and Alexander Johnson(Green and 

Johnson, 2004).  Gray boxes indicate  genes for which expression data are absent from 

the data sets.  
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Figure 3.  Genes upregulated in tup1∆ and cyc8∆ strains. 

Expression and ChIP datasets presented are the same as those shown in Figure 2.  A 

global view of Tup1-Cyc8 gene regulation is presented at left, which includes all 291 

genes upregulated and all six genes downregulated in tup1∆ and cyc8∆ strains, as well as 

all 194 genes identified as Tup1-Cyc8 target genes in ChIP experiments (according to 

criteria described in Figure 1D).  Genes were judged to be differentially regulated if the 

log2 expression ratios were greater than 1 or less than -1 across all three experiments or 

greater than 2 or less than -2 in two of three experiments.  The three detailed views 

presented at right comprise those genes bracketed in the global view and include all genes 

upregulated in deletion strains.  
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Figure 4.  Tup1-Cyc8 target genes that are not changed in expression and genes 

downregulated in tup1∆ and cyc8∆ strains. 

Expression and ChIP datasets presented are the same as those shown in Figure 3.  A 

global view of Tup1-Cyc8 gene regulation is presented at left, identical to that shown in 

Figure 3.  The first detailed view shown at right is comprised of the top set of genes 

bracketed in the global view and include all genes not changed in expression in deletion 

strains but identified as Tup1-Cyc8 targets in ChIP chip experiments.  The second 

detailed view, presented at far right, is comprised of the bottom set of genes bracketed in 

the global view and include all genes downregulated in deletion strains.  
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Figure 5.  Gene Ontology (GO) terms for Tup1-Cyc8 target genes. 

General GO terms were mapped to Tup1-Cyc8 target genes according to GO-Slim 

categories downloaded from the Saccharomyces Genome Database (SGD).  Tup1-Cyc8 

target genes were identified from ChIP experiments according to parameters described in 

Figure 1D.  Shown are the absolute numbers of genes in the set that match the GO 

category (blue bars) and the percentage of all genes in the GO category that were 

identified as Tup1-Cyc8 target genes (purple bars).  Note that some genes are represented 

more than once in the figure, since genes may match more than one GO category. 
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Name Systematic ID General process Description

POG1 YIL122W Cell cycle Cell cycle;  inhibits both alpha-factor induced G1 arrest and repression of CLN1 and CLN2

XBP1 YIL101C Cell cycle Cell cycle;  Transcriptional repressor that binds to promoter sequences of the cyclin genes, CYS3, and SMF2

TOS8 YGL096W Cell cycle SBF regulated target gene that regulates expression of genes involved in G1/S phase events and cell cycle progression; similarity to Cup9p

CUP9 YPL177C Peptide transport Repressor of PTR2, which encodes a major peptide transporter

ACA1 YER045C Metabolism May regulate transcription of genes involved in utilization of non-optimal carbon sources

GAT2 YMR136W Metabolism; stress response (p) Expression repressed by leucine

GAT1 YFL021W Nitrogen utilization; stress response (p) Transcriptional activator of genes involved in nitrogen catabolite repression

GAT4 YIR013C Stress response Contains a GATA family zinc finger motifs; predicted to be involved in the stress response

MSN4 YKL062W Stress response Activated in stress conditions; binds DNA at stress response elements of responsive genes, inducing gene expression

MGA1 YGR249W Filamentous growth Multicopy suppressor of pseudohyphal growth defects of ammonium permease mutants

HMS1 YOR032C Filamentous growth Overexpression confers hyperfilamentous growth

SFG1 YOR315W Filamentous growth Required for growth of superficial pseudohyphae  but not for invasive pseudohyphal growth

PHD1 YKL043W Filamentous growth Transcriptional activator that enhances pseudohyphal growth; regulates expression of FLO11

SOK2 YMR016C cAMP/PKA pathway; filamentous growth Regulator of the cyclic AMP (cAMP)-dependent protein kinase (PKA) signal transduction pathway; negatively regulates pseudohyphal differentiation

SUT2 YPR009W cAMP/PKA pathway Multicopy suppressor of mutations that cause low activity of the cAMP/protein kinase A pathway

ROX1 YPR065W Cell respiration/anaerobic growth Heme-dependent repressor of hypoxic genes

MOT3 YMR070W Cell respiration/anaerobic growth Involved in repression of a subset of hypoxic genes by Rox1p, several DAN/TIR genes during aerobic growth, and ergosterol biosynthetic genes

HAP4 YKL109W Cell respiration/aerobic growth Global regulator of respiratory gene expression; subunit of the heme-activated, glucose-repressed CCAAT-binding complex

IME1 YJR094C Meiosis Master regulator of meiosis that activates transcription of early meiotic genes

YAP6 YDR259C Salt tolerance Overexpression increases sodium and lithium tolerance

CIN5 YOR028C Salt tolerance/drug resistance Mediates pleiotropic drug resistance and salt tolerance

VHR1 YIL056W Vitamin/biotin transport Required for the vitamin H-responsive element (VHRE) mediated induction of Vitamin H  and biotin biosynthesis intermediate transporters

SSN2 YDR443C General transcription Subunit of the RNA polymerase II mediator complex; essential for transcriptional regulation

Table 1 
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Table 1.  Transcriptional regulators directly regulated by Tup1-Cyc8. 

Target genes of Tup1-Cyc8, identified in ChIP experiments according to criteria 

described in Figure 1D, with GO molecular function annotations matching “transcription 

regulator activity”.  All regulators, except for Ssn2, are either known sequence-specific 

DNA binding proteins or are predicted to be, based on sequence homology.  Ssn2 is a 

subunit of the RNA polymerase II mediator complex.  In the General Process column, 

“(p)” indicates that the transcriptional regulator is predicted to be involved in the general 

stress response (Segal et al., 2003). 
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Name Systematic ID General process Description

RNH203 YLR154C DNA replication Ribonuclease H2 subunit, required for RNase H2 activity
CDC47 YBR202W DNA replication Component of the hexameric MCM complex, which is important for priming origins of DNA replication in G1
CBF2 YGR140W Kinetochore Kinetochore protein, component of the CBF3 multisubunit complex that binds to the CDEIII region of the centromere
CTS1 YLR286C Cell cycle Endochitinase, required for cell separation after mitosis; transcriptionally activated during late G and early M cell cycle phases

CLN3 YAL040C Cell cycle G1 cyclin involved in cell cycle progression
SIS2 YKR072C Cell cycle Negative regulatory subunit of the protein phosphatase 1 Ppz1p; involved in ion homeostasis and cell cycle progression
TOS8 YGL096W Cell cycle Homeodomain‐containing transcription factor; cell cycle regulated;  regulates expression of genes involved in G1/S phase events

POG1 YIL122W Cell cycle Putative transcriptional activator that promotes recovery from pheromone induced arrest; inhibits both alpha‐factor induced G1 arrest and 
repression of CLN1 and CLN2 via SCB/MCB promoter elements; potential Cdc28p substrate; SBF regulated

CLB1 YGR108W Cell cycle B‐type cyclin involved in cell cycle progression
XBP1 YIL101C Cell cycle Transcriptional repressor that binds to promoter sequences of cyclin genes; expression is induced by stress or starvation during mitosis, and late in 

meiosis
AMN1 YBR158W Cell cycle Protein required for daughter cell separation, multiple mitotic checkpoints, and chromosome stability
BUD22 YMR014W Bud‐site selection; diploid mutants display a random budding pattern instead of the wild‐type bipolar pattern
KCC4 YCL024W Protein kinase of the bud neck involved in the septin checkpoint
SRG1 SRG1 Amino acid synthesis/utilization Non‐protein‐coding RNA that regulates the transcription of SER3; expression of SRG1 RNA represses expression of its neighboring gene SER3 via a 

transcription‐interference mechanism
SRY1 YKL218C Amino acid synthesis/utilization 3‐hydroxyaspartate dehydratase, deaminates L‐threo‐3‐hydroxyaspartate to form oxaloacetate and ammonia
AGP1 YCL025C Amino acid synthesis/utilization Low‐affinity amino acid permease with broad substrate range, involved in uptake of asparagine, glutamine, and other amino acids

ASN1 YPR145W Amino acid synthesis/utilization Asparagine synthetase; catalyzes the synthesis of L‐asparagine from L‐aspartate in the asparagine biosynthetic pathway
GDH3 YAL062W Amino acid synthesis/utilization NADP(+)‐dependent glutamate dehydrogenase, synthesizes glutamate from ammonia and alpha‐ketoglutarate; expression regulated by nitrogen and 

carbon sources
HIS5 YIL116W Amino acid synthesis/utilization Histidinol‐phosphate aminotransferase, involved in histidine biosynthesis; responsive to general control of amino acid biosynthesis

KRS1 YDR037W Amino acid synthesis/utilization Lysyl‐tRNA synthetase; also identified as a negative regulator of general control of amino acid biosynthesis
PUT4 YOR348C Amino acid synthesis/utilization Proline permease, required for high‐affinity transport of proline
ILV5 YLR355C Amino acid synthesis/utilization Acetohydroxyacid reductoisomerase, mitochondrial protein involved in branched‐chain amino acid biosynthesis
GLY1 YEL046C Amino acid synthesis/utilization Threonine aldolase; involved in glycine biosynthesis
CUP9 YPL177C Peptide transport Repressor of PTR2, which encodes a major peptide transporter
TPO1 YLL028W Polyamine transporter; catalyzes uptake of polyamines at alkaline pH and excretion at acidic pH
TPO2 YGR138C Polyamine transporter
FRS2 YFL022C Subunit of phenylalanyl‐tRNA synthetase
GUP2 YPL189W Metabolism Probable membrane protein with a possible role in proton symport of glycerol
ACA1 YER045C Metabolism Basic leucine zipper (bZIP) transcription factor; may regulate transcription of genes involved in utilization of non‐optimal carbon sources

ALD6 YPL061W Metabolism Cytosolic aldehyde dehydrogenase; required for conversion of acetaldehyde to acetate
TPI1 YDR050C Metabolism Triose phosphate isomerase,  glycolytic enzyme
CDC19 YAL038W Metabolism Pyruvate kinase, functions in glycolysis to convert phosphoenolpyruvate to pyruvate
TDH3 YGR192C Metabolism Glyceraldehyde‐3‐phosphate dehydrogenase, involved in glycolysis and gluconeogenesis
PDC1 YLR044C Metabolism Pyruvate decarboxylase, key enzyme in alcoholic fermentation; subject to glucose‐, ethanol‐, and autoregulation; involved in amino acid catabolism

SOR1 YJR159W Metabolism Sorbitol dehydrogenase; expression is induced in the presence of sorbitol
JEN1 YKL217W Metabolism Lactate transporter; expressed under nonfermentative growth conditions, and repressed in the presence of glucose, fructose, and mannose

GID8 YMR135C Metabolism Involved in proteasome‐dependent catabolite inactivation of fructose‐1,6‐bisphosphatase
HXT2 YMR011W Metabolism Glucose transporter, expression is induced by low levels of glucose and repressed by high levels of glucose
HXT6 YDR343C Metabolism Glucose transporter; expressed at high basal levels relative to other HXTs, repression of expression by high glucose
HXT11 YOL156W Metabolism Hexose transporter;  involved in pleiotropic drug resistance
HXT13 YEL069C Metabolism Hexose transporter, induced in the presence of non‐fermentable carbon sources, induced by low levels of glucose, repressed by high levels of glucose

HXT15 YDL245C Metabolism Similarity to hexose transporter family members, expression is induced by low levels of glucose and repressed by high levels of glucose

HXT16 YJR158W Metabolism Similarity to hexose transporter family members, expression is repressed by high levels of glucose
HXT17 YNR072W Metabolism Hexose transporter, repressed by high levels of glucose
SUT2 YPR009W Metabolism Putative transcription factor; multicopy suppressor of mutations that cause low activity of the cAMP/protein kinase A pathway

GAT2 YMR136W Metabolism; stress response Protein containing GATA family zinc finger motifs; expression repressed by leucine
STL1 YDR536W Metabolism; osmotic shock Glycerol proton symporter of the plasma membrane; subject to glucose‐induced inactivation; strongly induced in osmotic shock

CYC3 YAL039C Aerobic growth Cytochrome c heme lyase, attaches heme to apo‐Cyc1p in the mitochondrial intermembrane space
MOT3 YMR070W Aerobic growth Nuclear transcription factor; involved in repression of a subset of hypoxic genes by Rox1p, DAN/TIR genes during aerobic growth, and ergosterol 

biosynthetic genes
ROX1 YPR065W Aerobic growth Heme‐dependent repressor of hypoxic genes
HAP4 YKL109W Aerobic growth Subunit of the heme‐activated, glucose‐repressed CCAAT‐binding complex, a transcriptional activator of respiratory gene expression

ISF1 YMR081C Aerobic growth Overexpression suppresses growth defects of hap2, hap3, and hap4 mutants; expression is under glucose control
ERG5 YMR015C Ergosterol biosynthesis C‐22 sterol desaturase, a cytochrome P450 enzyme involved in ergosterol biosynthesis
ERG25 YGR060W Ergosterol biosynthesis C‐4 methyl sterol oxidase,involved in ergosterol biosynthesis
UTH1 YKR042W Mitochondria Mitochondrial outer membrane and cell wall localized SUN family member; involved in the oxidative stress response, and mitochondrial biogenesis

ADH3 YMR083W Mitochondria Mitochondrial alcohol dehydrogenase isozyme III; shuttles mitochondrial NADH to the cytosol under anaerobic conditions and ethanol production

NDE1 YMR145C Mitochondria Mitochondrial external NADH dehydrogenase
MRS1 YIR021W Mitochondria Protein required for the splicing of two mitochondrial group I introns (BI3 in COB and AI5beta in COX1); forms a splicing complex

ATP14 YLR295C Mitochondria Subunit of mitochondrial F1F0 ATP synthase, a large, evolutionarily conserved enzyme complex required for ATP synthesis
FAA1 YOR317W Mitochondria Long chain fatty acyl‐CoA synthetase; involved in the activation of imported fatty acids; localized to lipid particles and mitochondrial outer membrane

MRS11 YHR005C‐A Mitochondria Essential mitochondrial protein, forms a complex with Tim9p that mediates insertion of hydrophobic proteins at the inner membrane

MGA1 YGR249W Filamentous growth Multicopy suppressor of pseudohyphal growth defects of ammonium permease mutants
SOK2 YMR016C Filamentous growth Putative transcription factor that regulates the cAMP‐dependent PKA signal transduction pathway; negatively regulates pseudohyphal differentiation

HMS1 YOR032C Filamentous growth Basic helix‐loop‐helix (bHLH) protein; overexpression confers hyperfilamentous growth
HMS2 YJR147W Filamentous growth Putative transcription factor; overexpression suppresses the pseudohyphal filamentation defect of a diploid mep1 mep2 null mutant

DFG16 YOR030W Filamentous growth Probable transmembrane protein, involved in diploid invasive and pseudohyphal growth upon nitrogen starvation
PHD1 YKL043W Filamentous growth Transcriptional activator that enhances pseudohyphal growth
SFG1 YOR315W Filamentous growth Putative transcription factor required for growth of superficial pseudohyphae (which do not invade the agar substrate)
MUC1 YIR019C Filamentous growth GPI‐anchored cell surface protein required for pseudohyphal and haploid invasive growth, transcriptionally regulated by Ste12p and Tec1p and the 

cAMP pathway (via Flo8p)

Table 2 
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Name Systematic ID General process Description
FLO1 YAR050W Flocculation Lectin‐like protein involved in flocculation, cell wall protein that binds to mannose chains on the surface of other cells
FLO9 YAL063C Flocculation Lectin‐like protein with similarity to Flo1p, thought to be expressed and involved in flocculation
FLO10 YKR102W Flocculation Lectin‐like protein with similarity to Flo1p, thought to be involved in flocculation
CCW12 YLR110C Mating Cell wall protein, mutants are defective in mating and agglutination, expression is downregulated by alpha‐factor
PRM5 YIL117C Mating Pheromone‐regulated protein; induced during cell integrity signaling
PRR2 YDL214C Mating Protein kinase with a possible role in MAP kinase signaling in the pheromone response pathway
IME1 YJR094C Meiosis Master regulator of meiosis; activates transcription of early meiotic genes
RIM4 YHL024W Meiosis Putative RNA‐binding protein required for the expression of early and middle sporulation genes
GAC1 YOR178C Meiosis Regulatory subunit for Glc7p type‐1 protein phosphatase (PP1), tethers Glc7p to Gsy2p glycogen synthase
SPO20 YMR017W Meiosis Meiosis‐specific subunit of the t‐SNARE complex, required for prospore membrane formation during sporulation
SGA1 YIL099W Meiosis Sporulation‐specific glucoamylase involved in glycogen degradation; induced during starvation of a/a diploids late in sporulation

SPO73 YER046W Meiosis Meiosis‐specific protein of unknown function, required for spore wall formation during sporulation
SPS4 YOR313C Meiosis Protein whose expression is induced during sporulation
AQY1 YPR192W Meiosis Spore‐specific water channel, developmentally controlled; may play a role in spore maturation
AQY2 YLL052C Water channel that mediates the transport of water across cell membranes; controlled by osmotic signals
AAT2 YLR027C Nitrogen metabolism Cytosolic aspartate aminotransferase, involved in nitrogen metabolism
GAT1 YFL021W Nitrogen utilization; stress response Transcriptional activator of genes involved in nitrogen catabolite repression; regulated by nitrogen limitation
SEC59 YMR013C Dolichol kinase; dolichyl monophosphate (Dol‐P) biosynthesis; required for viability and normal rates of lipid intermediate synthesis

RCK1 YGL158W Stress response Protein kinase involved in the response to oxidative stress; identified as suppressor of S. pombe cell cycle checkpoint mutations

YHB1 YGR234W Stress response Nitric oxide oxidoreductase; nitric oxide detoxification; plays a role in the oxidative and nitrosative stress responses
MSN4 YKL062W Stress response Transcriptional activator related to Msn2p; binds DNA at stress response elements of responsive genes, inducing gene expression

GAT4 YIR013C Stress response Protein containing GATA family zinc finger motifs
STI1 YOR027W Hsp90 cochaperone
CAF40 YNL288W General transcription Subunit of the CCR4‐NOT complex involved in controlling mRNA initiation, elongation and degradation
KTI12 YKL110C General transcription Protein that plays a role, with Elongator complex, in modification of wobble nucleosides in tRNA
SSN2 YDR443C General transcription Subunit of the RNA polymerase II mediator complex; essential for transcriptional regulation
VHR1 YIL056W Required for the vitamin H-responsive element (VHRE) mediated induction of Vitamin H  and biotin biosynthesis intermediate transporters

UTR2 YEL040W Cell wall Cell wall protein that functions in the transfer of chitin to beta(1‐6)glucan; GPI‐anchored protein localized to the bud neck; has a role in cell wall 
maintenance

TOS1 YBR162C Cell wall Cell wall protein of unknown function; identified as a cell cycle regulated SBF target gene
CIS3 YJL158C Cell wall Mannose‐containing glycoprotein constituent of the cell wall; member of the PIR (proteins with internal repeats) family
SED1 YDR077W Cell wall Stress‐induced GPI‐cell wall glycoprotein in stationary‐phase cells, associates with translating ribosomes
EXG1 YLR300W Cell wall Exo‐1,3‐beta‐glucanase of the cell wall, involved in cell wall beta‐glucan assembly
FKS1 YLR342W Cell wall Subunit of 1,3‐beta‐D‐glucan synthase; binds to regulatory subunit Rho1p; involved in cell wall synthesis and maintenance
CIN5 YOR028C Salt tolerance/osmoregulation Basic leucine zipper transcriptional factor of the yAP‐1 family that mediates pleiotropic drug resistance and salt tolerance
YAP6 YDR259C Salt tolerance/osmoregulation Putative basic leucine zipper (bZIP) transcription factor; overexpression increases sodium and lithium tolerance
HOG1 YLR113W Salt tolerance/osmoregulation Mitogen‐activated protein kinase involved in osmoregulation
ENA1 YDR040C Salt tolerance/osmoregulation P‐type ATPase sodium pump, involved in Na+ and Li+ efflux to allow salt tolerance
SNQ2 YDR011W Transporter protein involved in multidrug resistance and resistance to singlet oxygen species
PDR5 YOR153W Membrane ABC transporter, actively exports various drugs; also involved in steroid transport
MNN4 YKL201C Cell wall Putative positive regulator of mannosylphosphate transferase (Mnn6p), involved in mannosylphosphorylation of N‐linked oligosaccharides

RSB1 YOR049C Cell wall Putative integral membrane transporter or flippase that may transport LCBs from the cytoplasmic side toward the extracytoplasmic side of the 
membrane

SRL1 YOR247W Cell wall Cell wall mannoprotein;  required for cell wall stability
FIT1 YDR534C Cell wall Cell wall mannoprotein, involved in the retention of siderophore‐iron in the cell wall
MNN1 YER001W Cell wall Alpha‐1,3‐mannosyltransferase, integral membrane glycoprotein of the Golgi complex, required for addition of alpha1,3‐mannose linkages to N‐

linked and O‐linked oligosaccharides
RHO5 YNL180C GTPase of the Rho/Rac subfamily of Ras‐like proteins, likely involved in Pkc1p‐dependent signal transduction pathway that controls cell integrity

RPI1 YIL119C Putative transcriptional regulator; overexpression suppresses the heat shock sensitivity of wild‐type RAS2 overexpression
RPA34 YJL148W translation RNA polymerase I subunit A34.5
ASC1 YMR116C translation core component of the ribosome; WD repeat protein involved in translation regulation
RPL19B YBL027W translation Protein component of the large (60S) ribosomal subunit
RPL7A YGL076C translation Protein component of the large (60S) ribosomal subunit
RPS7B YNL096C translation Protein component of the small (40S) ribosomal subunit
RPL16B YNL069C translation N‐terminally acetylated protein component of the large (60S) ribosomal subunit
RPS25A YGR027C translation Protein component of the small (40S) ribosomal subunit
RSM10 YDR041W translation Mitochondrial ribosomal protein of the small subunit
RPS6B YBR181C translation Protein component of the small (40S) ribosomal subunit
RPL43B YJR094W‐A translation Protein component of the large (60S) ribosomal subunit
RSM7 YJR113C translation Mitochondrial ribosomal protein of the small subunit
RPL25 YOL127W translation rRNA‐binding ribosomal protein component of the large (60S) ribosomal subunit
RPL10 YLR075W translation Protein component of the large (60S) ribosomal subunit
RPS3 YNL178W translation Protein component of the small (40S) ribosomal subunit
RPL5 YPL131W translation Protein component of the large (60S) ribosomal subunit
RPS16B YDL083C translation Protein component of the small (40S) ribosomal subunit
RPS9A YPL081W translation Protein component of the small (40S) ribosomal subunit
RPL30 YGL030W translation Protein component of the large (60S) ribosomal subunit
RPL3 YOR063W translation Protein component of the large (60S) ribosomal subunit
RPS4A YJR145C translation Protein component of the small (40S) ribosomal subunit
EFB1 YAL003W translation Translation elongation factor 1 beta
EFT2 YDR385W translation Elongation factor 2 (EF‐2)
FUI1 YBL042C nucleic acid High affinity uridine permease
THI13 YDL244W nucleic acid Protein involved in synthesis of the thiamine precursor hydroxymethylpyrimidine (HMP)
SBP1 YHL034C RNA Nucleolar single‐strand nucleic acid binding protein; associates with small nuclear RNAs
CIN1 YOR349W Tubulin Tubulin folding factor D involved in beta‐tubulin (Tub2p) folding
RHO3 YIL118W Actin GTPase of the Rho/Rac subfamily of Ras‐like proteins involved in the establishment of cell polarity; GTPase activity positively regulated by the GTPase 

activating protein (GAP) Rgd1p
CTR2 YHR175W Copper Copper transporter of the vacuolar membrane; mutation confers resistance to toxic copper concentrations

YIRCdelta6 transposon Ty1 LTR
YLRWdelta6 transposon Ty1 LTR
YGRWdelta11 transposon Ty1 LTR

TRS31 YDR472W other Subunit of the TRAPP complex of the cis‐Golgi which mediates vesicle docking and fusion
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Table 2.  Tup1-Cyc8 target genes. 

Target genes of Tup1-Cyc8, identified in ChIP experiments according to criteria 

described in Figure 1D.  Several genes function in multiple processes, and the functions 

of many are incompletely defined.  Genes are loosely ordered according to the processes 

in which they function (or are thought to function), as described in the “General process” 

column.  The categories for “General process” are assigned coarsely to allow grouping of 

genes; also, several of these processes overlap, based on the cellular pathways that 

govern them (e.g., metabolism, aerobic growth, filamentation, and flocculation share 

common genes and pathways).  

 

Name Systematic ID General process Description
DSF1 YEL070W unknown Protein of unknown function
GIC2 YDR309C unknown Protein of unknown function involved in initiation of budding and cellular polarization

YJL217W unknown Cytoplasmic protein of unknown function; expression induced by calcium shortage and  during conditons of copper deficiency
YOL157C unknown Putative protein of unknown function
YFL051C unknown Putative protein of unknown function

UTR5 YEL035C unknown Protein of unknown function
YPL230W unknown Putative protein of unknown function
YBL044W unknown Putative protein of unknown function
YEL001C unknown Putative protein of unknown function
YCR024C‐B unknown Putative protein of unknown function
YBL029W unknown Non‐essential protein of unknown function
YBL029C‐A unknown Protein of unknown function
YHR033W unknown Putative protein of unknown function
YPL189C‐A unknown Putative protein of unknown function

SET4 YJL105W unknown Protein of unknown function
YFR035C unknown Hypothetical protein
YIL057C unknown Hypothetical protein
YKL063C unknown Putative protein of unknown function
YIR014W unknown Putative protein of unknown function; expression directly regulated by the metabolic and meiotic transcriptional regulator Ume6p

BSC1 YDL037C unknown Protein of unconfirmed function, similar to cell surface flocculin Muc1p
YIR018C‐A unknown Putative protein of unknown function
YOR032W‐A unknown Putative protein of unknown function
YHR177W unknown Putative protein of unknown function
YGL006W‐A unknown Putative protein of unknown function
YGL007C‐A unknown Identified by gene‐trapping, microarray‐based expression analysis, and genome‐wide homology searching
YER158C unknown Protein of unknown function

ICS2 YBR157C unknown Protein of unknown function
YKR074W unknown Putative protein of unknown function
YPR013C unknown Putative zinc finger protein
YPR015C unknown Putative protein of unknown function
YGR052W unknown Putative protein of unknown function
YOR152C unknown Hypothetical protein
YGR067C unknown Putative protein of unknown function; contains a zinc finger motif similar to that of Adr1p
YBR201C‐A unknown Putative protein of unknown function
YJR115W unknown Putative protein of unknown function
YMR194C‐B unknown Putative protein of unknown function
YPR063C unknown Protein of unknown function
YDR132C unknown Hypothetical protein
YLR297W unknown Putative protein of unknown function
YNR071C unknown Hypothetical protein
YNR073C unknown Hypothetical protein
YOR246C unknown Protein of unknown function
YOR316C‐A unknown Putative protein of unknown function
YLR413W unknown Putative protein of unknown function
YLR412C‐A unknown Putative protein of unknown function

SNA2 YDR525W‐A unknown Protein of unknown function
YDR524C‐B unknown Putative protein of unknown function
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 I.  a1-α2 regulation of AMN1 and filamentation 

We previously identified the set of genes that are repressed by a1-α2 in a/α cells 

in S. cerevisiae.  (Galgoczy et al., 2004)  Among this set of target genes is AMN1.  

Although the precise molecular function of AMN1 has not been identified, it is required 

for normal mitotic checkpoint control and chromosome stability.  Its expression is cell-

cycle regulated, and it is a negative regulator of exit from mitosis (Wang et al., 2003).  In 

haploid wild S. cerevisiae strains, daughter cells do not completely digest the cell wall 

after cytokinesis.  The result of this incomplete digestion is that several generations of 

cells remain attached to each other, resulting in clusters of attached cells.  This clustering, 

or clumping, of cells is not observed in wild diploid cells, and is thought to occur 

specifically in haploid cells in order to bring haploid cells together to allow mating to 

occur efficiently.  In standard laboratory strain backgrounds (S288c and W303), haploid 

cells do not form these clumps.  This is due to a specific mutation in AMN1; restoring 

AMN1 from wild yeast strains to laboratory yeast strains is sufficient to restore the 

haploid-specific cell clumping seen in wild yeast strains (Yvert et al., 2003). 

Given that AMN1 plays a role in haploid-specific cell clumping, it makes intuitive 

sense that the AMN1 gene is directly downregulated by a1-α2.  Given the importance of 

AMN1 in cell clumping, and given that it has roles both in regulating aspects of the cell 

wall and the cell cycle, it is possible that AMN1 might also play a role in filamentation.  

Although the basic properties of filamentous cells are similar between haploid and 

diploid cells, the nutritional signals that drive cells into the filamentous state differs 

markedly in haploid and diploid cells.  Filamentation in haploid cells, termed haploid 

invasive growth, occurs under glucose starvation conditions where other nutrients (such 
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as nitrogen) are abundant.  Filamentation in diploid cells, termed pseudohyphal growth, 

occurs under conditions where the carbon source (such as glucose) is rich and abundant, 

but where cells are starved for nitrogen (Gimeno et al., 1992; Liu et al., 1996).  Given 

that AMN1 is a1-α2 regulated, it is possible that filamentation is somehow regulated by 

AMN1. 

To test this possibility, we tested several strains for their ability to grow in 

clusters in standard media and to filament under the appropriate conditions for haploid 

invasive growth and diploid pseudohyphal growth.   

To test cells for cell clustering, we grew strains on YEPD plates at 30°C 

overnight, scraped cells from dense patches into YEPD liquid media, sonicated the cell 

suspensions, and viewed cells under a microscope.  Results are shown in Table 1.  A wild 

α type yeast strain (yDG288) and an a type laboratory yeast strain with a restored wild 

copy of AMN1 (yDG344) formed clear clusters of cells, as seen under a microscope.  a/α 

strains that were otherwise identical to these strains did not form cell clusters.  We 

introduced mutations in the a1-α2 binding site occurring 480 bp upstream of the AMN1 

ORF.  We tested strains with two different mutations in this a1-α2 binding site:   a full 

deletion of the a1-α2 binding site and a series of three point mutations in nucleotides 

necessary for a1-α2 binding (modifying the binding site from 

GGATGTCTCATCAATCATCT to GGATGgCTCATCAATCggCT).  These mutations 

were not sufficient in wild or laboratory yeast strains (containing copies of the AMN1 

gene from wild yeasts) to cause cell clustering in a/α cells.  There are two possible 

explanations for this observation.  A second a1-α2 site exists in the AMN1 promoter, and 

mutating this site may be needed for derepression of AMN1 in the a/α cell type.  Thus, if 
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both sites were mutated, we might expect to see cell clustering in a/α cells where AMN1 

is expressed at haploid cell levels.  Alternatively, the mutations in the a1-α2 site might be 

sufficient for derepression of AMN1 in the a/α cell type, but might not be the only change 

needed to cause haploid type cell clustering in the a/α cell type. 

We tested whether AMN1 was necessary for haploid invasive growth.  To test 

this, cells were patched to a YEPD plate and grown for five days at 30°C.  Patches were 

then washed off of the surface of the plate under a stream of water.  Plates were then 

viewed to assess invasive growth.  The haploid α strain from a wild yeast background 

(yDG289) was observed to invade the agar, whereas the a/α strain from the same 

background (yDG290) did not invade the agar as significantly.  A haploid α strain from 

the wild yeast background in which amn1 was deleted (yDG291) showed a similar level 

of invasive growth with the wildtype α strain, indicating that AMN1 is not needed for 

haploid invasive growth. 

Finally, we plated a number of strains on SLAD (nitrogen starvation) media, 

which induces diploid pseudohyphal growth, to test the role of AMN1 in this process.  

Strains were streaked to SLAD plates and incubated at 30°C for seven days.  To score 

filamentation, colonies were viewed under a plate microscope and photographed (see 

Figure 1).  In the wild yeast background, wildtype a/α cells exhibited a moderate level of 

filamentation.  Matched strains containing either a complete deletion in the a1-α2 site 

(not shown) or mutations that disrupted the a1-α2 site in the AMN1 promoter showed a 

moderate level of filamentation that was not different from the wildtype a/α strain.  

Strikingly, a matched a/α strain in which both copies of AMN1 were deleted exhibited a 

dramatic hyperfilamentous phenotype.  While we cannot offer a clear explanation of why 
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this occurred, this observation suggests that AMN1 plays a role in filamentation in a/α 

cells grown on nitrogen starvation (SLAD) medium. 

Taken together these results do not yield a definitive explanation for the role of 

AMN1 in filamentation.  Based on the observations presented here, AMN1 does not 

appear to play an important role in filamentation in the haploid cell type; the amn1∆ 

haploid strain was able to undergo haploid invasive growth to the same degree as the 

wildtype strain.  Despite the fact that AMN1 is repressed by a1-α2 in the a/α cell type, it 

appears to play a significant role in determining the degree of pseudohyphal growth in the 

a/α cell type.  It was previously observed that many a1-α2 repressed genes are not 

completely shut off in a/α cells (Galgoczy et al., 2004).  Given that the phenotype of 

amn1∆/amn1∆ strains is dramatically different from wildtype a/α strains, it appears that 

AMN1 is expressed to a significant degree in a/α cells and that it carries out a function in 

attenuating pseudohyphal growth in these cells. 

Given the observation that deletion of AMN1 in a/α cells results in a 

hyperfilamentous phenotype on SLAD medium, one might predict that a1-α2 repression 

of AMN1 is needed to allow pseudohyphal growth in the a/α cell type.  Were this true, we 

would predict that mutating the a1-α2 site in the AMN1 promoter would derepress its 

expression and result in a hypofilamentous phenotype.  However, mutation of the a1-α2 

site in the AMN1 promoter did not affect the filamentation phenotype of a/α cells on 

SLAD medium.  A second a1-α2 site exists in the AMN1 promoter (Galgoczy et al., 

2004), and it is seems likely that both a1-α2 sites would need to be mutated in order for 

AMN1 to be fully derepressed in the a/α cell type.  Thus, it seems likely that AMN1 

generally inhibits pseudohyphal growth and that the expression of AMN1 is 
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downregulated in a/α cells in order to allow pseudohyphal growth to occur.  The results 

presented here suggests that the function of AMN1 is multifaceted: it plays roles not only 

in the cell cycle and haploid specific cell clustering, but also in diploid-specific 

pseudohyphal growth.  The details of how it functions, and the exact role of a1-α2 

repression of AMN1, remain unclear. 
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II.  Genomic sites bound by a1-α2 where cell type-specific gene 

expression is not detected under standard growth conditions. 

Our published data demonstrated that 23 sites are bound genomewide by a1-α2 in 

a/α cells grown under standard laboratory growth conditions (YEPD at 30°C). (Galgoczy 

et al., 2004)  Each of these sites contained at least one a1-α2 site in an intergenic region, 

and each of these a1-α2 binding sites was conserved among the genomes of sequences 

Saccharomyces sensu stricto species.  For sixteen of these positions bound by a1-α2, a 

gene in position to be regulated by a1-α2 was downregulated in a/α cells, as detected by 

expression microarrays.  For the remaining seven positions, there was no adjacent gene in 

position to be regulated by a1-α2 that was downregulated in a/α cells.  Two likely 

explanations account for this observation.  First, some of these a1-α2 sites might regulate 

transcripts not represented on our microarray.  Second, some of these sites might regulate 

genes, but not under the laboratory growth conditions that we assayed (YEPD at 30°C). 

In order to test for transcripts that might be regulated by a1-α2 but that were not 

detected on expression microarrays, we carried out Northern blots.  Oligonucleotide 

DNA probes were designed to detect potential transcripts on either side of each of the 

seven a1-α2 sites.  Strains yDG298 (IH1788; EG123 a/α), yDG301 (KBY45; EG123 a/a) 

and yDG302 (KBY46; EG123 α/α) were grown in YEPD and total RNA was prepared 

(see (Galgoczy et al., 2004) for strain details and methods for RNA preparation).  10µg of 

RNA were run on 1% agarose formaldehyde gels, and RNA was blotted to GeneScreen 

plus Nylon membranes (as in (Zordan et al., 2006)).  DNA oligonucleotides, 70 base 

pairs in length, were radiolabeled at the 5’ ends using PNK enzyme, and were 

subsequently desalted using Microspin G-25 columns (Amersham).  Northern blots were 
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probed with radiolabeled, oligonucleotide probes and hybridization was detected as 

described (Zordan et al., 2006). 

The results of this analysis identified only one transcript that was in position for 

a1-α2 regulation.  These results confirmed the existence of an antisense transcript 

overlapping the IME4 ORF that had previously been identified (Shah and Clancy, 1992).  

The results of this analysis demonstrated that this transcript was cell type specific:  it was 

present in a/a and α/α diploid strains but absent in an a/α diploid strain.  Given that our 

analysis had identified a conserved a1-α2 binding site downstream of IME4 that was also 

found to be enriched in our α2 ChIP chip experiment in an a/α strain, it appears that this 

transcript is regulated by a1-α2.  IME4 is expressed in the a and α cell types, and the 

IME4 sense transcript is presumably expressed in the a/α cell type.  Thus, the differential 

expression of the IME4 transcript in the different cell types would have been masked in 

our expression arrays, which used a double-stranded PCR product as a probe at the IME4 

ORF.  Another group has since shown that IME4 is differentially expressed in haploid 

versus a/α diploid strains and that the antisense transcript is a1-α2 regulated.  Their in-

depth analysis of this regulation suggested that the primary IME4 transcript is 

downregulated in a and α cells by the antisense transcript, potentially by a transcript 

interference mechanism (Hongay et al., 2006). 

At the remaining six sites of a1-α2 binding where no difference in transcription 

had been detected, we did not identify sense or antisense transcripts by Northern blot that 

were cell type regulated.  This may suggest that transcripts exist at these sites that are not 

expressed in any cell type under the conditions tested for expression (YEPD at 30°C).  

Alternatively, a1-α2 may not regulate transcription at these positions, despite localization 
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of a1-α2 to these sites.  The functions of a couple of these genes appear to hint at a 

rationale for a1-α2 regulation, however.  ZIP2, for instance, is a meiotic gene that would 

be in position to be regulated by an antisense transcript.  Likewise, YFL012W is 

transcribed during sporulation and would also be in position to be regulated by an a1-α2 

regulated transcript.  The possibility remains that a1-α2 regulated transcripts were not 

significantly expressed in any cell type under the conditions that we tested (growth in 

YEPD at 30°C).  It is also possible that a1-α2 regulated transcripts were present, but were 

not detected in our Northern blot experiments. 
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III.  Explanation for HOG1 regulation in a/α cells 

Our analysis of the genes repressed by a1-α2 identified HOG1 as a gene that is 

specifically repressed by a1-α2 in the a/α cell type in S. cerevisiae.  We further showed 

that a/α cells are more sensitive to 1M NaCl than are a/a cells, and that this sensitivity is 

dependent on a1-α2 repression of HOG1. (Galgoczy et al., 2004)  This begged the 

question of why HOG1 would be specifically be repressed by a1-α2.  Given that the salt 

sensitivity of the a/α cell type results in lower fitness of this cell type and that this 

regulation is specific, it seemed likely that there is a reason, other than osmotic sensing, 

to explain this regulation. 

It was previously shown that haploid strains containing deletions in the HOG1 

gene exhibit osmolarity-induced cross talk.  A hog1∆ strain placed in medium containing 

high concentrations of an osmolite (1M Sorbitol) causes induction of a pheromone 

inducible reporter construct (FUS1::lacZ), whereas a wildtype strain placed in the same 

medium shows no such induction.  This crosstalk between the osmotic sensing and 

pheromone inducible MAPK signaling pathways is dependent on the FUS3 gene 

(O'Rourke and Herskowitz, 1998).  Given this fact, it would also make intuitive sense 

that a threshold level of HOG1 expression is needed to prevent this type of crosstalk from 

occurring.  Thus, a certain, significant level of HOG1 expression would be needed in 

haploid cell types for appropriate signaling to occur in response to osmotic stress. 

Many signaling components of the HOG1 MAPK signaling pathway are also used 

by the FUS3 pheromone signaling pathway.  Ste20, Ste50, and Ste11 are examples of 

components common to both pathways.  Given the specificity of these two pathways, 
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these components are likely to be brought into each pathway specifically for the function 

of these pathways in such a manner that the components are not physically shared during 

active signaling.  Thus, it is likely that the two pathways compete on some level for these 

common components.  Given this likelihood, Hog1 protein may be needed in greater 

quantities in haploid cells, where components specific to the pheromone signaling 

pathway are present and are actively competing with the Hog1 pathway for proteins 

common to the two signaling pathways.  In a/α dipoid cells, where all components 

specific to the pheromone signaling pathway are directly shut off by a1-α2, this 

competition would be absent and significantly lower levels of HOG1 protein would be 

needed to accomplish an appropriate amount of signaling for a given amount of osmotic 

stress.  The transcriptional response to osmotic stress appears to be finely tuned, and sets 

of genes have been observed to be regulated in a complex fashion in response to different 

levels of osmotic stress (O'Rourke and Herskowitz, 2004).  Thus, if the two pathways do 

indeed compete for MAPK signaling components, it would make sense that the levels of 

some components of the osmotic response MAPK signaling pathway would need to be 

downregulated in a/α cells to maintain an appropriate level of sensitivity in the pathway.  

The downregulation of HOG1 by a1-α2 would potentially accomplish this. 

Our expression array experiments indicated that HOG1 is downregulated only 

1.6- to 2-fold in a/α cells (Galgoczy et al., 2004), which might be appropriate for making 

subtle changes to preserve signaling sensitivity.  Although our experiments demonstrated 

that a/α cells are more sensitive to 1M NaCl than are a/a cells, these effects were 

extremely subtle and difficult to capture in experiments.  In fact, the effects that we 

demonstrated were only visible at a specific timepoint (three days) and were not seen at 
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lower concentrations of NaCl or with Sorbitol.  Assays designed to measure the response 

to osmotic stress at the transcriptional level, downstream of the osmotic sensing MAPK 

signaling pathway, might reveal on a quantitative level that the lowered expression of 

HOG1 in a/α cells preserves the response seen in haploid a or α cells.  Finally, the HOG1 

and pheromone signaling pathways share components with a third MAPK signaling 

pathway:  the filamentation pathway.  This pathway differs in a/α cells in terms of the 

nutritional cues that trigger it.  The lowering of HOG1 expression in a/α cells might be 

needed for appropriate signaling of this pathway in a/α cells; alternatively this lowered 

expression might prevent crosstalk between these two pathways in the absence of the 

components specific to the pheromone signaling pathway. 

In summary, we provide a complete mapping of the cell type specification circuit 

in S. cerevisiae.  Taken as a whole, the circuit provides a view of the extent and type of 

regulation to specify cell type in that yeast species.  It also provides a sense of the 

complexity of the three different regulatory batteries.  No genes are specifically turned on 

in the a/α cell type, with the exceptions of IME4, which is indirectly regulated by an 

antisense transcript, and those genes that are indirectly activated through the repression of 

the RME1 transcriptional repressor.  While the circuit is completely mapped, there are 

lingering questions about cell type specification.  The function of a1-α2 binding at six 

genomic sites where there is no correlated change in gene expression remains elusive.  

Likewise, the reasons for downregulation of the expression of HOG1 and a few other 

genes in a/α cells cannot be completely explained. 
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Table 1.  Clumping phenotypes in wildtype, amn1∆, and AMN1 promoter mutants. 

AMN1pr(mut) and AMN1pr(∆) refer to strains in which the AMN1 promoter contains 

disrupting point mutations in the a1-α2 binding site or a deletion of the entire a1-α2 

binding site in both copies of the AMN1 promoter.  The clumping phenotype is scored 

grossly, under a microscope, as positive where the majority of groups of cells are present 

as three or more joined cells after sonication. 

  

Strain name Strain background Mating typAMN1 AMN1 promoter Clumping phenotype
yDG288 Y55 α AMN1++ wt +
yDG290 Y55 a/α AMN1++ wt ‐
yDG344 FY3 a AMN1++ wt +
yDG345 FY3 a/α AMN1++ wt ‐
yDG347 Y55 a/α amn1∆/amn1∆ wt ‐
yDG426 Y55 a/α AMN1++ AMN1pr(mut)/AMN1pr(mut) ‐
yDG429 FY3 a/α AMN1++ AMN1pr(∆)/AMN1pr(∆) ‐
yDG432 FY3 a/α AMN1++ AMN1pr(mut)/AMN1pr(mut) ‐

Table 1 
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 * AMN1(restored) indicates that the version of AMN1 in wild strains was restored to the laboratory strain. 
 

Table 2.  Strains used in Appendix A. 

  

Name Species Brief genotype Mating type Background Genotype Alternative name

yDG288 Saccharomyces cerevisiae wild strain alpha Y55‐‐Wild strain hoD gal3 MAL+ SUC+ BIO+ Y101

yDG289 Saccharomyces cerevisiae wild strain alpha Y55‐‐Wild strain hoD ura3 gal3 MAL+ SUC+ BIO+ Y107

yDG290 Saccharomyces cerevisiae wild strain a/alpha Y55‐‐Wild strain HO/HO gal3/gal3 MAL/MAL SUC/SUC BIO/BIO Y55;  YJM627

yDG291 Saccharomyces cerevisiae amn1Δ‐‐wild strain alpha Y55‐‐Wild strain hoD ura3 gal3 MAL+ SUC+ BIO+ amn1Δ::URA3 Y107‐amn1 deleted

yDG298 Saccharomyces cerevisiae wildtype a/alpha EG123 his4/his4 leu2/leu2 trp1/trp1 ura3/ura3 can1/can IH1788;  EG123x246‐1‐1

yDG301 Saccharomyces cerevisiae wildtype a/a EG123 his4/his4 leu2/leu2 trp1/trp1 ura3/ura3 can1/can KBY45

yDG302 Saccharomyces cerevisiae wildtype alpha/alpha EG123 his4/his4 leu2/leu2 trp1/trp1 ura3/ura3 can1/can KBY46

yDG344 Saccharomyces cerevisiae wildtype‐‐AMN1 restored* a FY3 ura3::URA3 AMN1(restored)

yDG345 Saccharomyces cerevisiae wildtype‐‐AMN1 restored* a/alpha FY3 ura3::URA3/ura3 AMN1(restored)*/AMN1(restored)*

yDG347 Saccharomyces cerevisiae amn1Δ‐‐wild strain a/alpha Y55‐‐Wild strain hoΔ/hoΔ ura3::URA3/ura3 gal3/gal3 MAL/MAL SUC/SUC BIO/BIO amn1Δ::NAT/amn1Δ::NAT

yDG426 Saccharomyces cerevisiae amn1 promoter mutant‐‐wild strain a/alpha Y55‐‐Wild strain hoΔ/hoΔ ura3::URA3/ura3 gal3/gal3 MAL/MAL SUC/SUC BIO/BIO AMN1prom(T‐489G,A‐478G,T‐477G)/AMN1prom(T‐489G,A‐478G,T‐477G)

yDG429 Saccharomyces cerevisiae amn1 promoter mutant a/alpha FY3 ura3::URA3/ura3 AMN1(restored)*/AMN1(restored)* AMN1prom(Δ‐494‐475)/AMN1prom(Δ‐494‐475)

yDG432 Saccharomyces cerevisiae amn1 promoter mutant a/alpha FY3 ura3::URA3/ura3 AMN1(restored)*/AMN1(restored)* AMN1prom(T‐489G,A‐478G,T‐477G)/AMN1prom(T‐489G,A‐478G,T‐477G)

Table 2 
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Figure 1.  Wildtype and amn1∆ colonies on SLAD medium. 

a/α wildtype, amn1prmut (containing three point mutations disrupting the a1-α2 binding 

site in the amn1 promoter), and amn1∆/amn1∆ strains were plated on SLAD medium and 

grown at 30°C for five days. 

 

  

yDG290
a/α
wt

yDG347
a/α

yDG426
a/α
amn1prmut

amn1∆/amn1∆

Figure 1 
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 In order to dissect transcriptional circuits, we obtained antibodies for twelve 

different transcriptional regulators for chromatin immunoprecipitation (ChIP) 

experiments.  We then assessed many of these antibodies by Western blot and ChIP 

(Figure 1).  For ten of these transcriptional regulators, all of which were sequence 

specific DNA binding proteins, we ordered affinity purified antibodies for two different 

peptides matching sequences in each protein (Bethyl Laboratories, Montgomery, TX).  

For two proteins (S. cerevisiae α2 and Tup1), antibodies were raised against full length 

proteins that had previously been purified for the purpose of raising antibodies.  For one 

of these, α2, IPs were performed using unpurified antisera.  Results from experiments 

using these antibodies have been published(Galgoczy et al., 2004).  For the other full 

length protein, Tup1, antibodies were subsequently affinity purified from antibody sera 

(Sarah Green).  Finally, another protein, SSN6, was tagged at the C-terminal end with a 

TAP tag. 

 We assessed the sensitivity of the peptide antibodies by Western blot.  At the time 

that these experiments were carried out, the two antibodies raised against K. lactis a2 had 

not been received, so these antibodies were excluded from Western blot analysis.  Whole 

cell extracts were prepared from different yeast strains, approximately 5µg of extracts 

were separated by SDS/PAGE and analyzed by Western blotting (see (Zordan et al., 

2006) for methods).  For hybridization, affinity purified antibodies (approximately 

1µg/µl) were used at 1:2000 concentrations.  This high concentration would be expected 

to result in a high level of antibody crossreactivity with other proteins present on the blot.  

This result was observed in virtually all cases, but we chose to use this high concentration 
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in order to maximize the sensitivity of the hybridization and increase the likelihood of 

target protein detection. 

 For seven of nine target proteins for which antibodies were tested, at least one of 

the two peptide antibodies detected a product of appropriate size on a Western blot 

(Figure 1; Table 1).  In several of these cases, such as for K. lactis and C. albicans a2, 

control strains lacking the target proteins were used for comparison.  The absence of the 

bands corresponding to the target proteins on Western blots made from extracts generated 

from these strains made the interpretation of results relatively unambiguous.  For other 

proteins, such as Mcm1 which is an essential protein, bands of the appropriate size were 

present on the Western blots.  The presence of other crossreacting bands on these blots, 

however, made it unclear as to whether the band of appropriate size for the target protein 

reflected detection of the target protein or antibody crosshybridization.  Thus, the 

interpretation of these Western blots as being successful in detecting the target protein is 

tentative. 

 In the cases of target proteins that were not detected by either peptide antibody, it 

appears that the conditions tested (growth in YEPD at 30°C) were not appropriate for 

their production.  These proteins included α1 and α2 in K. lactis.  Whereas a and α strains 

of S. cerevisiae are able to undergo efficient pheromone response and mating under these 

conditions, K. lactis strains have been been observed to require specific conditions for 

these processes.  In subsequent ChIP experiments, α1 and α2 were shown to bind at the 

promoters of genes that would be predicted to be cell type specific, based on the presence 

of binding.  In the case of α2, ChIP enrichment was detected at sites predicted to be a1-α2 

regulated in a/α cells.  In the case of α1, ChIP enrichment was detected under phosphate 
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starvation conditions where synthetic pheromone had been added (in an α strain modified 

to respond to α-factor).  ChIP enrichment was not detected in cells grown in YEPD at 

30°C.  This observation is consistent with the α1 protein being absent in YEPD but 

present during pheromone response.  Thus, it is not surprising that α1 and α2 proteins 

were not detected on Western blots generated from extracts made from α cells grown in 

YEPD.  Finally, we also tested  K. lactis a2 ChIP enrichment in a cells at a-specific genes 

in phosphate starvation conditions both in the presence and absence of α-factor.  In both 

conditions, we detected strong ChIP enrichment.  No enrichment was detected in ChIP 

experiments performed with a cell extracts from cells grown in YEPD at 30°C.  This 

observation is consistent with a2 protein being absent in a cells grown in YEPD at 30°C 

and present under phosphate starvation conditions.  By extension, it also seems likely that 

α1 and α2 proteins are absent during growth in YEPD at 30°C but present under 

phosphate starvation conditions.  Given that a1 protein was clearly detected by Western 

blot in a cells grown in YEPD at 30°C, but absent in α cells, one might predict that the a1 

protein is generally present under most or all conditions in a cells, and that this differs 

from the other mating type regulators  (a2, α1, and α2).  Expression microarrays 

comparing the different mating types in K. lactis have since shown that the expression of 

the mating type regulators is significantly upregulated in haploid strains under phosphate 

starvation conditions  (Brian Tuch, personal communication). 

 ChIP experiments were performed using each peptide antibody in strains that 

were appropriate for each IP experiment.  QPCR was performed at sites known or 

suspected to be bound by the target proteins to detect ChIP enrichment.  The results of 

these analyses are summarized in Table 2.  For nearly all target proteins, significant ChIP 
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enrichment was detected by QPCR at target genes tested for at least one of the two 

antibodies.  For C. albicans ChIPs, enrichment was detected for a2, α1, and Mcm1.  For 

Nrg1 and Rfg1, significant ChIP enrichment was not detected at potentially target genes 

tested.  Since no definitive targets are known, it is possible that ChIP experiments that 

targeted these proteins did succeed in enriching target sequences in the genome but that 

the appropriate sequences were not tested.  Although there appeared to be a low level of 

ChIP enrichment in Rfg1 IPs at the RBT4 promoter in ChIP experiments that used the C-

terminal Rfg1 antibody, subsequent ChIP chip experiments showed that this enrichment 

was also present in IPs in the rfg1∆/rfg1∆ strain.  Moreover, for virtually all sites 

enriched in those ChIP chip experiments, the results were indistinguishable in IPs 

performed in wildtype and rfg1∆/rfg1∆ strains.  Thus, the C-terminal antibody used in 

this experiment appears not to have recognize Rfg1 significantly, and almost certainly 

crossreacted strongly with some other protein (data not shown).  For ChIP experiments in 

K. lactis, we detected significant enrichment for at least one antibody for all five target 

proteins.  These included antibodies for Mcm1, a1, a2, α1, and α2. 

 Significantly, one set of ChIP experiments appears to argue against a hypothesis 

that suggested that α2 might bind at a-specific genes in K. lactis.  In S. pombe and C. 

albicans, a-specific genes (or the equivalent M-specific genes in S. pombe) are 

specifically activated by a2 (or Mat1-Mc in S. pombe) (Kjaerulff et al., 1997; Tsong et 

al., 2003).  In C. albicans, regulation by a2 appears to occur by combinatorial binding of 

an Mcm1 homodimer together with a single a2 protein.  In S. cerevisiae, no a2 homolog 

is present, and mating type specific regulation of a-specific genes occurs, instead, by 

direct repression by an α2-Mcm1 complex (Johnson, 1995).  This complex consists of a 
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Mcm1 homodimer flanked by two α2 proteins.  K. lactis is a yeast species that is 

intermediate between C. albicans and S. cerevisiae in evolution.  Specific domains in α2 

and Mcm1 have been shown to allow direct interaction between these two proteins in S. 

cerevisiae; these appear not to be conserved in such a way to allow this interaction to 

occur in C. albicans. 

In K. lactis, these domains have amino acid sequences that are intermediate 

between those in C. albicans and S. cerevisiae.  Potentially, these might allow for this 

interaction to occur between α2 and Mcm1.  Also, a subset of the small set of genes 

predicted to be a-specific genes in K. lactis contain a sequence (ACA) near to a2-Mcm1 

sites in K. lactis that might potentially be bound by α2.  It was previously proposed that 

both a2 and α2 might bind combinatorially with Mcm1 in the two different haploid cell 

types (Tsong et al., 2006).  Our α2 ChIP experiments in K. lactis detected high levels of 

ChIP enrichment (24-fold) at a1-α2 regulated genes in a/α cells.  Using an alpha factor 

inducible Matα K. lactis strain, we carried out ChIP experiments using an antibody 

specific to α2 using extracts from cells grown in three conditions:  YEPD, phosphate 

starvation medium, and phosphate starvation medium with α-factor.  We tested for ChIP 

enrichment by QPCR at the promoters of three separate a-specific genes:  ASG7, STE6, 

and STE2.  In no case, under the conditions tested, did we detect ChIP enrichment at the 

promoters of these genes.  These results suggest that α2 does not bind to a-specific gene 

promoters in K. lactis.  That said, the biology associated with mating and mating type 

specification in K. lactis is only beginning to be understood.  Moreover, positive controls 

were not used in these experiments.  That said, other ChIP experiments performed at the 

time that these experiments were carried out worked reliably and in K. lactis.  It is also 
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possible that α2 does bind at these promoters, but not under the conditions tested.  

Finally, it is possible that α2 did bind to a-specific gene operators in an ancestor common 

to both S. cerevisiae and K. lactis, and that this regulation has since been lost in the 

lineage that is specific to K. lactis. 

 Finally, crossreactivity of antibodies is apparently a significant issue.  Although 

the peptide antibodies that we used for our ChIP experiments were affinity purified, 

subsequent ChIP chip experiments demonstrated that many sites in the genome can be 

enriched in ChIP chip experiments even in strains where the target gene is deleted.  With 

experiments performed with the affinity purified antibody that recognizes a peptide the 

C-terminus of C. albicans Wor1, for instance, approximately half of the sites identified as 

being enriched in a wildtype opaque strain were also identified in a wor1∆/wor1∆ strain.  

In similar experiments using an affinity purified antibody specific to the N-terminus of 

Wor1, only a small subset of the sites identified genomewide in the wildtype opaque 

strain were also identified in the wor1∆/wor1∆ strain (data not shown).  In the case of the 

antibody specific to the C terminus of C. albicans Rfg1, ChIP experiments were 

essentially indistinguishable in wildtype and rfg1∆/rfg1∆ strains (data not shown).  For 

both Wor1 and Rfg1, we performed ChIP chip experiments in strains containing deletions 

in the target protein genes , and significant numbers of enriched sites were identified 

throughout the genome in the deletion strains (data not shown).  This was previously 

observed for ChIP chip experiments in a S. cerevisiae tup1∆ strain using affinity purified 

Tup1 antibody.  In the case of the ChIP chip experiments performed using antibodies 

recognizing Tup1 and the N-terminus of Wor1, the sites of enrichment identified 

genomewide were generally distinct from those sites identified in wildtype strains (data 
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not shown).  This suggests that the antibodies may bind to other DNA binding proteins in 

the absence of the primary target.   

ChIP experiments performed in strains where the target protein is deleted 

generally yield significantly less DNA than those performed in wildtype strains.  As a 

result, significantly more rounds of random-primed PCR amplification must be carried 

out with the products of these ChIP experiments in preparation for microarray 

hybridization.  Thus, this may amplify sequences that are enriched due to a low level of 

background crosshybridization, where this enrichment is not significant in ChIPs 

performed in wildtype strains.  This would explain why the enrichment in deletion strains 

does not significantly overlap that seen in wildtype strains.  These observations suggest 

that it is important, where possible, to carry out ChIP experiments both in strains where 

the target protein in present and in strains where it is absent.  Finally, ChIP chip 

experiments performed against TAP tagged Ssn6 in S. cerevisiae identified several sites 

of enrichment.  Essentially no enrichment was seen anywhere in the genome in control 

“mock” ChIP chip experiments performed in untagged strains (data not shown).  This 

indicates that the enrichment seen in ChIP experiments in deletion strains using specific 

antibodies is, in fact, antibody crossreaction, rather than an artifact of other parts of the 

ChIP procedure or DNA amplification. 

 

  



232 

 

Species 
Target 
Protein 

Peptide 
location 

Size 
(kDa)  Mata  Matα 

K. lactis  a2  N‐terminus  30.2  N.D.  N.D. 

K. lactis  a2  C‐terminus  30.2  N.D.  N.D. 

K. lactis  α2  N‐terminus  26.5  ‐  ‐ 

K. lactis  α2  C‐terminus  26.5  ‐  ‐ 

K. lactis  a1  N‐terminus  26.6  ‐  ‐ 

K. lactis  a1  C‐terminus  26.6  +  ‐ 

K. lactis  α1  N‐terminus  30.1  ‐  ‐ 

K. lactis  α1  C‐terminus  30.1  ‐  ‐ 

K. lactis  Mcm1  N‐terminus  26.6  +?  N.D. 

K. lactis  Mcm1  C‐terminus  26.6  +?  N.D. 

Species 
Target 
Protein 

Peptide 
location 

Size 
(kDa)  MTLa/α  mtla2∆  mtla1∆  rfg1∆ 

C. albicans  a2  N‐terminus  23.4  +  ‐  N.D.  N.D. 

C. albicans  a2  C‐terminus  23.4  +  ‐  N.D.  N.D. 

C. albicans  α1  N‐terminus  22.4  +?  N.D.  ‐  N.D. 

C. albicans  α1  C‐terminus  22.4  ‐  N.D.  ‐  N.D. 

C. albicans  Mcm1  N‐terminus  28.6  +?  N.D.  N.D.  N.D. 

C. albicans  Mcm1  C‐terminus  28.6  +?  N.D.  N.D.  N.D. 

C. albicans  Rfg1  N‐terminus  65  ‐  N.D.  N.D.  ‐ 

C. albicans  Rfg1  C‐terminus  65  +  N.D.  N.D.  ‐ 

C. albicans  Nrg1  N‐terminus  34.3  +  N.D.  N.D.  ‐ 

C. albicans  Nrg1  C‐terminus  34.3  +  N.D.  N.D.  ‐ 

 

Table 1.  Summary of Western Blot detection of transcriptional regulatory proteins 

probed with affinity purified antibodies.  Results from Figure 1 are summarized as “+” 

(target detected), “+?” (ambiguous result), or “-“ (no detection).  The sizes of the target 

proteins are indicated. 

Table 1 
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Target Enrichment? Ab Strain Strain details Culture 
conditions

Lysis Amt. of 
Ab (μl)

Ca_Nrg1 No DDR48 ENA21 ECE1 HWP1 DDR48
Ca_NNrg1 yDG621 C. albicans a/α YEPD Sp 1 0.99 1.42
Ca_NNrg1 yDG621 C. albicans a/α YEPD Sp 5 0.80 0.90 0.85
Ca_NNrg1 yDG633 C. albicans a/α nrg1∆/∆ YEPD Sp 1 1.42 1.89
Ca_NNrg1 yDG633 C. albicans a/α nrg1∆/∆ YEPD Sp 5 1.28 1.12 0.56
Ca_CNrg1 yDG633 C. albicans a/α nrg1∆/∆ YEPD Sp 1 0.79 1.24
Ca_CNrg1 yDG633 C. albicans a/α nrg1∆/∆ YEPD Sp 5 0.79 0.50 0.91
Ca_CNrg1 yDG621 C. albicans a/α YEPD Sp 1 0.99 1.36
Ca_CNrg1 yDG621 C. albicans a/α YEPD Sp 5 1.04 0.81 1.34

Ca_MTLa2 Yes STE6 STE2 ASG7
Ca_Na2 yDG914 C. albicans α1∆/α2∆ Spider + α-factor Sp 1 1.07 1.74
Ca_Na2 yDG914 C. albicans α1∆/α2∆ Spider + α-factor Sp 5 0.93 2.50
Ca_Ca2 yDG914 C. albicans α1∆/α2∆ Spider + α-factor Sp 1 1.41 2.63 1.82
Ca_Ca2 yDG914 C. albicans α1∆/α2∆ Spider + α-factor Sp 5 2.42 8.32 4.17

Ca_MTLα1 Yes STE3 MFα1 STE6
Ca_Nα1 ATY575 C. albicans a1∆/a2∆ ste3::STE2 Spider + α-factor Sp 1 47.19 17.51
Ca_Nα1 ATY575 C. albicans a1∆/a2∆ ste3::STE2 Spider + α-factor Sp 5 72.98 32.62 1.45
Ca_Cα1 ATY575 C. albicans a1∆/a2∆ ste3::STE2 Spider + α-factor Sp 1 11.71 5.39
Ca_Cα1 ATY575 C. albicans a1∆/a2∆ ste3::STE2 Spider + α-factor Sp 5 16.33 7.92

Ca_Mcm1 Yes STE2 STE6 ASG7 STE3 MFα1 CAR1 CAR2 GIT1 GEF1
Ca_NMcm1 yDG619 C. albicans a/α YEPD Sp 1 4.99 1.72 2.42 2.12 2.92 1.77 1.31 3.19
Ca_NMcm1 yDG619 C. albicans a/α YEPD Sp 5 0.99 2.49 1.05
Ca_CMcm1 yDG619 C. albicans a/α YEPD Sp 1 0.66 2.71 1.54 1.74 1.75 2.07 0.95 1.01 2.33
Ca_CMcm1 yDG619 C. albicans a/α YEPD Sp 5 1.07 3.54 1.54 2.68 1.62 1.57 1.29 0.91 1.44
Ca_CMcm1 yDG914 C. albicans α1∆/α2∆ Spider + α-factor Sp 1 4.83 5.90 3.45
Ca_CMcm1 ATY575 C. albicans a1∆/a2∆ ste3::STE2 Spider + α-factor Sp 1 4.93 28.97 20.88
Ca_CMcm1 ATY575 C. albicans a1∆/a2∆ ste3::STE2 Spider + α-factor Sp 2.5 13.08 9.94 7.67
Ca_CMcm1 ATY575 C. albicans a1∆/a2∆ ste3::STE2 Spider + α-factor Sp 5 7.82 69.07 43.73
Ca_CMcm1 yDG619 C. albicans a/α YEPD Sp 0.4 4.92 1.94 1.35
Ca_CMcm1 yDG619 C. albicans a/α YEPD Sp 1 4.94 1.78 1.07 1.35
Ca_CMcm1 yDG619 C. albicans a/α YEPD Sp 2.5 6.58 2.11 1.16

Ca_Rfg1 Yes RBT4 MET15 OPT3
Ca_NRfg1 yDG738 C. albicans a/α YEPD Sp 5 0.75 1.16 0.95
Ca_NRfg1 yDG864 C. albicans a/α rfg1∆/∆ YEPD Sp 5 0.65 1.22 0.86
Ca_CRfg1 yDG738 C. albicans a/α YEPD Sp 1 1.52
Ca_CRfg1 yDG738 C. albicans a/α YEPD Sp 5 2.86 0.80 0.73
Ca_CRfg1 yDG864 C. albicans a/α rfg1∆/∆ YEPD Sp 1 1.28
Ca_CRfg1 yDG864 C. albicans a/α rfg1∆/∆ YEPD Sp 5 1.31 0.68 0.87
Ca_CRfg1 yDG914 C. albicans α1∆/α2∆ Spider + α-factor Sp 2 2.52
Ca_CRfg1 yDG914 C. albicans α1∆/α2∆ Spider + α-factor Sp 5 2.41
Ca_CRfg1 yDG914 C. albicans α1∆/α2∆ Spider + α-factor Sp 15 3.17

Kl_Mcm1 Yes CDC20 SPO12
NMcm1 yDG908 K. lactis Matα YEPD Bb 1 12.08 16.16
NMcm1 yDG908 K. lactis Matα YEPD Bb 5 18.97 19.87
NMcm1 yDG908 K. lactis Matα YEPD Bb 15 10.04 13.62
CMcm1 yDG908 K. lactis Matα YEPD Bb 1 18.79 18.34
CMcm1 yDG908 K. lactis Matα YEPD Bb 5 16.51 16.94
CMcm1 yDG908 K. lactis Matα YEPD Bb 15 34.35 31.47

Kl_a1 Yes TCB3 STE3 RAD16 SUT1/2 SWI5/
ACE2

Na1 yDG960 K. lactis Mata/α YEPD Sp 15 0.82 0.58 1.33
Ca1 yDG960 K. lactis Mata/α YEPD Sp 5 5.23 1.56 4.18
Ca1 yDG960 K. lactis Mata/α YEPD Sp 15 1.68 0.84 10.55 2.50 3.09

Kl_a2 Yes ASG7 STE6 ASG7 STE6 ASG7 STE6
Na2 yDG955 K. lactis Mata PO4 starvation

+ α-factor
Bb 5 0.48 3.88

Na2 yDG955 K. lactis Mata PO4 starvation
+ α-factor

Bb 15 1.22 9.13

Ca2 yDG955 K. lactis Mata YEPD Bb 5 0.51 0.46 1.21 1.10
Ca2 yDG955 K. lactis Mata YEPD Bb 15 0.47 0.48
Ca2 yDG955 K. lactis Mata PO4 starvation Bb 5 5.28 81.41
Ca2 yDG955 K. lactis Mata PO4 starvation

+ α-factor
Bb 5 4.91 38.41 6.00 33.26 7.79 58.32

Ca2 yDG955 K. lactis Mata PO4 starvation
+ α-factor

Bb 15 5.02 31.32 4.35 22.94

Kl_α1 Yes (tentative) MFα1
Nα1 yBT26 K. lactis MATα ste3::STE2 mfα∆ YEPD Sp 15 1.37
Nα1 yBT26 K. lactis MATα ste3::STE2 mfα∆ PO4 starvation Sp 15 0.42
Nα1 yBT26 K. lactis MATα ste3::STE2 mfα∆ PO4 starvation

+ α-factor
Sp 15 6.68

Cα1 yBT26 K. lactis MATα ste3::STE2 mfα∆ YEPD Sp 15 2.27
Cα1 yBT26 K. lactis MATα ste3::STE2 mfα∆ PO4 starvation Sp 15 1.87
Cα1 yBT26 K. lactis MATα ste3::STE2 mfα∆ PO4 starvation

+ α-factor
Sp 15 1.96

Kl_α2 Yes ASG7 STE6 STE2 RAD16 TCB3 RAD16 SUT1/2 SWI5/
ACE2

RAD16 SUT1/2

Nα2 yBT26 K. lactis MATα ste3::STE2 mfα∆ YEPD Sp 15 0.99 0.83 1.01
Nα2 yBT26 K. lactis MATα ste3::STE2 mfα∆ PO4 starvation Sp 15 0.69 0.72 0.91
Nα2 yBT26 K. lactis MATα ste3::STE2 mfα∆ PO4 starvation

+ α-factor
Sp 15 0.62 0.54 1.29

Nα2 yDG960 K. lactis Mata/α YEPD Sp 5 4.74 1.97 3.09
Nα2 yDG960 K. lactis Mata/α YEPD Sp 15 6.48 1.83 5.12 2.33 3.94
Cα2 yDG960 K. lactis Mata/α YEPD Sp 5
Cα2 yDG960 K. lactis Mata/α YEPD Sp 15 1.76 0.84
Nα2 yDG960 K. lactis Mata/α YEPD Sp 15 24.27 5.53

Table 2 
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Table 2.  Peptide antibody ChIP results for ten target proteins.  ChIP experiments were 

carried out in K. lactis and C. albicans strains under growth conditions described in the 

table.  ChIP enrichment was evaluated by QPCR using primers specific to promoter 

sequences at the gene promoters indicated.  Primers were centered on putative binding 

sites specific to the relevant transcriptional regulator, where sites could be identified.  

Values represent ChIP enrichment values at gene promoters (as assessed by QPCR) 

versus that at a control site, where the factor would not be predicted to bind.  Primers and 

values highlighted in red indicate experiments where the QPCR reactions had technical 

issues, due to inconsistent results between replicates or suboptimal PCR product melting 

curves in some reactions.  These issues are generally specific to individual sets of primer 

pairs.  In the cases presented here, these technical issues were deemed sufficiently minor 

for the results to be reliable and informative.  Nevertheless, they should be considered 

tentative and not definitive. 
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     * Both MTL loci are present, but a specific MTL gene is deleted 

Table 3.  Yeast strains used in Appendix B. 

   

Name Species Brief genotype Mating type Genotype Alternative name
yDG605 C. albicans wt a/alpha his1∆/his1∆ ura3::imm[434]/ura3::imm[434] iro1∆::imm[434]/iro1∆::imm[434] RM1000 #2
yDG621 C. albicans wt a/alpha ura3::imm[434]/ura3::imm[434] iro1∆::imm[434]/iro1∆::imm[434] RRY1; CAI4
yDG623 C. albicans a1∆ a/alpha* ura3::imm[434]/ura3::imm[434] iro1∆::imm[434]/iro1∆::imm[434] matla1∆::hisG ATY464
yDG624 C. albicans alpha1∆ a/alpha* ura3::imm[434]/ura3::imm[434] iro1∆::imm[434]/iro1∆::imm[434] matlalpha1∆::hisG RRY11
yDG627 C. albicans a2∆ a/alpha* ura3::imm[434]/ura3::imm[434] iro1∆::imm[434]/iro1∆::imm[434] matla2∆::hisG-URA3-hisG ATY431
yDG633 C. albicans nrg1∆/∆ a/alpha ura3::imm[434]/ura3::imm[434] iro1∆::imm[434]/iro1∆::imm[434] nrg1∆::hisG/nrg1∆::hisG BCa23-6
yDG738 C. albicans wt a/alpha his1∆/his1∆ leu2∆/leu2∆ ura3::imm[434]/URA3 iro1∆::imm[434]/IRO1 SN87
yDG864 C. albicans rfg1∆/∆ a/alpha his1∆/his1∆ leu2∆/leu2∆ ura3::imm[434]/URA3 iro1∆::imm[434]/IRO1 rfg1∆::HIS1/rfg1∆::LEU2
yDG908 K. lactis alpha alpha a∆e1 trp1 leu2 metA1 uraA1 nej1∆::LEU2 ATY606; SAY509
yDG909 K. lactis a a lysA1 trp1 leu2 metA1 uraA1 nej1∆::LEU2 ATY607; SAY572

Table 3 
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Figure 1.  Western Blots testing detection of nine transcriptional regulatory 

proteins by affinity purified peptide antibodies.  Cell extracts were generated 

from strains, as indicated, and separated by SDS-PAGE electrophoresis.  

Each blot was probed with approximately 1µg purified antibody at a 1:2000 

concentration.  Size standards are indicated at the left. 
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