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Structural Analysis of the CDK-Cyclin Complex of Pho85-Pho80 and Genome-
Wide Characterization of the Phosphate Starvation Response in 

Schizosaccharomyces pombe 
 
 

Abstract 
 
 

 Inorganic phosphate is an essential nutrient required by all organisms for optimal 

growth. During phosphate starvation, Saccharomyces cerevisiae induces a set of genes 

responsible for the regulation of inorganic phosphate acquisition. The phosphate-

responsive signaling (PHO) pathway controls this response, with the CDK-cyclin 

complex Pho85-Pho80 playing a prominent role. Here we report the X-ray structure of 

the Pho85-Pho80 complex, identifying the unique structural features that distinguish it 

from other cell cycle associated CDK-cyclin complexes. The structure reveals a specific 

salt bridge between a Pho85 arginine and a Pho80 aspartate that maintains a Pho80 

loop confirmation important for substrate recognition and makes phosphorylation of the 

Pho85 activation loop dispensible. We show that a cluster of residues distal to the 

kinase active site are involved in a high affinity interaction between the Pho80 cyclin 

and the transcription factor substrate (Pho4). The structure also reveals a separate high 

affinity binding site for the CDK inhibitor (Pho81). 

 The fission yeast, Schizosaccharomyces pombe, regulates expression of the 

secreted acid phosphatase (pho1+) via a non-orthologous PHO pathway. The genes 

induced by phosphate limitation and the molecular mechanism by which the genetically 

identified positive (pho7+) and negative (csk1+) regulators function are not known. Here 

we use a combination of molecular biology, expression microarrays,  
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chromatin immunoprecipitation coupled with high-throughput sequencing (ChIP-Seq), 

and global transcriptome sequencing (RNA-Seq) to characterize the role of pho7+ and 

csk1+ in the PHO response. We show that there is a fast and slow response to 

phosphate starvation, each with defined regulatory roles. We use ChIP-Seq to identify 

members of the Pho7 regulon and characterize Pho7 binding dynamics in response to 

phosphate-limitation and Csk1 activity. We identify a conserved PHO response for the 

PHO5 (pho1+), PHO84 (spbc8e4.01c+), and GIT1 (spbc1271.09+) orthologs. We show 

that activation of pho1+ requires Pho7 binding to a UAS in the pho1+ promoter and that 

a URS is necessary for Csk1 repression. We find that Pho7-dependent activation is not 

limited to phosphate-starvation, as additional environmental stress response pathways 

require pho7+ for maximal induction. Using RNA-Seq we show that Pho7 is also 

involved in regulating non-coding transcription and is a bi-functional transcription factor.  



v 

Table of contents 
 
 

ABSTRACT......................................................................................................................iii 

LIST OF TABLES AND FIGURES...................................................................................ix 

STATEMENT OF CONTRIBUTIONS..............................................................................xi 

ACKNOWLEDGEMENTS...............................................................................................xii 

CHAPTER 1: AN INTRODUCTION TO THE PHOSPHATE-RESPONSIVE 
SIGNALLING (PHO) PATHWAY IN SACCHAROMYCES CEREVISIAE AND 
SCHIZOSACCHAROMYCES POMBE............................................................................1 
 

MAINTAINING INTERNAL BALANCE DURING STRESS: MICROORGANISM 
HOMEOSTASIS..........................................................................................................2 
 
THE S. CEREVISIAE PHO REGULATORY PROTEINS............................................6 
 

The Transcription Factors: Pho4 and Pho2...........................................................6 
 
The Pho4 Negative Regulator: Pho85-Pho80........................................................8 
 
The Pho85-Pho80 Inhibitory Complex: Pho81 and IP7........................................11 
 
Upstream of Pho81-IP7: PHO84, SPL2, ADO1, and ADK1.................................13 
 

PHO IN ASCOMYCOTA: FROM SACCHAROMYCES PARADOXUS TO 
NEUROSPORA CRASSA.........................................................................................15 
 
PHOSPHATE STARVATION IN S. POMBE: A PARALLEL PHO PATHWAY..........18 
 
REFERENCES..........................................................................................................22 
 

 
CHAPTER 2: STRUCTURE OF THE PHO85-PHO80 CDK-CYCLIN COMPLEX OF 
THE PHOSPHATE-RESPONSIVE SIGNAL TRANSDUCTION PATHWAY.................32 
 

AUTHOR CONTRIBUTIONS....................................................................................33 
 
ABSTRACT...............................................................................................................34 
 
INTRODUCTION.......................................................................................................35 
 
RESULTS AND DISCUSSION..................................................................................37 



vi 

 
Structure of the Pho85-Pho80 Complex..............................................................37 
 
Discovery of a Specific Mechanism for Circumventing Activation Loop 
Phosphorylation...................................................................................................42 
 
Potential Involvement of the D Loop in Substrate Recognition............................44 
 
A Unique Site on Pho80 for Tight Binding of Pho4 Substrate..............................49 
 
Location of a Site on Pho80 for Tight Binding of Pho81 CKI...............................54 
 

CONCLUSIONS........................................................................................................55 
 
EXPERIMENTAL PROCEDURES............................................................................56 
 

Bacterial Expression and Purification of Pho85-Pho80.......................................56 
 
Crystallization, Diffraction Data Collection, and Structure Determination............56 
 
Probing the Roles of the F138 Residue Close to the Active Site and the Distal 
Site on Pho80 in Substrate Recognition..............................................................57 
 

ACKNOWLEDGEMENTS.........................................................................................57 
 
REFERENCES..........................................................................................................57 
 
ACCESSION NUMBERS..........................................................................................60 
 

 
CHAPTER 3: GENOME-WIDE CHARACTERIZATION OF THE PHOSPHATE 
STARVATION RESPONSE IN SCHIZOSACCHAROMYCES POMBE........................61 
 

AUTHOR CONTRIBUTIONS....................................................................................62 
 
INTRODUCTION.......................................................................................................63 
 
RESULTS..................................................................................................................66 
 

Identification of the PHO Responsive Genes in S. pombe..................................66 
 
pho7+ and csk1+ Regulate a Core Subset of the PHO Response in S. pombe... 
.............................................................................................................................71 
 
Pi-Starvation Causes Pho7 Enrichment at the PHO Core Promoters.................77 
 



vii 

Identification of the Pho7 Upstream Activating Sequence (UAS) in the pho1+ 
Promoter..............................................................................................................82 
 
Attempts at Demonstrating a Direct Link Between Csk1 Kinase Activity and Pho7 
Repression.........................................................................................................87 
 
Csk1 Represses Pho7 Through an Upstream Repressor Sequence (URS).....88 
 
Pho7 Regulates Expression in Response to Additional Stressors Besides Pi 
Limitation............................................................................................................93 
 
Pho7 is a Bi-functional Regulator of Coding, Non-Coding, and Anti-Sense 
Transcription......................................................................................................107 
 

CONCLUSIONS......................................................................................................116 
 
MATERIALS AND METHODS................................................................................118 
 

Growth Conditions and Strains..........................................................................118 
 
Microarray Analysis and Data Processing.........................................................119 
 
Chromatin Immunoprecipitation.........................................................................121 
 
pho1+ Promoter Deletion Analysis.....................................................................122 
 
Chromatin Immunoprecipitation of Pho7-TAP with High-Throughput Sequencing 
(ChIP-Seq).........................................................................................................123 
 
In Silico Motif Discovery.....................................................................................124 
 
pho7+ Regulation in Additional Stress Response Pathways..............................124 
 
High-Throughput Sequencing of the S. pombe Transcriptome (RNA-Seq).......125 
 

ACKNOWLEDGEMENTS.......................................................................................127 
 
REFERENCES........................................................................................................128 
 

 
CHAPTER 4: CONCLUSIONS REGARDING THE S. CEREVISIAE PHO85-PHO80 
STRUCTURE AND THE PHO PATHWAY IN S. POMBE...........................................135 
 

STRUCTURE AND FUNCTION OF THE PHO85-PHO80 COMPLEX...................136 
 



viii 

THE S. POMBE PHO PATHWAY AND BEYOND: THE PHO7+ REGULATORY 
MECHANISM..........................................................................................................139 
 
REFERENCES........................................................................................................146 
 

 
APPENDIX A: CHAPTER 2 SUPPLEMENTAL DATA…………………………............148 

 
SUPPLEMENTAL EXPERIMENTAL PROCEDURES............................................149 
 

Bacterial Expression and Purification of Pho85-Pho80.....................................149 
 
Crystallization and Diffraction Data Collection...................................................149 
 
Determination of the Crystal Structure of Pho85-Pho80....................................150 
 
Site-Directed Mutagenesis and Kinase Assays.................................................151 
 
Identification of a Shorter Segment of the 80 Residue Fragment of Pho81 that 
Binds Pho85-Pho80...........................................................................................154 
 

SUPPLEMENTAL REFERENCES..........................................................................160 
 
 

APPENDIX B: CHAPTER 3 SUPPLEMENTAL DATA................................................163 
 
SUPPLEMENTAL EXPERIMENTAL PROCEDURES............................................164 
  
 Pho7-TAP Expression and Purification..............................................................164 
 
SUPPLEMENTAL REFERENCES..........................................................................177 
 

 



ix 

List of tables and figures 
 
 

Figure 1.1.  Saccharomyces cerevisiae Phosphate-Responsive Signal Transduction 
(PHO) Pathway...........................................................................................5 

 
Figure 1.2. Schizosaccharomyces pombe PHO Pathway...........................................21 
 
Table 2.1. Data Collection and Refinement Statistics................................................38 
 
Figure 2.1. Structure of Pho85-Pho80.........................................................................40 
 
Figure 2.2. A Salt Link Between Pho85 R132 and Pho80 D136 that Makes T Loop 

Phosphorylation Dispensible.....................................................................43 
 
Figure 2.3. Three Functional Sites of the Pho80 Cyclin Subunit.................................46 
 
Table 2.2. Probing the Role of F138 in Pho80 Substrate Recognition.......................49 
 
Table 2.3. Role of Distal Site Cluster on Pho80 in Pho4 Substrate Recognition.......52 
 
Figure 3.1. Temporal Dynamics of the Phosphate Starvation Response in S. pombe... 

..................................................................................................................69 
 
Figure 3.2.  Pho7 and Csk1 Regulate a Core Set of PHO Responsive Genes............74 
 
Table 3.1. Microarray Results for Genes Regulated by Pi-Starvation, pho7+, and/or 

csk1+.........................................................................................................76 
 
Figure 3.3.  Pho7 is Recruited to the Promoter During Pi Starvation...........................80 
 
Figure 3.4.  Pho7 Alignment to Other Zn2Cys6 Binuclear Cluster Proteins and the 

Identification of the Pho7 Upstream Activating Sequence in the pho1+ 
Promoter...................................................................................................85 

 
Figure 3.5.  Csk1 Represses Pho7 Activity Through An Upstream Repressor 

Sequence..................................................................................................91 
 
Figure 3.6.  pho7+ Functions in Additional Stress Responses.....................................96 
 
Table 3.2. Gene Ontology Enrichment for Pho7-Dependent Genes Identified via 

Microarray and ChIP-Seq Analysis...........................................................98 
 
Figure 3.7.  Microarray Analysis of the Pho7-Dependent Stress Response.............102 
 



x 

Table 3.3. Microarray Results for Genes Regulated by Phosphate, Iron, Copper, 
and/or Osmotic Stress in a Pho7-Dependent Manner............................104 

 
Figure 3.8.  pho7+ Regulates Non-Coding Transcription in Both a Pi-dependent and 

Pi-independent Manner...........................................................................112 
 
Figure 3.9.  RNA-Seq Profiles for Representative pho7+ Regulated Transcripts......114 
 
Table S2.1. Substrates of Pho85-Pcl Complexes and the D Loop Sequences of the 

Pho80/Pcl Subunits.................................................................................155 
 
Figure S2.1. Amino Acid Sequence Alignment of Pho80 and the Other Nine Pho85 

Cyclins (Pcls)..........................................................................................156 
 
Figure S2.2. Hydrophobic Interactions of the Aliphatic Residues on the 

PSTAIRE/PSSALRE Helices of Pho85, CDK2, and CDK5 with Residues 
of Their Respective Cyclins.....................................................................158 

 
Figure S2.3. The Relationship of the α5 Helices with α3 and α4 of Pho80 or Cyclin A 

and with α3 of p25...................................................................................159 
 
Figure S2.4. Identification of a Shorter Segment of the 80 Residue Fragment of Pho81 

that Binds Pho85-Pho80.........................................................................160 
 
Figure S3.1. Microarray Epistasis Analysis for pho7+-Regulated Genes.....................166 
 
Figure S3.2. Secondary Structure Prediction for Pho7................................................167 
 
Figure S3.3. Conservation of Residue T463 in Pho7..................................................170 
 
Figure S3.4. Purification of Pho7-TAP.........................................................................171 
 
Figure S3.5. ChIP-Seq Binding Profiles for Pho7-TAP at Non-PHO Promoters..........173 
 
Figure S3.6. Fluorescent Microscopy of the pho1+pr-yfp+ Constructs.........................175 
 
Table S3.1. Primers Used in Chapter 3 Study............................................................176 
 
 
 
 
 
 
 
 

 



xi 

Statement of contributions 
 

Professor Erin K. O’Shea (EKO) supervised all work. 

Chapter 1 
 Ian O’Brien Carter-O’Connell (ICO) wrote the text. 
 
Chapter 2 

Kexin Huang (KH), ICO, Wei Zhang (WZ), and Gordan A. Leonard (GAL) 
contributed to this work. Florante A. Quiocho (FAQ) is the corresponding author. 
See chapter title page for more information. 

 
Chapter 3 

ICO and Michael Peel (MP) contributed to this work. EKO and Dennis D. Wykoff 
(DDW) are the corresponding authors. See chapter title page for more 
information. 

 
Chapter 4 
 ICO wrote the text. 
 
Funding 

Generous funding was provided by the Howard Hughes Medical Institute. 



xii 

Acknowledgements 
 

 My doctoral training benefited tremendously from an array of interactions with 

colleagues. First and foremost, I would like to thank my graduate advisor, Dr. Erin K. O’Shea, 

for providing me with support and an intellectually stimulating environment for biological 

research. Our scientific discussions challenged me to think critically about all the aspects of my 

research project, which will be incredibly useful as I continue my post-doctoral career. 

  In the course of my graduate studies I was able to collaborate with a number of 

excellent individuals. The Pho85-Pho80 structure that facilitated our biochemical analysis was 

solved by Dr. Kexin Huang, a former member of the Quiocho Group at Baylor University. Drs. 

Huang and Florante Quiocho were instrumental in designing the Pho80 mutants and our 

discussions regarding the Pho85-Pho80 structure were immensely helpful in beginning my 

thesis work. Experimentation with the S.pombe PHO system would not have been possible 

without the support of Dr. Dennis Wykoff at Villanova University. Dennis let me run wild using 

his initial observations regarding phosphate starvation and he was always willing to discuss my 

newest, often markedly different, hypothesis. Christine Kerwin and Michael Peel from the 

Wykoff lab provided experimental support for the S.pombe project. Although we never were able 

to get Pho85-Pho80, Pho81, and IP7 to stay in solution long enough to collect enough NMR 

data, Drs. Michael Durney and Victoria D’Souza patiently provided their time and structural 

expertise whenever asked, for which I remain grateful. 

 I would like to thank Drs. Andrew Murray, Rachelle Gaudet, Vlad Denic, and Victoria 

D’Souza for serving on my dissertation advisory committee. They provided assistance in 

navigating the challenges inherent with scientific pursuit and their advice proved incredibly 

helpful. Kevin Monahan, Elsa Beyer, Emiko Morimoto, Jordan Krall, Abbas Rizvi, Andrian Gutu, 

Tim Peterson, and Catherine Leimkuhler Grimes were always up for a scientific dialogue or a 

pint when necessary; I was fortunate to befriend such a talented group of colleagues. In the 

later stages of my work, Vikram Vijayan, Xu Zhou, and Brian Zid helped push me from 



xiii 

biochemistry into systems biology. Their able coding skills helped me get out of a number of 

high-throughput data jams.  

 On a personal note, I never would have had the opportunity to pursue a doctoral degree 

if it weren’t for the unfailing support of my family. My parents purchased my first chemistry kit 

when I was just eight years old, and I believe that the completion of my graduate work is a 

testament to the excitement they fostered within me for the natural sciences. My sisters, 

grandparents, aunts, uncles, and cousins all put up with my never-ending prattle about the 

newest scientific discovery without complaint. They also made sure I never took myself too 

seriously, for which they have my thanks. The Carter family opened their home to me, granting 

me unofficial membership in the Yeasty Boys Brewing Company; thanks for teaching me the 

real purpose of yeast based research.  

 Finally, I wish to thank my wife, Joanna Carter-O’Connell, for agreeing to join me in this 

grad school adventure. Whenever my experiments failed or I began to doubt my ability, she 

invariably knew what needed to be said to set things right. I truly believe that none of this work 

would have been possible without her unending wellspring of support and encouragement; you 

have my deepest thanks, Little ‘a’. 

 

 

Ian Carter-O’Connell 

March 2012 



 1 

CHAPTER 1 

An Introduction to the Phosphate-Responsive Signaling (PHO) Pathway in 

Saccharomyces cerevisiae and Schizosaccharomyces pombe 



 2 

Maintaining Internal Balance During Stress: Microorganism Homeostasis 

 Microorganisms exist within complex and rapidly changing environments. Often 

the flux in nutrient availability results in sub-optimal conditions for the proper growth of 

the organism. To successfully navigate unpredictable circumstances, microorganisms 

have amassed a diverse array of regulatory networks capable of sensing stressful 

conditions, transmitting a signal identifying the stressor, and inducing a transcriptional 

response to appropriately modify cellular behavior. Regulatory events in response to 

stress take many forms; during glucose limitation in Saccharomyces cerevisiae, for 

example, the transcription factor Msn2 is activated to induce a plethora of stress 

responsive genes. As glucose levels drop, Msn2 is dephosphorylated in a tightly 

coordinated manner (Gorner et al., 2002). This causes Msn2 to be imported into and 

exported from the nucleus with a frequency dependent on the magnitude of the glucose 

limitation (Hao and O'Shea, 2011). This behavior results in different profiles of 

transcriptional up-regulation tuned specifically to the intensity of glucose limitation. 

Other stresses regulate transcription factor binding more directly. In Escherichia coli, the 

fur gene is responsible for regulating transcription of iron uptake genes in response to 

iron availability (reviewed in (Escolar et al., 1999)). Given that iron is toxic at higher 

concentrations, this system has to be tightly controlled to keep internal iron 

concentrations within a very narrow range (Crosa, 1997). During iron repletion Fur binds 

Fe2+, which causes a conformational change in the protein allowing it to bind DNA 

(Bagg and Neilands, 1987). Bound Fur-Fe2+ represses transcription of iron uptake 

genes and transcription is only activated when iron concentrations drop enough to allow 

Fur and Fe2+ to dissociate.   
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Inorganic phosphate homeostasis presents an interesting challenge to 

microorganisms, as inorganic phosphate is required for the maintenance of many 

different biologically important molecules, proper signal transduction, and energy 

storage/transfer. It is essential that organisms keep a constant pool of phosphate 

available for biochemistry at all times. In S. cerevisiae the phosphate-responsive 

signaling (PHO) pathway is responsible for regulating phosphate homeostasis. In this 

work we use the PHO pathway to explore nutrient homeostasis at a molecular and 

global level.  

The first step in responding to phosphate starvation is harvesting as much 

phosphate as possible. S. cerevisiae accomplishes this goal by inducing the expression 

of the secreted acid phosphatase, PHO5, and the high-affinity inorganic phosphate 

transporter, PHO84, in response to phosphate starvation (Bostian et al., 1980; Bun-Ya 

et al., 1991; Lemire et al., 1985). The expression of PHO5 and PHO84 is controlled by 

the transcription factor Pho4 (Ogawa and Oshima, 1990), along with the constitutively 

nuclear transcription factor Pho2 (Vogel et al., 1989). Phosphate dependent regulation 

is accomplished by controlling the phosphorylation state of Pho4 (Komeili and O'Shea, 

1999). During growth in conditions with high levels of external phosphate Pho4 is 

multiply phosphorylated by the cyclin-dependent kinase-cyclin (CDK-cyclin) pair Pho85-

Pho80 (Kaffman et al., 1994). This phosphorylation causes the export of Pho4 from the 

nucleus (Kaffman et al., 1998a) and the loss of Pho2 cooperation (Komeili and O'Shea, 

1999) preventing the activation of the PHO response. During phosphate starvation the 

CDK-inhibitor (CKI) Pho81, and the small metabolite myo-D-inositol heptakisphosphate 

(IP7), combine to inhibit the Pho85-Pho80 complex (Kaffman et al., 1994; Lee et al., 
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2007). The loss of kinase activity allows Pho4 to become dephosphorylated, enter the 

nucleus (Kaffman et al., 1998b), interact with Pho2, and induce the transcription of the 

PHO regulon. This process is summarized in Figure 1.1.  

The work presented here explores the S. cerevisiae PHO response in structural 

and biochemical detail before expanding to a systems level analysis of the PHO 

pathway in the distantly related yeast, Schizosaccharomyces pombe. In chapter 2, we 

detail the structural features of the Pho85-Pho80 complex that contribute to Pho4 

regulation along with the unique structural aspects that distinguish Pho85-Pho80 from 

other CDK-cyclin pairs. Chapter 3 characterizes the PHO pathway in S. pombe, in 

which the orthologous components to this system have either been lost (Pho4, Pho2, 

Pho81) or are not involved in the PHO response (Pho85, Pho80). Instead, a parallel 

PHO pathway has evolved using a putative transcription factor (pho7+) and a CDK-

activating kinase (csk1+). To provide a framework for this analysis I will first review each 

of the S. cerevisiae PHO components described above before reviewing the PHO 

pathway in other yeasts. 
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The S. cerevisiae PHO Regulatory Proteins 

The Transcription Factors: Pho4 and Pho2 

 The PHO4 and PHO2 genes were first identified in a deletion screen looking for 

positive and negative regulators of the secreted acid phosphatase, PHO5 (To et al., 

1973). Pho4 contains a basic helix-loop-helix (bHLH) domain (Berben et al., 1990; 

Shimizu et al., 1997) and binds as a homodimer to the consensus sequence 5’-

CACGTG-3’ (Maerkl and Quake, 2007; Ogawa and Oshima, 1990; Shao et al., 1998). 

Pho2 is a homeodomain transcription factor that is involved in the regulation of several 

metabolic pathways (PHO, purine biosynthesis, histidine biosynthesis) (Berben et al., 

1988; Brazas and Stillman, 1993; Daignan-Fornier and Fink, 1992; Vogel et al., 1989). 

The activation of PHO genes requires the co-operative binding of both Pho2 and Pho4, 

and this interaction is inhibited in high phosphate growth (Vogel et al., 1989; Zhou and 

O'Shea, 2011).  

 Pho4 regulation occurs via the phosphorylation of five distinct serine residues by 

the Pho85-Pho80 complex (Komeili and O'Shea, 1999). These sites are SP1, SP2, 

SP3, SP4 and SP6. During phosphate-rich growth the phosphorylation of these sites 

impairs three separate biological functions of Pho4 that combine to inactivate it: (1) the 

phosphorylation of SP2 and SP3 results in the export of Pho4 from the nucleus by the 

receptor Msn5 (Kaffman et al., 1998a); (2) SP4 phosphorylation prevents the interaction 

between Pho4 and the nuclear import complex Pse1/Kap121 (Kaffman et al., 1998b; 

O'Neill et al., 1996); and (3) SP6 phosphorylation prevents the association of Pho4 with 

Pho2 (Komeili and O'Shea, 1999). There is no known function of the SP1 

phosphorylation site. During phosphate starvation these sites become 
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dephosphorylated through the action of a phosphatase that has not been identified and 

Pho4 is free to activate transcription. 

 Historically, expression of PHO5 and PHO84 were primarily used as a proxy for 

studying the PHO response. The advent of whole-genome technologies allowed for the 

definition of the entire PHO regulon. cDNA microarray comparison of cells grown in 

high-Pi and no-Pi conditions revealed that 22 genes are regulated by phosphate 

starvation (Ogawa et al., 2000). In addition to finding previously defined PHO regulated 

genes with known roles in phosphate uptake (i.e. PHO81, PHO84, PHO5, PHO89), this 

study identified a number of phosphate metabolism (PHM) genes that are involved in 

polyphosphate maintenance through vacuolar components (Cohen et al., 1999; 

Sethuraman et al., 2001) and alternative organic phosphate harvesting (Reddy et al., 

2008). In a separate study, the magnitude of phosphate starvation was found to 

influence Pho4 phosphorylation, with intermediate phosphate levels triggering 

preferential phosphorylation of SP6 with lower levels of SP1-SP4 modification (Springer 

et al., 2003). Differential phosphorylation activated only a subset of the PHO regulon, 

providing a mechanism by which the modification of a single transcription factor could 

lead to combinatorial output. Together, these experiments provide a list of the genes 

that are responsible for adapting the cell’s behavior to decreasing levels of external 

phosphate.  

Recent work developed this analysis further by outlining the global mechanism of 

Pho4-Pho2 regulation at the promoter level. The Pho4 binding motif occurs throughout 

the S. cerevisiae genome (843 sites), yet only a fraction of these sites (115) are 

involved in Pho4-dependent regulation (Zhou and O'Shea, 2011). Four factors ensure 
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that Pho4 only activates the specific PHO components detailed above. First, 

nucleosomal positioning in S. cerevisiae occludes a number of Pho4 binding sites and 

chromatin structure is itself regulated by phosphate starvation (Lam et al., 2008; Svaren 

et al., 1994; Venter et al., 1994). Second, Pho4 binds to non-occluded CACGTG core 

motifs in vivo with different binding affinities based on the identity of the 5’ flanking 

nucleotide (i.e. NCACGTG, with a preference for G) (Maerkl and Quake, 2007; Ogawa 

et al., 1995). Third, this preference is enforced by competition with Cbf1; a bHLH 

transcription factor that binds to CACGTG motifs flanked by a 5’ T (Harbison et al., 

2004; MacIsaac et al., 2006; Zhu et al., 2009) and prevents inappropriate binding of 

Pho4 to non-PHO promoters (Zhou and O'Shea, 2011). Fourth, 96% of the genes that 

are Pho4-regulated in vivo require Pho2 cooperation to achieve maximal induction 

(Zhou and O'Shea, 2011). In chapter 3, the PHO regulon and the transcription factor 

dynamics described in S. cerevisiae will serve as a point of comparison to the 

functionally analogous PHO pathway in S. pombe.  

 

The Pho4 Negative Regulator: Pho85-Pho80 

The Pho85-Pho80 CDK-cyclin complex is responsible for negatively regulating 

Pho4 activity in response to high levels of inorganic phosphate (Kaffman et al., 1994). 

CDK family members have long been studied for their role in cell-cycle progression and 

metabolism (Morgan, 1997; Nigg, 1995). The defining feature of this type of kinase is its 

requirement for cyclin association to achieve maximal phosphorylation efficiency (De 

Bondt et al., 1993; Sherr, 1993). Upon cyclin binding the kinase rearranges its catalytic 

core for optimal alignment of ATP and the substrate peptide, facilitating phosphate 
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transfer (Jeffrey et al., 1995; Radzio-Andzelm et al., 1995). A single CDK can bind one 

of several cyclins, and the identity of the cyclin determines substrate specificity for that 

particular CDK-cyclin pair (Miller and Cross, 2001). Substrate recognition occurs 

primarily at two sites: (1) the sequence motif targeted for phosphorylation (Songyang et 

al., 1994; Srinivasan et al., 1995) and (2) a site distal to the modified S/T residue that is 

bound by the CDK-cyclin (Adams et al., 1999; Schulman et al., 1998; Takeda et al., 

2001). 

A family of ten Pho85-cyclins (Pcls) regulates Pho85 substrate recognition 

(Huang et al., 2007a; Measday et al., 1997). The Pcl family is further sub-divided based 

on sequence similarity to either PHO80 (PHO80, PCL6, PCL7, PCL8, PCL10) or PCL1, 

2 (PCL1, PCL2, PCL5, PCL9, CLG1) (Measday et al., 1997). The Pho80-like cyclins 

target Pho85 towards substrates involved in stress responsive pathways (Pho80) or 

glycogen regulation (Pcl6, 7, 8, 10) (Huang et al., 2007a; Huang et al., 1998; Timblin et 

al., 1996; Wang et al., 2001; Wilson et al., 2002, 2005). The Pcl1, 2-like cyclins play a 

role in cell-cycle progression and cell integrity (Pcl1, 2, 9, Clg1) (Espinoza et al., 1994; 

Huang et al., 2002; Measday et al., 1994; Measday et al., 1997) or amino acid 

starvation (Pcl5) (Bomeke et al., 2006). The sequence recognition motifs that are 

phosphorylated by each Pho85-Pcl complex in these diverse situations are known in 

some cases (Friesen et al., 2003; Meimoun et al., 2000; Nishizawa et al., 1998; 

Reinders et al., 1998; Tan et al., 2003; Wilson et al., 1999), but the biochemical and 

structural mechanisms dictating specificity are not. For the Pho85-Pho80 complex both 

the substrate recognition motif and the distal binding site on Pho4 are known (Byrne et 
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al., 2004; Komeili and O'Shea, 1999; O'Neill et al., 1996), making the Pho85-Pho80 

structure an ideal candidate for exploring substrate specificity in this system. 

Pho85 shows significant similarity to a number of CDKs involved in cell-cycle 

progression (i.e. Cdc28/CDK2) (Toh-e et al., 1988) and neuronal migration (CDK5) (Lew 

and Wang, 1995). In fact, overexpression of the murine CDK5 partially complements the 

phenotypes caused by the loss of PHO85 in S. cerevisiae (Huang et al., 1999; 

Nishizawa et al., 1999a). Yet there are a number of unique features specific to the 

Pho85-Pho80 complex that are interesting. First, in many CDK-cyclin complexes 

phosphorylation of a conserved threonine or serine residue on the activating loop (T-

loop) of the CDK is required to achieve maximal activation (Morgan, 1996; Russo et al., 

1996b). The same residue in the Pho85 T-loop is dispensable when measuring Pho85-

Pho80 kinase activity (Nishizawa et al., 1999b). Second, as discussed above, CDK-

cyclin complexes bind and modify a specific sequence motif in the target substrate. The 

consensus sequence for this modification is commonly S/TPXK/R (Holmes and 

Solomon, 1996; Songyang et al., 1994). For Pho85-Pho80 the sequence from the SP 

sites in Pho4 is SPXI/L (O'Neill et al., 1996), requiring a different mode of substrate 

recognition. Third, unlike other CDK-cyclin kinase reactions, the phosphorylation of 

Pho4 by Pho85-Pho80 occurs in a processive manner (Jeffery et al., 2001). This means 

that for each Pho4 binding event an average of 2.1 phosphates are transferred. The 

nature of this processivity has been attributed to a distal Pho80 binding site on Pho4 

(Byrne et al., 2004), though the site on Pho80 responsible for this interaction with Pho4 

is not known. Finally, the biochemical mechanism for Pho81-mediated inhibition (see 

below) is remarkably different for Pho85-Pho80 than that for canonical CKI-CDK-cyclin 
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complexes. In chapter 2 we use our crystal structure of Pho85-Pho80 to investigate 

each of these observations from a structural and biochemical viewpoint. 

 

The Pho85-Pho80 Inhibitory Complex: Pho81 and IP7 

 Pho81 is a large protein (134 kDa) originally identified as a positive regulator for 

PHO5 expression (To et al., 1973). Pho81 acts as negative regulator of PHO85 and 

PHO80 (Ueda et al., 1975). Pho81 binds Pho85-Pho80 in both high-Pi and no-Pi 

conditions and inhibits kinase activity in response to phosphate starvation (Schneider et 

al., 1994). Inhibition of the CDK-cyclin Pho85-Pho80 places Pho81 in the class of 

proteins known as CDK-inhibitors (CKIs). CKIs function in eukaryotic cell cycle control 

and oncogenesis (reviewed in (Grana and Reddy, 1995; Harper and Elledge, 1996; 

Peter and Herskowitz, 1994)). They serve as checkpoints for cell cycle progression by 

inhibiting their regulated CDK-cyclin pairs in response to developmental cues designed 

to pause cell growth and proliferation (Parker et al., 1995; Serrano et al., 1993). CKIs 

can be grouped into two families based on sequence identity and functional similarities. 

The Kip/Cip family includes p27Kip1, p21Cip1, and p57Kip2 (Harper et al., 1993; Matsuoka 

et al., 1995; Toyoshima and Hunter, 1994; Xiong et al., 1993), which preferentially 

inhibit CDKs in the G1/S phase (Harper and Elledge, 1996). The crystal structure of the 

69-amino-acid N-terminal region of p27Kip1 bound to Cdk2-cyclin A revealed the basis 

for inhibition (Russo et al., 1996a). The CKI in the structure contacts both Cdk2 and 

cyclin A and inserts a pseudo-substrate that mimics ATP into Cdk2’s kinase site. This 

causes a rearrangement of the catalytic site, locking the CDK-cyclin in an inactive state, 

and only occurs with preformed CDK-cyclin complex. 
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The INK4 (inhibitor of Cdk4) family comprises the other class of CKIs. INK4s 

contain an ankyrin repeat structure important for inhibition (discussed below) and 

include the proteins p16INK4a, p15INK4b, p18INK4c, and p19INK4d (Hannon and Beach, 1994; 

Hirai et al., 1995; Jen et al., 1994; Serrano et al., 1993). Crystal structures of Cdk6 

bound by either p16INK4a or p19INK4d reveal the ankyrin repeat domain making extensive 

contact with the CDK (Russo et al., 1998). This causes a major re-alignment of Cdk6 

that prevents Cdk6 from associating with its cognate cyclin. Unlike the Kip/Cip family, 

the INK4 family inhibits CDK-cyclin activity by competing with the free cyclin for CDK 

binding. Expression of both CKI families is induced transcriptionally when the cell 

requires inhibition of the correct CDK-cyclin complex. CKIs are also regulated post-

translationally by a number of phosphorylation and degradation pathways (Morgan, 

1997). 

 Pho81 does not fit within either family of canonical CKIs. First, Pho81 does not 

compete with Pho80 for Pho85 association (like an INK4 CKI) nor is binding sufficient to 

inhibit the Pho85-Pho80 complex (as it is for a Kip/Cip CKI). Second, although 

expression of PHO81 is increased ~ 2-fold during phosphate starvation (Ogawa et al., 

2000), similar levels of Pho81 are bound to the Pho85-Pho80 complex irrespective of 

external phosphate conditions (Schneider et al., 1994). Third, the domain responsible 

for Pho81-based inhibition shares no sequence similarity to the other CKIs. Huang et al. 

identified a novel 80 amino-acid segment of Pho81 (residues 644-723) termed the 

Pho81 minimal domain (Pho81MD) that is necessary and sufficient for Pho81 based 

inhibition (Huang et al., 2001). Fourth, inhibition mediated by Pho81 requires the small 

molecule myo-D-inositol heptakisphosphate (IP7) (Lee et al., 2007). During phosphate 
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starvation the enzyme Vip1 converts pools of myo-D-inositol hexakisphosphate (IP6) 

into IP7, and IP7 mediates the switch between inactive Pho81 and inhibitory Pho81. 

Pho81MD, IP7 and Mg2+ are the minimal components required to inhibit Pho85-Pho80 in 

vitro and inhibition proceeds in a reversible, non-covalent manner (Lee et al., 2008). 

Pho81MD can be broken down even further into three separate peptides: S2, a 21 

amino-acid peptide (residues 644-665) dispensable for inhibition; S3, a 35 amino-acid 

peptide (residues 666-701) that binds constitutively in a non-inhibitory manner to 

Pho85-Pho80; and S1, a 21 amino-acid peptide (residues 702-723) that binds only in 

the presence of IP7 and inhibits Pho85-Pho80 activity (Huang et al., 2007b; Lee et al., 

2008).  These differences between Pho81 and canonical CKI inhibitory mechanisms led 

us to ask: what are the structural and biochemical factors that facilitate Pho81-IP7 

inhibition? To address this question, we have identified Pho81 interaction sites on 

Pho85-Pho80 and speculate on how this might influence Pho81-IP7 inhibition in chapter 

2. 

 

Upstream of Pho81-IP7: PHO84, SPL2, ADO1 and ADK1 

 The first step in activating the PHO pathway occurs upstream of Pho81 and IP7. 

We know that IP7 is not the initial internal signal alerting the cell to inorganic phosphate 

limitation because in the inositol biosynthetic pathway the activity of Vip1 is held in 

check by the IP7 phosphatase Ddp1 (Lee et al., 2007; Safrany et al., 1999; Yang et al., 

1999). In high-Pi conditions, IP7 stores are constantly being converted into IP6, 

preventing the activation of the PHO pathway. The molecular mechanism regulating the 

ratio of IP7 to IP6 and the switch increasing IP7 production is unknown. A clue to this 
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process may come from the genes ADO1 and ADK1. Huang and O’Shea identified 

adenylate kinase (ADK1) and adenosine kinase (ADO1) in a systematic deletion screen 

for PHO regulatory components upstream of PHO81 (Huang and O'Shea, 2005). 

Deletion of either gene causes the constitutive expression of PHO5 (Huang and 

O'Shea, 2005). The biochemical details of this interaction are unknown; future 

experiments should explain how proteins associated with nucleotide metabolism are 

involved in regulation of the PHO response.  

 Although the mechanism linking external phosphate limitation to Pho81-IP7 

inhibition remains unclear, much is known about the upstream process of importing 

inorganic phosphate into the cell. In high-Pi conditions S. cerevisiae constitutively 

expresses a host of low-affinity inorganic phosphate transporters that transport 

phosphate into the cell (Ghillebert et al., 2011; Nieuwenhuis and Borst-Pauwels, 1984; 

Wykoff and O'Shea, 2001). Thus, phosphate transport is achieved without activating the 

PHO regulon. During starvation these transporters are repressed through the activity of 

SPL2 (Ghillebert et al., 2011; Hurlimann et al., 2009; Wykoff et al., 2007), causing 

positive feedback in the PHO pathway by temporarily lowering the phosphate transport 

rate and enhancing perceived starvation. Starvation induces the expression of the high-

affinity inorganic transporter, PHO84 (Ogawa et al., 1995). Pho84 increases the 

phosphate transfer rate causing a dampening of the PHO response and providing 

negative feedback to the system (Wykoff and O'Shea, 2001). Positive and negative 

feedback is processed through the Pho81-IP7-Pho85-Pho80 complex, creating the 

conditions necessary for bistability in intermediate phosphate conditions (Wykoff et al., 

2007). Bistability occurs because each individual cell can accomplish sufficient 
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phosphate uptake by expressing either many low-affinity transporters or one high-

affinity transporter and the feedback system effectively “locks” in this choice. Future 

experimentation in different fungal species should reveal whether this bistability is a 

conserved feature of the PHO pathway. 

 

PHO in Ascomycota: From Saccharomyces paradoxus to Neurospora crassa 

 Members of the ascomycota phylum have experienced diverse environmental 

conditions throughout evolutionary history. They have evolved gene genetic expression 

profiles to optimally exploit their environmental niches; yet, they all face the challenges 

described above for maintaining nutrient homeostasis. Given that successfully 

managing environmental flux places a strong selective pressure on an organism, 

signaling components required for a given stress response are often conserved through 

evolutionary time (Pinter et al., 2005). However, shared signaling components between 

related species can differ in how they integrate upstream signals that generate 

downstream transcriptional output (Gasch, 2007). Rewiring of signal transduction 

cascades can occur through cis-changes at the promoter – affecting transcription rate, 

transcription initiation, and transcript stability – or through trans-changes in the factors 

responsible for interacting with cis-elements – affecting transcription factor 

expression/activity (Chang et al., 2008; Wittkopp et al., 2004). Re-wiring allows each 

species to adapt a core stress response network to the unique challenges they face 

within their niche. The PHO pathway in S. cerevisiae is well suited for understanding 

how stress responsive pathways have evolved over time because we have a 
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comprehensive list of the cis- and trans-regulatory elements governing the PHO 

response that might have diverged in other ascomycetes. 

 The sequencing of many ascomycete genomes has greatly facilitated this 

analysis (Dujon et al., 2004). Using the available orthogroup assignments for the 23 

curated ascomycete genomes reveals a high degree of conservation for the signaling 

components in the PHO pathway (Wapinski et al., 2007). Orthologs for PHO80, PHO81, 

and PHO2 are found in 20 species, orthologs for PHO4 in 19, and orthologs for PHO85 

in all 23. The two primary downstream effectors, PHO5 and PHO84, are found in 17 and 

23 species, respectively.  

In some cases, it appears that the conserved signaling components share 

functional roles between species. In Kluyveromyces lactis the PHO5 ortholog, KlPHO5, 

is induced ~500-fold during phosphate starvation (Ferminan and Dominguez, 1997). 

The cis-regulatory elements upstream of KlPHO5 are conserved, as both Pho4 and 

Pho2 binding sites occur in the promoter. A 2.5Kb segment of KlPHO5, along with its 

native promoter, fully complements the pho5Δ phenotype when transformed into S. 

cerevisiae (Ferminan and Dominguez, 1997). In Candida glabrata the roles for PHO81, 

PHO80, PHO4, and MSN5 were all confirmed by deletion analysis (Kerwin and Wykoff, 

2009). As in S. cerevisiae, the loss of PHO81 and PHO4 results in a loss of phosphate-

responsive secreted acid phosphatase activity, while the loss of PHO80 and MSN5 

results in constitutive secreted acid phosphatase activity (Kerwin and Wykoff, 2009). 

Finally, in Neurospora crassa the orthologs to PHO81 (NUC-2), PHO80 (PREG), 

PHO85 (PGOV), and PHO4 (NUC-1) have been identified and their roles in phosphate 
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responsive signaling are functionally equivalent to those in S. cerevisiae (Metzenberg 

and Chia, 1979). 

 There is increasing evidence, however, that the PHO signaling components in 

the ascomycetes have been subjected to functional alterations during speciation. The 

PHO response in C.glabrata has undergone two such events at different levels of the 

signaling pathway. First, while the ortholog of PHO2 is present in C.glabrata, PHO2 

deletion does not lead to an inability to activate phosphate responsive genes as it does 

in S. cerevisiae (Kerwin and Wykoff, 2009). This dispensability of PHO2 for PHO 

activation is also seen in Candida albicans (Kerwin and Wykoff, 2009). Furthermore, 

despite extensive genetic analysis completed in N.crassa, the PHO2 ortholog has never 

been implicated in the N.crassa PHO response (Metzenberg and Chia, 1979; Peleg et 

al., 1996). Second, C.glabrata does not posses an ortholog of PHO5, which resulted in 

the niche specialization of the phosphomutase-like domain protein, PMU2 (Orkwis et al., 

2010). PMU2 displays a phosphatase activity and its expression is regulated in a 

phosphate- and PHO4-dependent manner. Apart from the examples mentioned above, 

little experimental work has been completed comparing the functional roles of the PHO 

components between different yeast species. Future experiments should reveal the 

extent of PHO pathway re-wiring due to speciation and the role different environmental 

niches have played in phosphate responsive signal transduction in various 

ascomycetes. 
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Phosphate Starvation in S. pombe: A Parallel PHO Pathway  

 S. pombe presents an interesting system for the study of the PHO pathway 

because the bulk of the PHO signaling components have been lost, yet S. pombe still 

senses and responds to inorganic phosphate starvation through some unknown 

mechanism. There are no clear orthologs of PHO4, PHO2, or PHO81 in S. pombe, and 

the closest orthologs to PHO80 and PHO85 are not involved in the phosphate starvation 

response (Tanaka and Okayama, 2000). Despite this lack of clear PHO involvement, 

the PHO5 ortholog, pho1+, remains phosphate responsive, with its expression induced 

2-5 fold during phosphate limitation (Henry et al., 2011; Maundrell et al., 1985; 

Schwaninger et al., 1990). pho1+ is also regulated by adenine starvation, though its role 

in nucleotide metabolism is unclear (Schweingruber et al., 1992). Prior to the 

implementation of a deletion library screen for regulators of pho1+ activity (discussed 

below) only a few aspects of pho1+ regulation had been reported, and they were limited 

primarily to chromatin remodeling. The ATP-dependent nucleosome remodeling 

complex, Ino80-Iec1, evicts histones from the pho1+ promoter in response to phosphate 

starvation, but it is unknown what factors activate Ino80-Iec1 during phosphate limitation 

(Hogan et al., 2010). Likewise, the SWI/SNF complex members snf5+ and snf22+ bind 

the pho1+ promoter and are required for pho1+ expression, but the mechanism 

controlling their response to phosphate starvation is unknown (Monahan et al., 2008). 

 Recently Henry et al. used a genome-wide set of gene deletions to identify genes 

required for normal pho1+ phosphate-responsive regulation in S. pombe (Henry et al., 

2011; Kim et al., 2010). They describe eleven genes that produce an uninducible pho1+ 

phenotype upon deletion and five genes that produce a constitutive phenotype. The 
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uninducible collection was sorted based on function and two transcription factors are 

identified. The first, snf5+ has been discussed previously. The second, pho7+, is a 

putative transcription factor containing a Zn2Cys6 binuclear cluster (ZC) domain. The ZC 

domain is often associated with transcription factors, although that role has not been 

experimentally confirmed for pho7+ (MacPherson et al., 2006). Of the constitutive 

mutants, both ado1+ and aps1+ are orthologs to S. cerevisiae PHO signaling 

components (ADO1 and DDP1, respectively). The other two genes in the constitutive 

category, spcc1393.13+ and csk1+, have orthologs in S. cerevisiae but the S. cerevisiae 

genes have no known role in the PHO pathway. The function of spcc1393.13+ in S. 

pombe is unknown, though the function of csk1+ has been well characterized. 

 csk1+ was first identified for its role in activating the CDK-cyclin complex Mcs6-

Mcs2 (Hermand et al., 1998). CDK-activating kinases (CAKs) are responsible for 

phosphorylating the T-loop of their target CDKs, promoting the full activity of the kinase 

subunit. Consistent with this role, csk1+ phosphorylates the positive transcription 

elongation factor b (P-TEFb) ortholog Cdk9, increasing the kinase activity ~10 fold (Pei 

et al., 2006). Phosphorylation of Mcs6 ad Cdk9 by Csk1 causes enhanced transcript 

elongation and more efficient mRNA capping/processing (Hermand et al., 1998; Pei et 

al., 2006). Unlike the CDK-cyclin complex responsible for PHO repression in S. 

cerevisiae, csk1+ functions without a cognate cyclin and operates solely as a CAK. How 

Csk1 causes inhibition of pho1+ transcription remains an open question. 

 From the deletion collection results, Henry et al. conclude that the PHO pathway 

in S. pombe has developed in parallel to the S. cerevisiae PHO pathway. The analogy 

to the S. cerevisiae system, where a transcription factor (PHO4 or pho7+) activates PHO 



 20 

responsive genes and a kinase complex (PHO85-PHO80 or csk1+) is responsible for 

repressing the system in high-Pi conditions piqued our interest. This regulatory structure 

is the subject of our whole-genome characterization of the PHO pathway in S. pombe. 

In chapter 3 we characterize the PHO responsive genes in S. pombe that are regulated 

by phosphate starvation, pho7+, and csk1+. We demonstrate the global enrichment of 

Pho7 throughout the S. pombe genome, including regions with no known role in 

phosphate starvation. We elucidate the mechanism for pho7+ and csk1+-dependent 

regulation at the pho1+ promoter. Finally, using additional stress conditions (i.e. iron-

starvation, copper-starvation, osmotic pressure, and carbon source switching) we 

demonstrate that, unlike PHO4, pho7+ has a broader role in additional stress response 

networks. The PHO pathway in S. pombe and the elements we explored in chapter 3 

are summarized in Figure 1.2. 
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ABSTRACT 

 The ability to sense and respond appropriately to environmental changes is a 

primary requirement of all living organisms. In response to phosphate limitation, 

Saccharomyces cerevisiae induces transcription of a set of genes involved in the 

regulation of phosphate acquisition from the ambient environment. A signal transduction 

pathway (the PHO pathway) mediates this response, with Pho85-Pho80 playing a vital 

role. Here we report the x-ray structure of Pho85-Pho80, the first for CDK-cyclin 

complex functioning in transcriptional regulation in response to environmental changes. 

The structure revealed a specific salt link between a Pho85 arginine and a Pho80 

aspartate that makes phosphorylation of the Pho85 activation loop dispensable and that 

maintains a Pho80 loop conformation for possible substrate recognition. It further 

showed two new sites on the Pho80 cyclin for high affinity binding of the transcription 

factor substrate (Pho4) and the CDK inhibitor (Pho81) that are markedly distant to each 

other and the active site.  
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INTRODUCTION  

Inorganic phosphate is an essential nutrient for all organisms, as it is required for 

the biosynthesis of diverse cellular components including nucleic acids, proteins, lipids, 

sugars and phospho-metabolites. The budding yeast Saccharomyces cerevisiae 

phosphate-responsive signaling system (known as the PHO pathway) senses and 

responds to changes in the concentration of inorganic phosphate in the medium [(Toh-e 

et al., 1973; Ueda et al., 1975); reviewed in (Carroll and O'Shea, 2002)]. Through this 

pathway, many PHO genes are repressed in high-phosphate conditions and induced in 

conditions of phosphate limitation. Central to the PHO pathway is a CDK-cyclin 

complex, Pho85-Pho80, whose activity is regulated in response to extracellular 

phosphate availability (Kaffman et al., 1994; Schneider et al., 1994; Toh-e et al., 1988). 

Pho81, a CDK inhibitor (CKI), binds to Pho85-Pho80 when cells are grown in both high-

and no-phosphate conditions, but inhibits the kinase activity only during phosphate 

limitation (Schneider et al., 1994). The Pho85-Pho80-Pho81 complex regulates the 

location and activity of Pho4 (Kaffman et al., 1994), a transcription factor required for 

expression of phosphate-responsive genes, including PHO5, which encodes a secreted 

phosphatase. In high-phosphate medium, Pho85-Pho80 phosphorylates and inactivates 

Pho4. In medium devoid of phosphate, Pho81 inhibits Pho85-Pho80, leading to 

accumulation of unphosphorylated Pho4 in the nucleus and activation of PHO5 

transcription.  

Pho85, through its association with nine other Pho85 cyclins (called Pcls) 

(Measday et al., 1997), is one of the most versatile CDKs. Pcls target Pho85 to different 

substrates and thus other cellular functions (Carroll and O'Shea, 2002; Toh-e and 
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Nishizawa, 2001), but the structural basis for substrate targeting is unclear. Of the 

diverse cellular functions regulated by Pho85, the PHO pathway is by far the best 

studied.  

Despite significant similarity between Pho85 and the cell cycle CDKs, especially 

Cdc28/CDK2 (Toh-e et al., 1988), Pho85 possesses several prominent distinct features. 

Whereas phosphorylation of a conserved threonine or serine residue on the kinase 

subunit activation loop is required for full activation of CDK-cyclin complexes functioning 

in cell cycle [reviewed in Morgan, 1996; Russo et al., 1996b)], it is dispensable for 

Pho85-Pho80 kinase function (Nishizawa et al., 1999). The residue at the +3 position of 

the consensus sequence (S/TPXK/R, where S/T is the phosphorylatable residue and X 

is any residue) of the substrates of most cell cycle CDK-cyclin complexes differs 

radically from that (SPXI/L) of the five phosphorylation sites on the Pho4 substrate of 

Pho85-Pho80 (O'Neill et al., 1996). Moreover, tight interaction between Pho80 and a 

site distal to the phosphorylation sites in Pho4 enhances catalytic efficiency by orders of 

magnitude and enables semi-processive phosphorylation (Byrne et al., 2004; Jeffery et 

al., 2001). The inhibitory domain of the Pho81 CKI differs from those of the two major 

types of mammalian CKIs, the INK4s and Cip/Kips, of cell cycle regulation (Huang et al., 

2001). In addition, unlike CKIs of the cell cycle CDK-cyclin complexes which either 

target the kinase solely or both kinase and cyclin [reviewed in (Endicott et al., 1999)], 

Pho81 interacts with Pho85-Pho80 primarily through association with the Pho80 subunit 

(Schneider et al., 1994). Interestingly, Pho81 has the unusual property of forming a 

stable complex with Pho85-Pho80 under both high- and low-phosphate concentrations, 

but only inhibiting under low phosphate conditions (Schneider et al., 1994). Recently, it 
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has been reported that kinase inhibition by the constitutively associated Pho81 requires 

myo-D-heptakisphosphate (IP7) (Lee et al., 2007). To gain new insights into the 

molecular nature of the distinct features of the Pho85 in conjunction with Pho80 cyclin, 

as well as the role of the complex in the PHO pathway, we carried out the determination 

of the crystal structure of the Pho85-Pho80 complex.  

RESULTS AND DISCUSSION  

Structure of the Pho85-Pho80 Complex  

Crystals of the complex of full-length Pho85 (305 residues) and Pho80 (293 

residues) were obtained by the hanging drop method and optimized by the addition of 

strontium to the precipitant and incubation at 10°C (see Supplemental Data). The 

structure, with two Pho85-Pho80 complexes in the asymmetric unit and an unusually 

high water content (~80%), was determined by single wavelength anomalous dispersion 

(SAD) and refined to 2.9 Å resolution (Table 2.1). The structure was used subsequently 

to determine, at an identical resolution, the structure of the isomorphous co-crystal of 

Pho85-Pho80 and the nonhydrolyzable ATP analog, ATP-γ-S (Table 2.1). The co-

crystal structure is the focus of this report.   
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Pho85 has a typical CDK fold, consisting of two distinct lobes – a smaller N-

terminal (or N) lobe composed mainly of a five-stranded antiparallel β sheet and the 

PSTAIRE helix and a much larger C-terminal (or C) lobe rich in α helices (Figure 2.1A). 

The structure is not unexpected given amino acid sequence identity as high as ~55% 

between Pho85 and CDK2, the mammalian cell cycle regulator (Morgan, 1997), and 

CDK5, an important signal transducer in neuronal development (Smith et al., 2001) and 

the closest known functional homolog of yeast Pho85 (Huang et al., 1999; Nishizawa et 

al., 1999). The ATP analog ATP-γ-S is bound in the cleft between the N and C lobes of 

Pho85 (Figure 2.1A) and held in place by nearly identical residues that bind the 

AMPPNP in the structure of the CDK2-cyclin A-peptide substrate-AMPPNP-Mg2+ 

complex (Brown et al., 1999). The cleft further harbors the catalytic center, which 
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contains the conserved catalytic triad of residues in CDKs (Lys33, Glu51 and Asp145 in 

CDK2 and Lys36, Glu53 and Asp151 in Pho85).   

Pho80 has a single globular domain structure composed of eight helices, 

identified as αNT for the first helix, α1 to α5 for the core helix bundle and αCT1 and 

αCT2 for the last two helices that cap one end of the helix bundle and bring the C-

terminal loop close to the N-terminal loop (Figures 2.1A and B). Pho80 contains several 

unusually long meandering loops, including those at both termini and between helices 

αNT and α1, and αCT1 and αCT2 (Figure 2.1A and Figure S2.1 in Supplemental Data). 

Furthermore, unlike the cyclins functioning in the cell cycle [e.g., the structure of the 

259-residue fragment of vertebrate cyclin A bound to CDK2 (Jeffrey et al., 1995)], which 

contain tandem duplications of five-helix bundles (also known as cyclin boxes), the 

Pho80 structure shows only one cyclin box, which corresponds to the core helices α1 to 

α5 (Figures 2.1A and B). This structural result solidifies previous sequence comparison 

indicating one cyclin box for Pho80 and all other nine Pcls (Moffat et al., 2000) (see also 

Supplementary Figure S2.1). p25, the 147-residue fragment of the p35 activator of 

CDK5, is to our knowledge the only other cyclin whose crystal structure (Tarricone et 

al., 2001) shows a single cyclin box (minus the missing α4), as well as the presence of 

αNT helix and two additional C-terminal helices at locations quite close to those in 

Pho80 (Figure 2.1B).  
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Figure 2.1. Structure of Pho85-Pho80 
(A) Ribbon backbone trace of the crystal structure of the Pho85-Pho80 complex with the bound ATP 
analog, ATP-γ-S. Pho85 is shown in cyan, and its PSTAIRE helix and activation loop in blue and marine, 
respectively. Pho80 is depicted in red. The ATP-γ-S is represented in balland-stick model. The amino- 
and carboxy-terminal ends of Pho85 are marked by N and C, respectively, and those of Pho80 are 
denoted by residue numbers 16 and 250, respectively. The first 15 and last 43 residues in Pho80 are not 
visible (or disordered) in the electron density map, indicating their flexibilities. The long loops in Pho80 
include the visible N-terminal 17 and C-terminal 22 residue loops, the 25 residue loop between αNT and 
α1, and the 33 residue loop between αCT1 and αCT2 helices (see Figure S2.1). The two dotted lines in 
the Pho80 trace represent disordered segments (see Figure S2.1). R132 on Pho85 and D136 on Pho80 
form a salt link (details shown in Figure 2.2). (B) Relative positions of Pho80 (red), cyclin A (gray), and 
p25 (yellow) following superposition of their cognate kinase subunits as they occur in the structures of the 
Pho85-Pho80-ATP-γ-S complex, the phosphorylated CDK2-cyclin A complex (Brown et al., 1999), and 
CDK5-p25 (Tarricone et al., 2001). The orientation of Pho80 is identical to that shown in (A). The 
depiction of the α helices by cylinders emphasizes the differences between the relative orientations of the 
cyclins. p25 lacks the equivalent of the two-turn α4 helices in Pho80 and cyclin A, and in its place is a turn 
that includes the P247 residue. The PSTAIRE (Pho85 and CDK2) or PSSALRE (p25) helices are shown 
in blue (Pho85), green (CDK2), and purple (CDK5). Although the PSTAIRE/PSSALRE helices are 
completely superimposable, the contacts they make with their cognate cyclins vary (e.g., see Figures 
S2.2 and S2.3). In the truncated cyclin A structure, only the first helix (αNT) and the first cyclin box are 
shown. The succeeding two helices (α10 and α20 ) in cyclin A (not shown) constitute the first two helices 
of the second cyclin box and adopt positions different from those of αCT1 and αCT2, respectively, in 
Pho80 or p25. The αNT helix of cyclin A makes significant interaction with the C-terminal lobe of CDK2 
(Russo et al., 1996b). In contrast, the αNT helices of Pho80 and p25, which approximately adopt similar 
positions, do not participate in kinase binding because they lie on the opposite side of the cyclin 
structures to the kinase-cyclin interface or the location of αNT in cyclin A. 
 

However, superposition of the Pho80 and p25 cyclin structures indicates only 84 

overlapped α-carbons with rmsd of 2.0 Å, of which a significant number (59 α-carbons) 

are confined to α3, α4 and α5 helices that contact the region adjacent to the active site 

cleft of the cognate kinase subunits. As in the case of many other cyclins, Pho80 and 
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p25, as well as the Pcls (Supplementary Figure S2.1), show no significant sequence 

similarity.  

Superposition of the CDK subunits as they occur in the structure of the fully 

activated, phosphorylated CDK2-cyclin A complex (Brown et al., 1999) and those of the 

Pho85-Pho80-ATP-γ-S and CDK5-p25 (Tarricone et al., 2001) complexes, indicates no 

gross changes in the kinase conformation. Moreover, the superposition indicates that 

similar regions, mainly the PSTAIRE (Pho85 and CDK2)/PSSALRE (CDK5) helix and its 

preceding loop and the activation (or T-) loop, are engaged in major interactions with 

the regulatory partners. The superposition also clearly shows the differences in the 

relative dispositions of the equivalent helices and in the lengths and conformations of 

the inter-helix connecting loops in the cyclin subunits (Figure 2.1B). Consequently, the 

involvements of the helices and loops of the cyclins at the interface with their cognate 

kinases vary (for example, see Figures S2.2 and S2.3 in Supplemental Data). These 

variations, indicative of the plasticity of the CDK-cyclin interfaces, are underscored by 

comparing the three different complex structures in the following framework. In the 

Pho85-Pho80 complex, the cyclin helices (mostly the set of helices α3, α4 and α5) are 

involved in slightly fewer contacts (~45%) at the interface than the loop regions (~55%) 

located mainly between α3 and α4, α5 and αCT1 and αCT1 and αCT2. In contrast, in 

the CDK5-p25 complex, the cyclin makes significantly more contacts (~75%) via the 

same set of helices and α6 than via principally one loop that follows α3. The CDK2-

cyclin A interface portrays the extreme case; the distribution is ~85% helices, 

contributed mostly by α3, α5 and αNT and ~15% loops, provided almost entirely by the 

one between α5 and α1′ helices, the first helix of the second cyclin box.   



 42 

 

Discovery of a Specific Mechanism for Circumventing Activation Loop 

Phosphorylation 

Despite the difference in the juxtapositions of Pho80 and p25 with their kinase 

partners, the two complexes share one key functional feature that is distinct from the 

CDK-cyclin complexes involved in cell-cycle regulation. Whereas phosphorylation of the 

T/S residue on the T loop (e.g., T160 of CDK2) by the CDK activating enzyme is 

obligatory for full activation of the cell-cycle CDK-cyclin complexes, it is not required for 

Pho85-Pho80 and CDK5-p35 despite the presence of an equivalent serine residue on 

their T loops (S166 on Pho85 and S159 on CDK5) (Espinoza et al., 1998; Nishizawa et 

al., 1999; Poon et al., 1997). Phosphorylation of the T loop T160 residue of CDK2-cyclin 

A causes a large conformational rearrangement that results in the opening of the 

substrate site and proper formation of the entire active-site region (reviewed in 

Pavletich, 1999 and Russo et al., 1996b). Moreover, the presence of the phosphoryl 

adduct dictates the strong preference for the positively charged residue at the +3 

position of the consensus sequence (SPXK/R) of substrates of cell-cycle CDK-cyclin 

complexes. The crystal structure of phosphorylated CDK2-cyclin A in the presence of a 

peptide substrate containing the consensus sequence SPRK, AMPPNP, and Mg2+ 

illustrates that the structural basis for this substrate specificity is a salt link formed 

between the phosphoryl adduct and the +3 positively charged residue (Brown et al., 

1999). The dispensability of the T loop phosphorylation in the Pho85-Pho80 complex 

and the strong preference for large aliphatic side chains (I/L) at the +3 position of the 

consensus sequence of the five phosphorylation sites on the Pho4 substrate indicate 
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that Pho80 binding is sufficient for full activation of the kinase activity and that a different 

strategy is used for the recognition of the residue at the +3 position. 

Our Pho85-Pho80 structure analysis has led to the discovery of a charge-

coupling interaction between the kinase and the cyclin subunits that makes activation 

loop phosphorylation dispensable. The interaction is between the guanidinium group of 

R132 on the C lobe of Pho85 and the carboxylate group of D136 on the 6 residue α3-α4 

loop (named D loop) of Pho80 (Figures 2.1A and 2.2).  

 
Figure 2.2. A Salt Link between Pho85 R132 and Pho80 D136 that Makes T Loop Phosphorylation 
Dispensable 
(A) Relative positions of the loop between α3 and α4 in Pho80 (red) and cyclin A (gray) and the PSTAIRE 
helices and segments of the activation loops in Pho85 (residues 155–168) (marine) and phosphorylated 
(T160) CDK2 (residues 149–163) (green). The overlay is based on the superposition of the structures of 
the kinase subunits as they occur in the structures of the Pho85-Pho80-ATP-γ-S complex, and the 
phosphorylated CDK2-cyclin A complex (Brown et al., 1999). The α3-α4 loop in Pho80 deploys D136, 
hence the ‘‘D loop’’ name. The activation loop T160 (with the phosphoryl adduct) of CDK2 corresponds to 
S166 in Pho85. Pho85 R132 and CDK2 R126 are superimposable. CDK5 R125 adopts an almost 
identical position as those of Pho85 R132 and CDK2 R126 (data not shown). Pho80 D136 has no 
counterpart in cyclin A and p25. A more global view of the D loop and the salt link is shown in Figure 
2.1A. (B) Similar superposition as shown in (A), except that the CDK2 structure is the unphosphorylated 
form (Jeffrey et al., 1995). The position of R126 of CDK2 is essentially unchanged from that in the 
phosphorylated CDK2 (A). Note the significant change in the conformation of the segment of the T loop of 
CDK2 following phosphorylation (compare with that in [A]). 
 
The charge-coupling interaction matches closely that occurring in the phosphorylated 

CDK2-cyclin A complex, between the guanidinium group of CDK2 R126, the equivalent 
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of Pho85 R132, and the phosphoryl adduct to the T loop T160 residue (Figure 2.2A). 

Thus, the R132-D136 salt link makes T loop phosphorylation of Pho85 no longer 

necessary for full kinase activation. The fact that the R126 in the phosphorylated CDK2 

structure remains in an identical position in the unphosphorylated kinase subunit (Figure 

2.2B) indicates its major role in dictating the ultimate position of the phosphoryl group 

required for full kinase activation and substrate recognition. In contrast, if the T loop 

S166 of Pho85 were phosphorylatable, the presence of Pho80 D136 would prevent the 

phosphoryl group from assuming a position similar to that of the phosphoryl group on 

T160 of CDK2. Support for the importance of the R132-D136 salt link is provided by the 

observation of loss of Pho80 function following very conservative mutation of D136 to N 

(Madden et al., 1990). Moreover, the complete conservation of Pho80 D136 in all of the 

other nine Pcls (see Figure S2.1) highlights the arginine-aspartate salt link as a 

common feature of a large family of CDK-cyclin complexes essential in the regulation of 

diverse cellular functions. 

Potential Involvement of the D Loop in Substrate Recognition 

The CDK5-p25 complex crystal structure offered the first detailed view of a 

phosphorylation-independent, fully active CDK-cyclin complex (Tarricone et al., 2001). 

Moreover, a modeling study, followed by mutational analysis, has indicated the 

importance of the carboxylate side chain of E240, located close to the beginning of the 

loop that follows the α3 helix of p25, in the recognition of the positively charged residue 

at the +3 position of the substrate consensus sequence SPXK/R (Tarricone et al., 

2001). Interestingly, F138, the sole hydrophobic residue on the D (or α3-α4) loop in 

Pho80 (Figure 2.3A and Figure S2.1), is in a position to mimic the role of the p25 E240, 
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in recognizing the I/L at the +3 position of the consensus sequence (SPXI/L) of the five 

phosphorylation sites on the Pho4 substrate of Pho85-Pho80 (O’Neill et al., 1996). 
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Figure 2.3. Three Functional Sites of the Pho80 Cyclin Subunit 
(A) Ribbon trace of Pho80. The regions of the three functional sites are identified as follows (see also 
text): the bound ATP-γ-S (stick representation) marking the location of the kinase active-site region; 
the cluster of residues C30, L38, R41, M42, and G229 and segments of residues 17–24 and 243–246 
forming a large cavity for possible tight interaction with the site on Pho4 distal to the phosphorylatable 
sites; and the salt link between R121 and E154 in a region for docking the inhibitor, Pho81. The 
peptide near the ATP-γ-S corresponds to a model of the the SPRL consensus sequence of the five 
Pho4 phosphorylation sites (O’Neill et al., 1996). Placement of the peptide was derived by 
superimposing the atomic coordinates of only the Pho85 and CDK2 subunits in the Pho85-Pho80-
ATP-γ-S structure and the structure of the phosphorylated CDK2-cyclin A with a bound peptide 
containing the SPRK consensus sequence and AMPPNP-Mg2+ (Brown et al., 1999). Changing the K 
at the +3 position to L to conform to the Pho4 consensus sequence, SPXI/L, indicates that the L side 
chain would be within van der Waals distance to the F138 located on the α3-α4 (or D) loop in Pho80. 
(B) Electrostatic surface potential surface of Pho80 contoured at -10 kT (red) and +10 kT (blue) 
calculated with GRASP (Nicholls et al., 1991). Pho80 is in identical orientation as in (A). The region 
involved in binding of the CKI Pho81 is enclosed by red dashed lines. The region involved in docking 
of the site on Pho4 distal to the phosphorylation sites is enclosed in magenta dashed lines. (C) 
Hydrophobic patch on cyclin A for docking the RXL motif of substrates or CKIs. The bound ligand, with 
backbone trace in green, shows only the RRL sequence (the equivalent of the RXL motif) of the 
substrate recruitment peptide RRLFGE of p107 (Brown et al., 1999). The residues M210, I213, and 
E220 on a1 and R250 on a3 define the specificity of the patch in a group of cell-cycle cyclins for the 
RXL motif (Endicott et al., 1999). (D) Identical to (C), but with the surface of cyclin A removed for 
clarity, and the α1 and α3 helices and their preceding loops of Pho80 superimposed. 
The first two turns of α1 of cyclin A, which provides M210 and I213, are missing in the corresponding 
α1 of Pho80. 
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Figure 2.3. Continued 
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 To assess the role of Pho80 F138 in substrate phosphorylation, we analyzed the 

effects of substitutions of this residue (Table 2.2). The Pho80 F138A mutation caused a 

3.5- and 7.8-fold decrease in kcat/KM for phosphorylation of the natural substrate, Pho4, 

and the specific 24 residue peptide substrate (called SPVI), respectively. These results, 

together with an even greater (15.7-fold) reduction in the phosphorylation of Pho4 

caused by the mutation F138E, suggest a major role for Pho80 F138 in attaining full 

kinase activity. The approximately three orders of magnitude greater catalytic efficiency 

of wild-type Pho85-Pho80 toward Pho4 compared to SPVI has been previously 

observed (Jeffery et al., 2001) and is attributed to the interaction between a site in Pho4 

distal to the phosphorylation sites and a site in the Pho80 cyclin (Byrne et al., 2004; 

discussed further below). The 9.8-fold decrease in activity toward SPVA, a nonspecific 

peptide substrate, is consistent with the strong preference for the large aliphatic side 

chain at +3 position of the consensus sequence of the Pho4 phosphorylation sites. 

These observations suggest that F138 of Pho80 and position +3 of the substrate are 

important for efficient phosphorylation. If F138 interacts favorably with I in the +3 

position of the substrate and the only effect of F138A is to prevent this interaction, we 

expect that the F138A mutation will decrease phosphorylation of the SPVI substrate, but 

that SPVA will be phosphorylated with efficiency comparable to the wild-type Pho80. 

Unexpectedly, the decrease in phosphorylation resulting from the F138A mutation is 

similar for both SPVI and SPVA substrates (14.9- versus 11.1-fold), suggesting that 

mutation of F138 may have additional effects on the structure of the kinase which cause 

a general reduction in catalytic efficiency. 
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The close similarity in the mechanism of substrate recognition by Pho85-Pho80 

and CDK5-p25, being governed by F138 in Pho80 and E240 in p25, is in accord with 

the finding that the mammalian CDK5 is the closest functional homolog of the yeast 

Pho85. The mechanism is consistent with the findings that Pho85 can bind to p35/p25 

and phosphorylate CDK5 substrate or, vice versa, that CDK5 can bind to some of the 

Pho80/Pcls and phosphorylate Pho85 substrates (Huang et al., 1999; Nishizawa et al., 

1999). 

Whether the residues in the other Pcls corresponding to F138 of Pho80 or E240 

of p25, which are located in a similar loop, also play a role in recognizing the residue at 

the +3 position of the phosphorylation sites of substrates of other Pho85-Pcl complexes 

remains uncertain. Interestingly, the substrates that have been identified for several 

other complexes have different residues at the +3 positions (Table S2.1). However, 

sequence alignment of Pho80 and Pcls indicates that the residues aligned with F138 

residue vary, but not in a manner that would be complementary to the different +3 

residues of the substrates (Figure S2.1 and Table S2.1). 

A Unique Site on Pho80 for Tight Binding of Pho4 Substrate 

The structure of Pho85-Pho80 has further provided insights into two other major 

roles of the regulatory subunit in the PHO signaling system, owing to its tight 
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interactions with a site on Pho4 distal to the phosphorylation sites and with the CKI, 

Pho81. In addition to its potential role in interacting with the substrate in the active-site 

region, Pho80 plays an important role in substrate selection through binding with the 

Pho4 distal site, thereby enhancing the catalytic efficiency by orders of magnitude (e.g., 

see Table 2.2) and enabling semiprocessive phosphorylation of multiple serine residues 

(Byrne et al., 2004; Jeffery et al., 2001). The Pho4 distal site apparently comprises two 

long segments (1–30 and 156–200) (Byrne et al., 2004; Jayaraman et al., 1994). To 

identify the site on Pho80 for tight interaction with the Pho4 distal site, we have 

examined the wealth of data from mutagenesis studies of Pho80, focusing initially on 

those single amino acid changes that produce stable protein mutants but are unable to 

phosphorylate and inactivate Pho4 and mapping them onto the crystal structure. Point 

mutations of M42 to I, V, or L in Pho80 were found to suppress constitutively active 

alleles of PHO4, implicating this region, located in the αNT helix (Figure 2.3A), in Pho4 

interaction (Okada and Toh-e, 1992). Interestingly, the three M42 mutations are able to 

suppress the constitutive phenotype of Pho4 L171 and 163–171 deletions (Okada and 

Toh-e, 1992), which are located in one of the two segments of the Pho4 sequence that 

comprise the distal, high-affinity site. Nine single amino acid missense mutations of 

Pho80, excluding the initiator M1 residue, have also been shown to cause the failure to 

repress PHO5 transcription at high phosphate levels (Madden et al., 1990). 

Four of these mutations cluster adjacent to each other in the Pho80 structure: 

C30Y, L38F, and R41Q, which reside on the αNT helix and its preceding loop, and 

G229D, which resides close to the C-terminal end of αCT2 (Figure 2.3A). These four 

residues, together with M42, form a solvent-exposed, extended surface (Figure 2.3B) 
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remote from the active center or the Pho85-Pho80 interface. The other five mutations 

involving residues 130, 136, 148, 149, and 172 do not belong to another cluster or 

occupy positions near the active center, with the exception of the D loop D136 (Figure 

2.1A; discussed below). The extended cluster makes up a significant portion of an 

oblong shallow cavity punctuated by a small central hole (Figure 2.3B) that is further 

bounded by the combined regions of the ordered N- and C-terminal loops (Figure 2.3A). 

Support for the participation of the two terminal loops in Pho4 binding is provided by the 

finding (Madden et al.,1990) that deletion of the first 16 or the last 47 (247–293) residue 

segments (which interestingly are completely invisible in the electron density [Figure 

2.1A]) caused no diminution of the Pho80 function, but further deletion of residues 17–

24 or 243–246 (which are far from the Pho85-Pho80 interface) resulted in nonfunctional 

Pho80. The cavity and its close vicinity exhibit three different surfaces: an intense 

positive electrostatic surface contributed mainly by portions of helices αNT and αCT2, a 

negative surface associated with a single carboxylate confined on the central hole, and 

a hydrophobic surface located primarily on the N- and C-terminal loop regions (Figure 

2.3B). The role of hydrophobic interaction is consistent with the observation that five of 

the seven single amino acid substitutions in the two segments that cause Pho4 to be 

constitutively active are hydrophobic residues (Byrne et al., 2004). Hydrophobic 

interaction, combined with electrostatic interactions, may be sufficient to keep Pho4 in 

place in order to achieve multiple phosphorylations in a semiprocessive manner. 

To test the hypothesis that the residues C30, L38F, R41, and G229 are part of a 

distal binding site for Pho4, we generated the four Pho80 mutants known to be defective 

in phosphorylation of Pho4 in vivo (C30Y, L38F, R41Q, and G229D) and assayed their 
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enzymatic activity. Each of the Pho80 mutants was coexpressed and purified in a stable 

1:1 complex with Pho85 (Supplemental Data). Consistent with the proposed role of the 

residues in distal Pho4 binding, each of the mutations caused a 2.7- to 5.7-fold increase 

in KM values (Table 2.3). As reported previously for Pho4 mutants defective in 

interaction with Pho80-Pho85 (Byrne et al., 2004), this decrease in KM suggests that 

these residues may play a role in increasing the local concentration of Pho4. 

Surprisingly, the alterations in the putative distal site also caused a 1.8- to 8.1-fold 

decrease in kcat. This finding has two possible explanations: either the mutations 

introduced have caused a subtle change in the Pho80 structure, perturbing the Pho85-

Pho80 kinase active center, or the mutations are not only involved in increasing the 

local concentration of Pho4 but play some other undetermined role in the mechanism of 

Pho4 phosphorylation. 

 

To determine whether the distal site mutations somehow caused alteration of the 

active site, we assayed the kinase activity of the cyclin mutants toward the SPVI peptide 

substrate, which lacks a site for high-affinity interaction with Pho80. If the active site of 

the kinase is perturbed, then we expect to see a similar decrease in kinase activity with 

the SPVI peptide as we saw for full-length Pho4. If, however, the loss in kinase activity 

is due solely to the lack of interaction between Pho4 and the putative distal site, then 
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the Pho80 mutants should phosphorylate SPVI peptide in a manner similar to wild-type 

Pho80-Pho85. In each case, kcat/KM of the distal site mutants for the peptide substrate 

SPVI changed by no more than 2.2-fold (Table 2.3; compared to 6.3- to 46-fold change 

in kcat/KM for full-length Pho4). While this change in activity does not rule out a slight 

perturbation of the active site, it suggests that the primary effect of these mutations is to 

disrupt distal interactions with Pho4. The structural and biochemical data presented 

here suggest that this region is a site for distal, high-affinity Pho4 interaction. 

Many other CDK-cyclin substrates are believed to also contain distal binding 

sites, and an RXL motif has been identified for recruiting substrates, as well as the 

Cip/Kip type CKIs, to the cell-cycle cyclins (Adams et al., 1996; Schulman et al., 1998; 

reviewed in Endicott et al., 1999). Structure analysis has revealed a small hydrophobic 

patch on cyclin A for interacting with the RXL motif (Brown et al., 1999; Russo et al., 

1996a) (Figure 2.3C). The hydrophobic patch, which is conserved among the A, B, D, 

and E cyclins (Endicott et al., 1999), is located on the opposite side of the cyclin 

structure to the catalytic center and composed mostly of the N-terminal regions of 

helices α1 and a3 (Figure 2.3C). Although RXL motifs are present in the Pho4 distal 

binding site and the 80 residue segment of the Pho81 CKI that is sufficient for kinase 

inhibition, they are not required for substrate and inhibitor binding to Pho85-Pho80 

(Huang et al., 2001 and the Supplemental Data). A clear explanation for this finding has 

emerged from the structure of Pho85-Pho80. Neither the hydrophobic patch on cyclin A 

nor the set of residues (M210, I213, and E220 on α1 and R250 on α3) that defines the 

specificity of the patch for the RXL motif (Endicott et al., 1999) (Figure 2.3C) is present 

in Pho80 (Figure 2.3D). In fact, the area in question in Pho80 bears no resemblance to 
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that harboring the hydrophobic patch on cyclin A. As shown in the superimposed 

structures in Figure 2.3D, the area in Pho80 is overlaid mostly by segments of the loops 

preceding α1 and α3 of cyclin A and, moreover, the first two turns of the α1 helix in 

cyclin A, which provide M210 and I213, are nonexistent in Pho80. Interestingly, the 

hydrophobic patch on the cell-cycle cyclins (Figure 2.3C) appears to be much smaller 

than the region in Pho80 for tight binding of Pho4 (Figures 2.3A and 2.3B). A larger 

region in Pho80 likely also reflects the need to accommodate and bind tightly a more 

extensive Pho4 distal site formed from the folding of two long discontinuous polypeptide 

segments. 

Location of a Site on Pho80 for Tight Binding of Pho81 CKI 

The activity of Pho85-Pho80 is further regulated by a CKI, Pho81 (Ogawa et al., 

1995; Schneider et al., 1994). Pho81 is thus far the only well-established CKI of the 

Pho85-Pho80/Pcl family. It has the unusual property of forming a stable complex with 

Pho85-Pho80 under both high and low-phosphate concentrations, but only inhibiting 

under low-phosphate conditions (Schneider et al., 1994). Functional studies have 

demonstrated that Pho81 exerts its inhibitory activity by tightly binding mainly to Pho80 

(Huang et al., 2001; Schneider et al., 1994) and have identified a segment of 80 

residues that is necessary and sufficient for CKI function (Huang et al., 2001). Genetic 

screen studies have also indicated that the region of R121 and E154 in Pho80 is 

involved in binding Pho81 (Schneider et al., 1994). R121 and E154 reside near the N 

termini of helices α3 and α5, respectively, and form a salt link at the base of a solvent-

exposed U-shaped surface, which is ~35 Å to the catalytic center (Figures 2.3A and 

2.3B). The U-shaped surface and its close vicinity deploy positively charged residues, 
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including K70 near the C terminus of the αNT-α1 loop and R151 at the N terminus of α5, 

which form the two sides of the U surface (Figures 2.3A and 2.3B). Binding of the 

inhibitory segment may be accomplished partly by docking onto the U-shaped surface 

and, concomitantly, by making complementary electrostatic interactions with the nearby 

positively charged surface. Pho81 binding may also involve hydrophobic interaction 

because hydrophobic residues constitute half of the 80 residue primary sequence of the 

inhibitory domain of Pho81. 

Recently, Lee et al. demonstrated that myo-D-heptakisphosphate (IP7) regulates 

Pho81 inhibition of Pho85-Pho80 in vivo and in vitro (Lee et al., 2007). The positively 

charged nature of the putative Pho81 binding site and surrounding area (Figure 2.3B) 

could reflect a role in binding IP7. 

CONCLUSIONS 

Because the Pho85-Pho80 complex structure is to our knowledge the first for a 

member of the superfamily of Pho85-Pho80/Pcl CDK-cyclin complexes, it sets the stage 

for future comparison with structures of other complexes that regulate other cellular 

functions. The structure has shed new light on the remarkable multiple key functional 

roles that Pho80 plays in the PHO pathway by harboring sites for conferring substrate 

specificity, for tight interaction with the distal site of the Pho4 substrate, and for high-

affinity binding of the inhibitory domain of the CKI Pho81. The binding sites for the Pho4 

and Pho81 have heretofore not been seen in other CDK-cyclin complexes, and 

moreover, neither site contains the equivalent of the hydrophobic patch on cell-cycle 

cyclins for interacting with the RXL motif of substrates or inhibitors. Pho80, in 

partnership with Pho85, further plays an important role in a prototypic mechanism for 
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circumventing T loop phosphorylation for full activation of the CDK-cyclin complex. By 

deploying both D136 and F138, the α3-α4 loop or D loop of the Pho80 cyclin box has 

emerged as playing important dual roles in the activity of Pho85-Pho80. The charge 

coupling of Pho80 D136 with the Pho85 R132 makes activation loop phosphorylation no 

longer required for full kinase activation of the CDK-cyclin complex. The Pho80 F138 is 

potentially involved in the recognition of the I/L residue at position +3 of the consensus 

sequence of the five phosphorylatable sites on the Pho4 substrate. Further studies 

based on the heterodimer structure are required to further deepen our understanding of 

Pho85-Pho80 function, including the mode of binding of a substrate that would include 

the distal site, the strategy by which phosphorylation of multiple sites in Pho4 occurs in 

a semiprocessive manner, and the mechanism by which the Pho81 CKI, while 

remaining bound to Pho85-Pho80, modulates kinase activity as a function of phosphate 

concentration. Finally, structural studies of other Pho85-Pcl complexes are also 

necessary to unravel the mechanisms by which these complexes recognize different 

substrates. 

EXPERIMENTAL PROCEDURES 

Baterial Expression and Purification of Pho85-Pho80 

Coexpression of His6-Pho85 and Pho80 in E. coli essentially follows the 

published procedure (Jeffery et al., 2001). The methods used in the purification of 

Pho85-Pho80 are described in the Supplemental Data. 

Crystallization, Diffraction Data Collection, and Structure Determination 

Details regarding crystallization, diffraction data collection, and structure 

determination by single wavelength anomalous dispersion technique can be found in 
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the Supplemental Data. Statistics of the data collection and refinement are shown in 

Table 2.1. 

Probing the Roles of the F138 Residue Close to the Active Site and the Distal Site 

on Pho80 in Substrate Recognition 

Details regarding site-directed mutagenesis and kinase activity assay to assess 

the role of the Pho80 F138 and the potential site on Pho80 for interacting with the site 

on the Pho4 substrate distal to the phosphorylation sites are described in the 

Supplemental Data. 
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INTRODUCTION 

 Inorganic phosphate (Pi) is an essential nutrient required for proper signal 

transduction, energy metabolism, and biochemistry within all living organisms. 

Maintaining a constant, stable concentration of internal inorganic phosphate is a major 

challenge for biological systems. External concentrations of inorganic phosphate 

fluctuate unpredictably, forcing microorganisms to develop a number of strategies to 

sense external phosphate levels (Abel, 2011; Bergwitz and Juppner, 2011; Wykoff and 

O'Shea, 2001), communicate this information to the nucleus (Doerner, 2008; Hulett, 

1996), and induce transcription to respond to phosphate flux (Ogawa et al., 2000; 

Springer et al., 2003; Zhou and O'Shea, 2011). The phosphate signal transduction 

(PHO) pathway in the budding yeast, Saccharomyces cerevisiae, is the most thoroughly 

studied example of phosphate homeostasis in eukaryotes (Lenburg and O'Shea, 1996; 

Mouillon and Persson, 2006; Oshima, 1997). 
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 The transcription factors Pho4 and Pho2 play a key role in the phosphate 

starvation response in S. cerevisiae. When cells are grown in conditions where 

inorganic phosphate is plentiful, Pho4 is multiply phosphorylated by the cyclin-

dependent kinase-cyclin (CDK-cyclin) complex, Pho85-Pho80 (Kaffman et al., 1994). 

Phosphorylation excludes Pho4 from the nucleus (Kaffman et al., 1998a; O'Neill et al., 

1996), prevents Pho4 from interacting with Pho2 (Komeili and O'Shea, 1999), and 

inactivates the PHO regulon. During phosphate starvation, the CDK inhibitor Pho81 

binds to the secondary metabolite myo-D-inositol heptakisphosphate (IP7) and inhibits 

the Pho85-Pho80 complex (Lee et al., 2008; Lee et al., 2007). Inhibition of Pho85-

Pho80 allows Pho4 to become dephosphorylated, enter the nucleus (Kaffman et al., 

1998b), co-operate with Pho2 (Zhou and O'Shea, 2011), and induce a set of genes 

responsible for harvesting inorganic phosphate from the environment (Ogawa et al., 

2000). Pho4 regulation is measured via the activity of the secreted acid phosphatase, 

PHO5, which is one of the most highly induced members of the PHO response (Schmidt 

et al., 1963; Vogel et al., 1989). The other genes that comprise the PHO regulon have 

been well characterized and the precise sites within the genome where Pho4 binds 

during phosphate starvation are known (Maerkl and Quake, 2007; Zhou and O'Shea, 

2011). Pho4 regulation occurs in response to changes in external phosphate levels and 

Pho4 activity is not known to be regulated by other stress responses. 

 In this study we ask the following: is the signaling of the PHO response in S. 

cerevisiae conserved in other ascomycota? Schizosaccharomyces pombe presents an 

interesting opportunity for answering this question because: (1) S. pombe shares a 

number of regulatory systems that appear in higher eukaryotes – RNAi-mediated 
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silencing (Bailis and Forsburg, 2002; Verdel and Moazed, 2005), extensive splicing 

(Wilhelm et al., 2008), more complex heterochromatin (Ekwall, 2004) – that are largely 

absent in S. cerevisiae; (2) S. pombe did not undergo the whole-genome duplication 

event, which is thought to contribute to specialization (Turunen et al., 2009) and; (3) the 

orthologs for the PHO pathway either do not exist (PHO81, PHO2, PHO4) or are not 

involved in the PHO response (PHO80, PHO85) in S. pombe (Tanaka and Okayama, 

2000). However, due to the limited information available regarding the PHO pathway 

regulatory elements from S. pombe we were unable to pursue this question until 

recently. 

Using a deletion library in S. pombe, the Wykoff lab recently identified a set of 

genes responsible for controlling the expression of pho1+, the secreted acid 

phosphatase orthologous to PHO5 (Henry et al., 2011). They discovered that during 

phosphate starvation, Pho7 – a putative transcription factor containing a Zn2Cys6 

binuclear cluster (MacPherson et al., 2006) – activates pho1+ expression. Csk1 – a 

CDK-activating kinase-activating kinase (CAKAK) (Hermand et al., 1998) – represses 

pho1+ expression in high-Pi conditions. Epigenetic analysis indicates that Pho7 acts 

downstream of Csk1.  

In this study, we explore how these factors affect transcriptional output by 

characterizing the PHO response in S. pombe. We analyze the PHO response as a 

function of phosphate, Pho7, and Csk1 availability using DNA microarrays. We 

delineate a core PHO response comprising of the genes pho1+, spbc8e4.01c+ (an S. 

cerevisiae PHO84 ortholog), and spbc1271.09+ (an S. cerevisiae GIT1 ortholog), whose 

regulation in response to phosphate starvation is conserved between S. cerevisiae and 
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S. pombe. Interestingly, while these three genes share a functionally analogous 

regulatory pathway (i.e. activation through a transcription factor that is normally 

repressed by a kinase) we find that the mechanism for regulation differs widely between 

species. Our analysis of the Pho7-regulated transcriptional output – coupled with a 

global profile for Pho7 enrichment to promoters of stress responsive genes – also leads 

us to the conclusion that, unlike Pho4, Pho7 plays a role in multiple stress response 

pathways besides PHO. Further, high-throughput sequencing of the S. pombe 

transcriptome (RNA-Seq) reveals a contingent of non-coding and anti-sense 

transcription events regulated via pho7+. Finally, our RNA-Seq data provides evidence 

for pho7+ bi-functionality, as it activates certain genes and represses others. We 

conclude from this analysis that while there is a core PHO response shared between 

these two ascomycetes, the systems logic and specialization of PHO components 

varies widely. 

RESULTS 

Identification of the PHO responsive genes in S. pombe 

 The kinetics and abundance of transcriptional output vary widely between 

different environmental stress response pathways (Chen et al., 2003; Gasch et al., 

2000; Hao and O'Shea, 2011). As gene regulatory networks respond to persistent 

stress, induction of downstream effectors may cause the false identification of genes 

that are not directly regulated by the stress being studied. To outline the specific PHO 

response in S. pombe for subsequent analysis, and to avoid indirect activation, we 

initiated a time-dependent, genome-wide expression analysis of wild-type S. pombe 

cells in medium lacking inorganic phosphate (no-Pi conditions). RNA samples from cells 
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starved for Pi were collected before and after 30, 60, 120, and 240 minutes of starvation 

and were analyzed by DNA microarray hybridization. 

 Through 60 minutes post-starvation we do not observe much transcriptional 

induction (Figure 3.1A), although by 120 minutes we note a greater than 2-fold-change 

(F.C.) in 62 genes (genes were required to maintain a greater than 2-F.C. at 240 

minutes post-starvation, red lines in Figure 3.1A). This class contains the secreted acid-

phosphatase, pho1+, the inorganic phosphate transporter, spbc8e4.01c+, and the 

organic phosphate transporter, spbc1271.09c+. They are three of the top induced genes 

through the entire time-course. As pho1+ and spbc8e4.01c+ induction has been 

previously observed in response to Pi starvation (Henry et al., 2011; Maundrell et al., 

1985), we believe that this set accurately reflects the genes that respond quickly to 

changes in external Pi.  

Does the apparent conservation of orthologous Pi harvesting and transport 

proteins between S. pombe and S. cerevisiae reflect a broad conservation in the PHO 

regulon? Comparing the candidate gene set with the previously defined PHO response 

genes in S. cerevisiae (Zhou and O'Shea, 2011) reveals that only 16% of the candidate 

genes in S. pombe are induced by phosphate starvation in S. cerevisiae.  A much larger 

percentage (61%) of genes are specific to S. pombe Pi-regulation (Figure 3.1B). 

Besides pho1+, spbc8e4.01c+, and spbc1271.09c+, most of the conserved genes are 

thought to play a broad role in general stress response (i.e. hsp104+, ssa1+, hsp16+) 

(Chen et al., 2003). 

 Expanding to 240 minutes post-starvation captured 97 additional genes that are 

induced greater than the defined threshold (discussed in materials and methods) 
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(Figure 3.1A, blue lines). Only 5 of the additional genes are orthologous to genes in the 

S. cerevisiae PHO regulon (Figure 3.1C), with a large percentage implicated in a more 

generalized stress response. Interestingly, within this class of slow responding genes 

are multiple orthologs of the phosphate metabolism (PHM) class of enzymes 

responsible for maintaining vacuolar stores of polyphosphate and harvesting additional 

sources of organic phosphate upon Pi limitation (Ogawa et al., 2000). They include the 

glycerophosphoryl diester phosphodiesterase, spapb1e7.05+ (ortholog of GDE1) (Fisher 

et al., 2005), the lysophosphatidic acid phosphatase, spac24b11.05+ (ortholog to PHM8) 

(Reddy et al., 2008), and two members of the vacuolar transport chaperone complex, 

spcc1322.14c+ (ortholog to VTC4), and spac14c4.11+ (ortholog to VTC2/3) (Cohen et 

al., 1999; Huang et al., 2002; Thomas and O'Shea, 2005). We focused our attention on 

the fast responding genes for future analysis for two reasons: (1) to avoid indirect 

effects caused by persistent stress in cells and (2) because a significant portion of the 

slow responding genes are not regulated by pho7+ as determined by time-course 

experiments in a pho7Δ strain (data not shown). 
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Figure 3.1. Temporal Dynamics of the Phosphate Starvation Response in S. 
pombe.  
(A) Line plot depicting the induction profile for genes displaying a fast (red) or slow 
(blue) response to phosphate starvation as measured by microarray analysis. 
Thresholds used to delineate the response time are described in the text. Induction 
was normalized to the initial sample pre-starvation (t=0). spbc1271.09c+ () and 
spcc1322.14c+ () are depicted as representatives of the fast and slow response, 
respectively. (B) Pie chart showing the conservation of the S. cerevisiae PHO 
regulon in S. pombe. Genes within the fast response were split based on orthology to 
genes in S. cerevisiae regulated by phosphate starvation (PHO Ortholog), not 
regulated by phosphate starvation (S. pombe only), or lacking an ortholog (No 
Orthologs). (C) As in B, except expanding to all genes that are induced 240 minutes 
post-starvation. 
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pho7+ and csk1+ Regulate a Core Subset of the PHO Response in S. pombe 

 Previous work indicates that pho7+ and csk1+ are important regulators of pho1+ 

expression; we expected that they would also play a significant role in regulating 

additional components of the PHO response (Henry et al., 2011). To test our hypothesis 

we probed the transcriptional profiles of wild-type, pho7Δ, csk1Δ, and pho7Δcsk1Δ 

strains in high-Pi and no-Pi conditions at 120 minutes post-starvation using DNA 

hybridization microarrays. Each set of experiments was independently repeated and 

regulated genes were defined as having a ≥ 1.8 fold-change in expression between the 

two conditions of interest and a p-value ≤ 0.01 (see materials and methods).  

 We identified a set of 29 genes whose induction was responsive to Pi loss at 120 

minutes post-starvation (Figure 3.2A, column A). If the induction of these genes is 

primarily dependent on the activity of pho7+, then their transcript abundance should 

decrease remarkably in a pho7Δ strain when compared to a wild-type background (both 

starved of Pi). 27.6% (8/29) of these genes have such a pho7+ component (Figure 3.2A, 

column B, and Figure 3.2B). Additionally, a set of 20 genes has a Pi-independent, pho7+ 

component (discussed below). If the repressor (csk1+) is responsible for preventing this 

induction by pho7+ in high-Pi conditions, then we should see an increase in transcript 

abundance in a csk1Δ strain compared to the csk1+ background in high-Pi conditions. 

Three genes display this response (Figure 3.2A, column C, and Figure 3.2B). A 

complete listing of all genes regulated by Pi, pho7+, and/or csk1+, along with their 

orthologs in S. cerevisiae can be found in Table 3.1. Finally, comparisons between each 

of the individual pho7Δ and csk1Δ strains with the pho7Δcsk1Δ double delete confirm 

the previously-described epistatic relationship between pho7+ and csk1+ (i.e. a loss of 
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pho7+ in a csk1Δ switches constitutive expression to uninducible expression) (Figure 

S3.1). 

 When phosphate is limiting, S. cerevisiae Pho4, along with Pho2, induces 

transcription of genes required for phosphate acquisition (Zhou and O'Shea, 2011).  The 

secreted acid phosphatase, PHO5, is highly induced during phosphate starvation by the 

Pho4-Pho2 complex (Vogel et al., 1989; Yoshida et al., 1989). In high-Pi conditions the 

CDK-cyclin complex, Pho85-Pho80, represses Pho4 (Kaffman et al., 1994; Okada and 

Toh-e, 1992; Yoshida et al., 1989). The orthologs to Pho4, Pho2, Pho81, and Pho80 are 

not found in S. pombe, raising the question: does a functionally analogous signaling 

pathway involving pho7+ and csk1+ regulate the PHO response in S. pombe? 

Comparing the Pho4, Pi-regulated genes in S. cerevisiae with the pho7+, Pi-regulated 

genes in S. pombe reveals an overlap of only three orthologs (Figure 3.2C). For pho1+, 

spbc8e4.01c+, and spbc1271.09c+ a similar system of transcription factor activation, 

with repression by a kinase in high-Pi conditions, occurs. Unlike Pho85-Pho80 

regulation of Pho4 in S. cerevisiae, most of the pho7+ mediated response is 

independent of csk1+ regulation.  

 To prevent the possible exclusion of additional Pi, pho7+, and csk1+-regulated 

genes in our analysis due to overly restrictive thresholds, we also examined gene 

expression under a less stringent threshold (≥ 2σ + median-F.C.) between microarray 

conditions (Figure 3.2D). The expansion of the candidate gene set reveals no new 

orthologs of Pho4-regulated PHO genes (data not shown). Besides spbpb2b2.05+, the 

only genes regulated by Pi, pho7+, and csk1+ are the three previously identified genes 

(spbpb2b2.05+ is very near the cutoff for having a csk1+ component). Therefore, the 
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primary role for pho7+ and csk1+ in the PHO pathway is regulating this core set of 

phosphate harvesting and transport genes. 
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Figure 3.2. Pho7 and Csk1 Regulate a Core Set of PHO Responsive Genes. 
(A) Heat map showing the fold change (log2 scale) of Pi-regulated genes in a wild-
type background (column A), a pho7Δ strain in no-Pi conditions (column B), and a 
csk1Δ strain in high-Pi conditions (column C), as measured by microarray analysis. 
Sub-columns indicate biological replicates. To the right is a heat map depicting the p-
values generated for each gene within a given set of array replicates. Thresholds 
used for gene selection are described in the text. (B) Venn diagram showing the 
overlap between genes regulated by Pi starvation, pho7+, and/or csk1+. For a full list 
of Pi, pho7+, and csk1+ dependent genes please see Table 3.1. (C) Pie chart 
showing the percentage of Pi- and pho7+-dependent genes with Pi- and Pho4-
dependent orthologs in S. cerevisiae (Zhou and O’Shea, 2011). Genes are divided as 
in Figure 3.1B, except orthologs also have a Pho4 component (Pho4-regulated 
Orthologs). (D) Same as B without a p-value minimum and a threshold for induction 
set to ≥ 2σ + median for each array set.  
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Pi Starvation Causes Pho7 Enrichment at the PHO Core Promoters 

 Pho7 is classified as a putative transcription factor because it possesses a 

Zn2Cys6 binuclear cluster (ZC). The ZC domain serves as the DNA binding domain for a 

number of transcription factors (Punta et al., 2012; Sonnhammer et al., 1997). To test if 

Pho7 binds to pho7+-regulated promoters, we used a combination of chromatin-

immunoprecipitation experiments followed by real-time quantitative polymerase chain 

reaction (ChIP-qPCR) or high-throughput sequencing (ChIP-Seq, see materials and 

methods). 

We began our ChIP-qPCR analysis with a SWI/SNF component, Snf22, which 

was previously shown to bind the pho1+ promoter because we did not know if Pho7 

would bind to the promoters of the candidate genes from our microarray analysis 

(Monahan et al., 2008). Cells containing an epitope tagged version of Snf22 (Snf22-

TAP) were grown in high-Pi or no-Pi media for 2 hours and purified DNA was assayed 

by qPCR following the ChIP procedure. Snf22 binds to the pho1+ promoter (Figure 

3.3A) and is enriched ~3.5-fold during Pi starvation. This increased enrichment of Snf22 

upon Pi starvation was not observed in the previous report because they were only 

concerned with Snf22 enrichment in high-Pi (YES) media. Given that Snf22 acts by 

remodeling chromatin to allow efficient transcript production (Hirota et al., 2008), we 

believe this change in enrichment corresponds to the increased read-through of the 

pho1+ gene during Pi starvation. 

 Next we analyzed the pho1+ promoter by ChIP-qPCR to determine whether (1) 

Pho7 binds upon Pi starvation and (2) where binding occurs. Like Snf22, Pho7 displays 

a low level enrichment at the pho1+ promoter even in high-Pi conditions (Figure 3.3B). 
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Pho7 enrichment increased by ~3-fold during Pi starvation and appears preferentially 

bound in the -200 to -300 region of the PHO1 promoter. Pho7 and Snf22 share a similar 

pattern of enrichment at the PHO1 promoter, arguing that Pho7 is involved in 

transcriptional regulation (data not shown). 

 Armed with the preliminary evidence that Pho7 binds the promoter of pho1+ we 

used ChIP-Seq to assay global Pho7 binding events in vivo in response to Pi 

availability. Surprisingly, there is widespread Pho7 binding even in high-Pi conditions 

(1676 peaks out of 4208 total passed peak-ID thresholds, see materials and methods) 

(Figure 3.3C). Globally, Pho7 is enriched during Pi starvation at a number of sites (367 

sites of 1476 total showed a ≥ 2-F.C.), though the highest levels of enrichment are seen 

in the promoters of Pho7-regulated genes identified in the microarray analysis. This is in 

marked contrast to the global binding profile of Pho4 in S. cerevisiae. In that system, 

Pho4 is only recruited to the promoters of PHO regulated genes during phosphate 

starvation and, even then, only to relatively few locations (115) within the genome (Zhou 

and O'Shea, 2011).  

 Pho7 binding is significantly enriched in the promoters of pho1+, spbc8e4.01c+, 

and spbc1271.09+ in no-Pi conditions (Figure 3.3D). In the case of both pho1+ and 

spbc8e4.01c+, there is a significant enrichment of Pho7 even in high-Pi conditions when 

compared to mock treated samples. This explains the previously noted basal 

expression of pho1+ in S. pombe (Maundrell et al., 1985; Schweingruber et al., 1992), 

as it appears that Pho7 is bound and activating transcription even in the absence of 

stress (Figure S3.1, Column 1). The number of distinct Pho7 binding sites appears 

variable (with only one identified for pho1+, but multiples identified for spbc8e4.01c+ and 
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spbc1271.09+), which may be due to the presence of multiple DNA binding motifs within 

a segment of DNA or degeneracy in DNA motif preference (i.e. an ability to slide along 

the promoter). We do not find a clear correlation between the number of binding sites 

and transcriptional up-regulation. Identification of the upstream activating sequence for 

Pho7 is discussed below.  
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Figure 3.3. Pho7 is Recruited to the Promoter During Pi Starvation. 
(A) Cells lacking the TAP epitope tag (Mock) or containing an epitope fused version 
of Snf22 (Snf22-TAP) were assayed for their enrichment of Snf22 at the pho1+ 
promoter via ChIP-qPCR, using previously described primer sets (Monahan et al., 
2008). Cells were either incubated in high-Pi conditions (+Pi) or starved (-Pi) for 2 
hours before cross-linking. Fold enrichment was determined by normalizing the 
pho1+ transcript counts to the Pi-independent spo3+ transcript as described in the 
text. Shown is the average of three biological replicates ± SE. (B) Primer sets were 
designed across the pho1+ promoter to determine local Pho7 binding. As in A, cells 
lacking the TAP epitope tag (Mock) or containing an epitope fused version of Pho7 
(Pho7-TAP) were incubated for 2 hours in either high-Pi (+Pi) or no-Pi (-Pi) 
conditions. Fold enrichment was determined as previously described. Shown is the 
average of three biological replicates ± SE. (C) ChIP-Seq analysis of Pho7 binding in 
cells incubated in either high-Pi (blue) or no-Pi (red) conditions for 2 hours. Reads 
were normalized to total counts for each chromosome. Chromosome 2 is shown. (D) 
Magnified ChIP-Seq profiles for pho1+, spbc8e4.01c+, and spbc1271.09+. As in C, 
cells were incubated in high-Pi (blue) or no-Pi (red) conditions for 2 hours. Mock 
samples lacking the TAP epitope (black) were treated identically to experimental 
samples. Coordinates are relative to the initial ATG, with gene products identified by 
black bars. Reads were normalized as previously described. 
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Identification of the Pho7 Upstream Activating Sequence (UAS) in the pho1+ 

Promoter 

 Pho7 is a large (81.9 kDa) protein predicted to contain significant unstructured 

regions. It contains the previously mentioned ZC domain near its n-terminus and a 

number of predicted low-complexity regions (Figure 3.4A and Figure S3.2). The most 

thoroughly characterized member of the ZC domain family is the galactose metabolic 

regulator, Gal4 (see reviews: (Johnston, 1987; MacPherson et al., 2006). An alignment 

of the Pho7 ZC domain with a set of Gal4 ZC homologs reveals a high level of 

conservation in the cysteine residues responsible for zinc ion coordination and a modest 

amount of similarity in the surrounding sequence (Figure 3.4B). Based on this 

conservation, we initially attempted to use the structural information already known for 

ZC domains to determine the DNA binding motif for Pho7. 

 The crystal structure of Gal4 reveals a homodimer that contacts the functional 

groups of a CGG tandem repeat in DNA through two adjacent lysine residues (boxed in 

Figure 3.4B) (Marmorstein et al., 1992). The CGG repeats are separated by 11 semi-

random nucleotides. The spacing between the tandem CGG repeats is essential for 

motif recognition and varies between ZC family members (Liang et al., 1996) (Figure 

3.4C). Our motif analysis started by extracting the central 100 bp region of only the top 

200 peaks as identified by Pho7 ChIP-Seq and using the MEME suite to identify 

enriched motifs de novo (Bailey et al., 2009). This initial analysis fails to provide a 

significant motif or set of motifs within the experimental pool. We lowered the gap 

penalty to allow identification of tandem repeats separated by an unknown linker length 

due to the previous observations regarding the Gal4 like ZC domains. This also fails to 
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produce a motif. Varying the initial input data set (larger or smaller lengths of DNA 

centered about the peak, all peaks from the high- or no-Pi conditions, only peaks for 

genes known to be regulated by Pho7), floating the number of required motifs within 

each sequence, and limiting the background model to sequences with no Pho7 binding 

(among many other perturbations), all fail to produce a motif. The most frequently found 

motif is presented as a MEME bit plot in Figure 3.4D. While the enrichment value for 

this motif over random noise would suggest a binding site for Pho7 (E-value=2.6e-10), 

even in our best results the motif only appears in fraction of the total sequences (31 out 

of 200). We do not know if Pho7 binds DNA as a dimer (let alone a homo or 

heterodimer) and the obvious differences between the DNA-contacting lysines in the 

Gal4 ZCs and the aspartate and asparigine residues found in the Pho7 orthogroup 

(Figure 3.4B), limits our ability to feed our analysis with enough seed information to 

detect real motifs. Advances in motif discovery based on new techniques with high-

throughput sequencing and ChIP-Seq algorithms will facilitate this analysis (Bailey, 

2011; Rhee and Pugh, 2011). We are hopeful that if we can obtain more structural 

information about Pho7 we could use these new techniques to positively identify the 

region of DNA targeted by Pho7. 

 Additionally, we pursued an in vivo strategy for identifying Pho7-promoter 

interactions that involved generating promoter fragments by reverse-transcription 

followed by quantitative real-time polymerase chain reaction (RT-qPCR). Differing 

lengths of the pho1+ promoter driving the expression of yellow fluorescent protein (yfp+) 

were constructed in an expression plasmid that was then transformed into either a 

pho7+ or pho7Δ background (Figure 3.4E). Transformants were assayed for their 
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expression of either the endogenous copy of pho1+ or the introduced yfp+ in high-Pi or 

no-Pi conditions (see materials and methods). The 2kb segment of the pho1+ promoter 

fully recapitulates the Pi dependent regulation that we see for the endogenous copy of 

pho1+ (Figure 3.4F, first two columns). This induction during Pi starvation is entirely 

dependent on the presence of Pho7, as it is abolished in a pho7Δ background (Figure 

3.4F, middle column). As we expected from the ChIP-qPCR and ChIP-Seq experiments, 

trimming the promoter to either 1kb or 500 bp still results in Pho7 dependent yfp+ 

expression (Figure 3.4F, last two columns). Interestingly, the loss of the promoter region 

between -2kb and -1kb results in yfp+ de-repression in high-Pi conditions (discussed 

below). Trimming the promoter to 240 bp (pho1UASΔpr-yfp+) abolishes yfp+ expression, 

confirming Pho7 binding to the region between -500 and -240 bp (Figure S3.6). 

Constructs containing incremental 20 bp deletions near the center of the ChIP-Seq peak 

for Pho7 binding were then transformed into pho7+ cells. The loss of yfp+ expression in 

cells confirms that the region -245 to -225 is necessary for Pho7 binding (Figure S3.6). 

These residues comprise an upstream activating sequence (UAS) for pho1+ expression. 



 85 

Figure 3.4. Pho7 Alignment to Other Zn2Cys6 Binuclear Cluster Proteins and 
the Identification of the Pho7 Upstream Activating Sequence in the pho1+ 

Promoter. 
(A) The predicted domain architecture of Pho7 based on electronic inference from 
the Pfam database (Sonnhammer et al., 1997). Low complexity regions are colored 
grey and the Zn2Cys6 binuclear cluster domain (ZC, residues 290-328) is colored 
black. (B) Alignment of amino acid sequences from 4 homologous ZC domains in 
other well characterized DNA binding transcription factors, along with the two Pho7 
orthologs (Wapinski et al., 2006). Sequence identity is shaded in blue (darker for 
higher similarity). The bound box displays lysines 17 and 18 in Gal4 known to contact 
DNA and the equivalents in the other family members. (C) The DNA binding motifs 
for the ZC family. Each previously characterized member binds as a homodimer to a 
CGG tandem separated by a variably spaced linker (Linag et al., 1996). (D) Most 
frequently observed motif score from the Pho7 ChIP-Seq analysis as determined by 
MEME (Bailey et al., 2009). (E) Schematic for the Pho7 UAS discovery in the pho1+ 
promoter. Differing lengths of the pho1+ promoter (2kb to >200 bp) were fused to yfp+ 
on an exogenous plasmid. Additional constructs were designed with varying lengths 
of the putative Pho7 binding site deleted (500-245:225-1). (F) Constructs were 
transformed into pho7+ or pho7Δ backgrounds and the abundance of pho1+ produced 
from the endogenous locus or yfp+ generated from each promoter in high-Pi (+Pi) or 
no-Pi conditions (-Pi) was analyzed by RT-qPCR. All data were normalized to the 
expression of act1+. Shown is the average of three biological replicates ± SE. 
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Attempts at Demonstrating a Direct Link Between Csk1 Kinase Activity and Pho7 

Repression 

 Our microarray analysis confirms Csk1 repression of the core PHO genes 

(pho1+, spbc8e4.01c+, and spbc1271.09+) in high-Pi medium. We initially thought that 

repression of Pho7 activity might occur through direct phosphorylation of Pho7 by the 

Csk1 kinase. Recently, a genome-wide characterization of the phosphorylation state of 

the S. pombe proteome using phosphoform enriched mass spectrometry (MS) revealed 

two potential modification sites in the Pho7 protein (this study was conducted in YE 

media with sufficient amounts of external Pi to be considered high-Pi) (Wilson-Grady et 

al., 2008). We aligned these sites with (1) the other members of the Pho7 orthogroup 

and (2) sequence motifs known to be modified by Csk1 and Csk1 homologs (Hermand 

et al., 1998; Pei et al., 2006; Tsakraklides and Solomon, 2002). One of the sites 

(residues 459-467) is conserved in the orthogroup and has high similarity to other Csk1 

sites (Figure S3.3). If Csk1 targets T463 in vivo, mutation of this residue to alanine (a 

phospho-delete mimic) should produce a Pho7 allele with decreased sensitivity to Csk1 

regulation. This mutation does not produce a difference in pho1+ expression in high-Pi 

conditions when compared to the pho7+ allele (data not shown). This result is not 

sufficient to rule out a direct phosphotransfer between Csk1 and Pho7, as it remains 

possible that Pho7 is modified on a site not recognized in the MS analysis performed 

(due to a poorly purified phosphopeptide, a phosphopeptide that does not fly well in the 

MS chamber, etc.). Moreover, additional post-translational modifications might 

compensate for the loss of phosphorylation at residue 463.  
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 To test whether Pho7 is post-translationally modified in response to Pi starvation 

we purified Pho7-TAP for post-translational modification mass spectrometry (PT-MS) 

from cells grown in either high-Pi or no-Pi conditions. Using a modified protocol for 

capturing sufficient amounts of endogenously TAP tagged protein (Gould et al., 2004) 

we affinity purified bulk preparations of Pho7-TAP (see supplemental data). We note 

that the purification of Pho7-TAP is contaminated with a high amount of background 

protein and a high prevalence of apparent Pho7-TAP degradation product (Figure 

S3.4B). We sought to address these issues by removing contamination with step-wise 

ammonium sulfate or polyethylimine precipitation, but we are unable to successfully 

purify a large enough pool of pure, full-length Pho7-TAP for MS analysis. This 

purification is further complicated by the low abundance of endogenous Pho7. 

Therefore, we set these efforts aside while we worked on alternative methods to 

determine the Csk1 repression mechanism. 

Csk1 Represses Pho7 Through an Upstream Repressor Sequence (URS) 

 We decided to study what effect the loss of Csk1 would have on Pho7 

enrichment in high-Pi conditions because of our observation that a decrease in Pi 

causes enrichment of Pho7 at the core PHO promoters (Figure 3.3D). If binding of Pho7 

to the PHO promoters is necessary to drive increased transcriptional output, and Csk1 

represses transcription by preventing Pho7 binding, then a loss of Csk1 in high-Pi 

conditions should mimic the no-Pi binding profile in wild-type cells. Pho7 binding at the 

pho1+ promoter in a csk1Δ background is mildly increased compared to a csk1+ 

background (Figure 3.5A, both in high-Pi). This increase in binding is less than the 
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observed enrichment of Pho7 in csk1+ cells grown in no-Pi conditions (1.6-fold versus 3-

fold).  

Intrigued, we examined the global effect of Csk1 loss on the binding profile of 

Pho7 using ChIP-Seq with csk1Δ cells grown in high-Pi conditions. Unlike the 

enrichment during Pi starvation, the deletion of Csk1 does not result in a global increase 

in Pho7 binding in high-Pi (compare Figure 3.3C with Figure 3.5B). At the core PHO 

responsive genes we observe either no change (spbc8e4.01c+) or a slight increase in 

Pho7 binding in the csk1Δ (pho1+ and spbc1271.09+), which is still well below the 

enrichment seen during Pi starvation (Figure 3.5C). We draw two conclusions from this 

data: (1) the level of Pho7 bound in high-Pi conditions would be sufficient to induce high 

levels of transcription save for the repressive action of Csk1; and (2) Csk1 does not 

repress Pho7 activity by preventing Pho7 from binding the promoter of responsive 

genes. 

Our repression defective 1kb-pho1+pr-yfp+ plasmid (Figure 3.4F) provides us with 

an opportunity to ascertain whether Csk1 is repressing Pho7 through an interaction with 

the promoter. First, we want to know if our full pho1+ promoted yfp+ system (2kb-

pho1+pr) also shows de-repression in high-Pi conditions in a csk1Δ strain. We find that, 

as with endogenous pho1+, a loss of Csk1 de-represses the expression of yfp+ from the 

pho1+ promoter (data not shown). We imagine that if Csk1 is directly modulating the 

activity of Pho7 independent of the proximity to the pho1+ promoter (i.e. phosphorylation 

in the nucleus or cytoplasm) then, so long as Pho7 binds a segment of our pho1+pr-yfp+ 

deletion constructs, expression should be modulated in a Csk1-dependent manner 

based on Pi availability. This is not the case, as Csk1 no longer represses the 1kb-
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pho1+pr-yfp+ plasmid in high-Pi and there is no difference in yfp+ expression in a csk1Δ 

in high-Pi conditions. Thus, we conclude that Csk1 interaction with the pho1+ promoter 

at the upstream repressor sequence (URS) is necessary for Pho7 repression.  

Our results lead us to the following model for Pho7 and Csk1 regulation. In high-

Pi conditions a minimal amount of Pho7 is bound to the UAS in the pho1+ promoter. 

Pho7 in this state drives a basal expression of pho1+. Csk1, through an interaction with 

the URS in the pho1+ promoter, prevents Pho7 from maximally inducing pho1+ 

transcription. During Pi starvation, Csk1 repression is released and additional Pho7 is 

recruited to the pho1+ promoter, driving maximal expression (Figure 3.5D). 
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Figure 3.5. Csk1 Represses Pho7 Activity Through An Upstream Repressor 
Sequence. 
(A) Cells lacking a TAP epitope tag (Mock) or containing a TAP fusion of Pho7 
(Pho7-TAP) were incubated in high-Pi conditions in either a csk1+ or csk1Δ 
background and Pho7 binding to the pho1+ promoter was measured by ChIP-qPCR. 
Fold enrichment was calculated as previously detailed. Shown is the average of three 
biological replicates ± SE. (B) ChIP-Seq profile for chromosome 2 comparing Pho7 
binding in either a csk1+ (blue) or csk1Δ (cyan) background in high-Pi conditions. 
Reads were normalized to the total number of reads for each chromosome. (C) 
Magnified ChIP-Seq profiles for pho1+, spbc8e4.01c+, and spbc1271.09+. As in B, 
cells from either a csk1+ (blue) or csk1Δ (cyan) background were incubated in high-Pi 
conditions for 2 hours. Mock samples lacking the TAP epitope (black) were treated 
identically to experimental samples. Coordinates are relative to the initial ATG, with 
gene products identified by black bars. Reads were normalized as previously 
described. (D) Model detailing the role of Csk1 in repressing Pho7 function at the 
pho1+ promoter. In high-Pi conditions Pho7 is not recruited to the UAS and Csk1 
interacts at the URS to prevent full Pho7 activity. When the external concentration of 
Pi drops, the URS is repressed and additional Pho7 is recruited to the promoter to 
induce maximal induction. 



 92 



 93 

Pho7 Regulates Expression in Response to Additional Stressors Besides Pi 

Limitation 

We initially avoided additional conditions known to cause a stress response in 

fission yeast because: (1) our previous work suggested that Pho7 was not involved in 

inducing gene expression in response to nitrogen limitation or carbon switching (Henry 

et al., 2011); and (2) the functionally analogous PHO system in S. cerevisiae is thought 

to be primarily dedicated to Pi homeostasis (Lenburg and O'Shea, 1996; Oshima, 

1997). However, during our expression analysis we noticed a pool of genes that are 

repressed in a pho7Δ background and are not induced during phosphate starvation 

(Figure 3.2B). Additionally, we find that a Pho7 is bound to the promoter of a number of 

these genes in the ChIP-Seq analysis (Figure S3.5). These twin observations raise the 

following question: is Pho7 dedicated solely to the phosphate starvation pathway, like 

Pho4, or does it play a broader role in stress response?  

To answer this question, we collected all the genes from our microarray analysis 

that display a ≥ 2σ + median-F.C. in expression between the wild-type or pho7Δ 

background (in either +Pi or -Pi conditions, removing pho1+, spbc8e4.01c+, and 

spbc1271.09+) and asked whether their promoters contained a significant peak of bound 

Pho7 within 800 bp of the start codon (Figure 3.6A). This produces a set of 63 genes 

that meet our requirements. This gene set was then processed through the Gene 

Ontology Tools: Term Enrichment algorithm (Carbon et al., 2009), allowing us to look for 

biological functions over-represented in our gene set. In order for a GO term to be 

considered enriched we require that at least three unique gene products be included in 

the term family and the enrichment must have a p-value ≤ 0.01. 32 of the original 63 
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genes meet these requirements and are classified by the highest parent term available 

(Figure 3.6B). 15 of these 32 genes are involved in transmembrane transport, including 

3 additional products involved in phosphate ion transport. Looking at the 

transmembrane category in further depth we find genes involved in iron, copper, and 

zinc transport (Figure 3.6C). A complete listing of GO Terms and the enriched gene set 

can be found in Table 3.2. 

From the 32 identified genes we decided that gpd1+, hxk2+, fio1+, and ctr4+ 

expression would serve as proxies for Pho7 mediated transcriptional induction in 

various stress conditions. Gpd1 is a glycerol-3-phosphate dehydrogenase that is 

essential for survival during osmotic stress (Ohmiya et al., 1995). As the cell 

experiences increased osmotic pressure Gpd1 provides osmoprotection by increasing 

the intracellular pool of glycerol. Accordingly, its expression level is tied to the MAP-

kinase pathway in S. pombe and it is induced upon an increase in osmolarity (Aiba et 

al., 1995). Hxk2 is a hexokinase that plays a role in regulating alternative carbon 

utilization when glucose sources are limited (Petit et al., 1996). It is maximally induced 

in response to a switch from glucose to glycerol as a carbon source. Fio1, in conjunction 

with Fip1, comprises the oxidase-permease iron transport system responsible for 

harvesting iron in depleted conditions (Askwith and Kaplan, 1997). During iron repletion 

fio1+ is repressed by the activity of Fep1, an iron sensing transcription factor (Pelletier et 

al., 2002). During iron starvation it is de-repressed and induced ~70-fold. Finally, Ctr4 is 

a high-affinity copper transporter that is induced in copper depletion conditions by Cuf1, 

a copper sensing transcription factor (Labbe et al., 1999). We designed RT-qPCR 

primer sets for each of these genes and measured their expression as a function of 
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osmotic, iron, copper, and carbon utilization stress in both a pho7+ and pho7Δ 

background (see materials and methods). 

As previously demonstrated (Henry et al., 2011) the loss of Pho7 completely 

abrogates the induction of pho1+ in no-Pi media (Figure 3.6D, first panel). For each of 

the additional stresses that tested, the loss of Pho7 causes a significant decrease (p-

value ≤ 0.05) in the maximal induction of the target gene (Figure 3.6D). The Pho7 

dependence of these genes varies, with some (fio1+, ctr4+) showing a relatively minor 

Pho7 component, while others (gpd1+, hxk2+) appear fully dependent on Pho7 to reach 

an optimal stress response. None of the Pho7-regulated responses were as drastic as 

that seen for Pi starvation, which may indicate that Pho7 plays a subtle role in 

coordinating expression at Pi-independent loci. Given this subtle response, the only 

recent availability of a deletion collection for S. pombe (Kim et al., 2010), and the fact 

that Pho7 function was unverified until this year, it is perhaps unsurprising that this role 

for Pho7 has not been previously observed. 
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Figure 3.6. pho7+ Functions in Additional Stress Responses. 
(A) Schematic depicting the initial selection of pho7+-regulated genes analyzed for 
possible involvement in other stress response networks. Genes that had a Pi- and 
pho7+-component based on microarray analysis were cross-referenced with ChIP-
Seq to limit analysis to genes with pho7+ enrichment within 800 bp of the initial ATG. 
This produced a set of 63 unique genes. (B) Pie chart showing the GO Term 
enrichment for the 63 candidate genes from A as compared to a background model 
of all S. pombe transcripts. Due to multiple parent-child relationships and 
categorizations, each gene is shown as belonging to its highest parent class and 
child relationships have been compressed. For a complete summary of the GO 
output see Table 3.2. The boxed inset highlights a number of genes that were found 
in the small molecule catabolic process class, with those in bold serving as the initial 
targets for expression analysis. P-values for the enrichment against the background 
model are given; the computation is described in the text. (C) The transmembrane 
transport category from B was expanded to identify specific ions whose transport is 
regulated by pho7+. Candidate genes known to regulate iron (fio1+) and copper 
transport (ctr4+) were selected for expression analysis in iron and copper starvation 
conditions. (D) Expression of the stress response candidate genes identified in B and 
C in replete and stress conditions. pho7+ cells were incubated in either high-Pi 
(white) or stress (phosphate starvation: no-Pi, iron starvation: 250 uM DIP, copper 
starvation: 100 uM BCS, osmotic shift: 1.2M NaCl, carbon shift: 2% glycerol / 1% 
ethanol) (light gray) conditions, and the expression of the appropriate gene was 
measured by RT-qPCR. pho7Δ cells were also stressed (dark grey) to identify the 
level of pho7+-dependent regulation. Expression was normalized to act1+. Shown is 
the average of three biological replicates ± SE. 
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It remains possible that the stress response effects we observe are artifacts 

limited to only the few genes we could study using RT-qPCR. Using microarray analysis 

with RNA collected from either pho7+ or pho7Δ cells grown in sated (non-stressed) or 

stress conditions, we examined the stress response mediated by pho7+ in the above 

conditions. We find that of 496 genes induced in the stress conditions studied, 124 

genes have a pho7+ dependence (12 genes are induced in multiple stress conditions) 

(Figure 3.7A and Table 3.3). For the iron starvation response a subset of 15-18% of the 

total response relies on pho7+ (compare Figure 3.7B and C). This is similar in 

magnitude to the pho7+-dependent, Pi starvation response. This set of iron-responsive, 

pho7+-regulated genes has a significant enrichment for the biological process of iron 

assimilation (fio1+, fip1+, str3+, sib2+, p-value = 7.52e-06), akin to what we see for 

phosphate in no-Pi conditions. Moreover, we also show a significant enrichment (p-

value = 4.9e-03) in genes responsible for cysteine homeostasis and transport, 

suggesting either an overlap in sulfur and iron metabolism regulation and/or an 

additional role for pho7+ in amino acid metabolism. 

The copper starvation response is the least effected by the loss of pho7+ (only 8 

genes had a pho7+ component) (Figure 3.7D). We do not find any GO term enrichment 

for this set of genes that would hint at a role for pho7+ maintaining a specific aspect of 

the copper homeostatic balance (i.e. copper transport). This is not surprising, as our 

ChIP-Seq analysis identifies only a minor Pho7 binding site in the ctr4+ promoter 

(compare the ctr4+ peak with that for fio1+/fip1+ in Figure S3.5) and the decrease in ctr4+ 

expression measured by RT-qPCR is relatively minor in a pho7Δ strain (p-value = 0.04) 

(Figure 3.6D). In fact, ctr4+ itself did not meet our requirements for a pho7+-regulated, 
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copper responsive gene in the microarray analysis. pho7+ plays a role in mediating the 

PHO and iron starvation response, and does little to regulate the copper starvation 

response. 

When we measure pho7+-regulated expression during an increase in osmotic 

pressure we find that of the 182 induced genes, 50% (90) are dependent on pho7+ for 

maximal expression. The overlap between osmotic and pho7+ responsive genes 

displays a significant enrichment (p-value = 1.35e-32) for genes involved in the general 

stress response. The candidate gene for this set, gpd1+, has a promoter bound by Pho7 

to a high degree (Figure S3.5) corroborating our belief that pho7+ is involved in 

regulating osmotolerance. One caveat remains for the osmolarity results: when we 

initiated this study, we wanted to keep the time variables the same for each condition to 

provide a more accurate comparison to our Pi starvation results. This was not a problem 

for the iron, copper, or carbon switching stress conditions – as the temporal dynamics 

appear very similar to the PHO response (Bellemare et al., 2001; Labbe et al., 1999; 

Pelletier et al., 2002) – but we do know that the osmotic stress response is thought to 

occur much more rapidly (Chen et al., 2003). Future experiments should include a 

temporal analysis for each of these pho7+-regulated stress responses to confirm that 

each set of genes studied are directly influenced by the activity of pho7+ in response to 

the primary stress. Finally, we are planning microarray analysis with carbon switching to 

verify the hxk2+ result. We are hopeful that this will reveal yet another stress response 

coordinated, at least in part, by pho7+. 
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Figure 3.7. Microarray Analysis of the Pho7-dependent Stress Response. 
(A) Heat map showing the fold induction (log2 scale) of pho7+-regulated genes in 
different stress conditions. To assist in clustering, the range of induction in each 
condition was normalized between a min-max of -1 to 1. Genes that had a ≥ 2σ + 
median increase in expression between replete and stress conditions and ≥ 2σ + 
median loss in expression in a pho7Δ background are clustered using a k-means 
clustering algorithm (Eisen et al., 1998). Highlighted are the Pi, Fe, and Cu specific 
clusters. It should be noted that some genes (i.e. spbc8e4.01c+, str3+) are regulated 
in response to multiple stressors in a pho7+-dependent manner. (B-E) Venn diagrams 
showing the overlap between genes regulated by each tested stress and those with a 
pho7+ dependency in that stress (B: Pi starvation, C: iron starvation, D: copper 
starvation, E: osmotic shift). 
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Pho7 is a Bi-functional Regulator of Coding, Non-Coding, and Anti-Sense 

Transcription 

Our initial ChIP-Seq analysis reveals a widespread enrichment of Pho7 

throughout the S. pombe genome (Figure 3.3C). From the transcriptional microarrays 

we know that a subset of these peaks are located in the promoters of Pi- and pho7+-

responsive genes, providing a correlation between Pho7 enrichment and pho7+-

dependent induction. Yet, Pho7 is obviously bound to many regions not implicated in 

the transcriptional microarray analysis. We identified one possible explanation for this 

discrepancy through our analysis of additional pho7+, non-Pi dependent environmental 

stress responses (Figure 3.6 and 3.7). Alternatively, it is possible that we missed pho7+-

regulated transcripts because they were not present in our microarray probe-set. This 

would certainly be the case for non-coding or anti-sense transcripts. Given that non-

coding and anti-sense transcription plays a significant role in S. pombe global gene 

regulation (Dutrow et al., 2008; Ni et al., 2010; Wilhelm et al., 2008) we thought the 

widespread enrichment of Pho7 might suggest an involvement in non-coding 

transcriptional regulation.  

To determine which transcripts might be subjected to pho7+ regulation, we first 

took the mid-point of each peak and identified transcriptional features within 800 bp on 

either the plus or minus strand. There are 968 transcriptional features within 800 bp 

downstream of one or more of the 1476 ChIP-Seq peaks in no-Pi conditions. ~13% 

(123) of the total Pho7-bound features are annotated as non-coding RNAs. Additionally, 

596 annotated ORFs have at least one peak either 800 bp downstream or within gene 

coding regions that might drive transcription from the anti-sense strand. To ascertain the 
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actual prevalence of Pi- and pho7+-dependent transcription from these sites we 

performed direction specific global sequencing on the S. pombe transcriptome. Briefly, 

we collected total RNA from pho7+ cells grown in high-Pi or no-Pi media or from pho7Δ 

cells grown in no-Pi media. Total RNA was purified, converted into cDNA, and subjected 

to high-throughput sequencing (RNA-Seq, see materials and methods). Transcriptional 

output measured by RNA-Seq was then compared to Pho7 enrichment to define regions 

bound and regulated by Pho7. 

We confirm that the core PHO regulon is represented in our dataset and behaves 

in a manner similar to that previously characterized. pho1+, spbc8e4.01c+, and 

spbc1271.09+ show significant up-regulation during phosphate starvation, and induction 

is dependent on pho7+ (Figure 3.9A, B). Next, we compared transcript abundance for 

genes with one or more Pho7 upstream binding sites – from pho7+ cells grown in no-Pi 

media – with the differential abundance in those same genes between pho7+ and pho7Δ 

backgrounds – also in no-Pi media (Figure 3.8A). As expected, the core PHO genes 

form a high transcript abundance cluster (upper right quadrant) that is significantly 

influenced by the loss of pho7+. We also find a set of 95 additional unique Pho7-bound 

genes that display a decrease in transcript abundance in the pho7Δ background (see 

materials and methods for threshold determination). Of the 98 Pho7-bound, pho7+-

dependent genes, 47 are upregulated in response to phosphate starvation. Four of the 

genes that have a Pi and pho7+ component from the microarray analysis are present in 

this set (pho1+, spbc8e4.01c+, spbc1271.09+, and spbpb2b2.05+). The other four 

microarray-defined genes do not have Pho7 bound within 800 bp of their promoters and 

are not included in this analysis. Interestingly, we found an additional PHO84 ortholog 
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(spac23d3.12+) with a Pho7 binding site whose regulation is pho7+-dependent in 

response to phosphate starvation (Figure 3.9C). spac23d3.12+ is right at the cutoff for 

the microarray analysis, which explains why it was previously overlooked. 

There are 40 ncRNAs and 281 anti-sense regions with a Pho7-binding site 

whose transcription is dependent on pho7+ (Figure 3.8B and C). Nine of the ncRNAs 

are also regulated in a phosphate-dependent manner. Two representatives of Pho7-

regulated ncRNA transcripts are shown in Figures 3.9D and E. The first, spncRNA.72+, 

is an anti-sense transcript for eta2+ (Figure 3.9D). However, the function of this ncRNA 

does not appear to be eta2+ inhibition at the level of transcription, as the eta2+ transcript 

abundance is the same in both the pho7+ and pho7Δ background. The second, 

spncRNA.779+, is located within a cluster of ncRNAs (Figure 3.9E). This region is 

flanked by two Pho7-binding sites and pho7+ is required to keep bi-directional 

transcription active in both high-Pi and no-Pi conditions. The function of pho7+-regulated 

ncRNA transcription within the cell is unknown. Moreover, our results with alternative 

non-Pi dependent stress response networks suggest that the non-coding and anti-sense 

transcripts unaffected by Pho7 deletion during phosphate starvation might be instead 

regulated in a pho7+-dependent manner in response to other stressors. 

The presence of a Pho7-binding site is insufficient for defining Pi- and pho7+-

dependent transcriptional boundaries. This led us to wonder: does the change in Pho7 

enrichment during phosphate starvation correlate with a corresponding change in 

pho7+-regulated transcription? For each of the significantly enriched peaks we 

compared the change in peak area between pho7+ samples grown in high-Pi or no-Pi 

media with the change in transcript abundance from RNA-Seq (Figure 3.8D). We do not 
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see a correlation between these two variables. Further, Pho7-TAP peak size alone is 

not correlated with the magnitude of pho7+-dependent transcript abundance (Figure 

3.8E). This is not surprising, as we know that pho7+-depedent transcription is 

combinatorially controlled by at least one additional factor (csk1+) and by at least four 

distinct stressors (Pi, Fe, osmolarity, and carbon utilization). To build a complete model 

linking Pho7 enrichment to transcriptional output we will need to understand better how 

the cis- and trans-regulatory elements control Pho7 activity. Future experiments 

combining Pho7 enrichment with additional regulatory networks should allow us to 

define the elements that lead to coding and non-coding output. 

Finally, our RNA-Seq analysis using Pho7-bound transcriptional features 

highlights a set of transcripts repressed by pho7+ activity (Figure 3.8A-C, found under 

the -2-F.C. threshold). We had noticed in our microarrays that certain ORFs were down-

regulated in response to phosphate starvation and up-regulated in response to pho7+ 

deletion, but we thought these changes were caused by an indirect general stress 

response. Combining our Pho7 ChIP-Seq data with our RNA-Seq data suggests that 

this might not be the case. Of the 968 identified Pho7-bound features, 302 are up-

regulated in the pho7Δ strain compared to the pho7+ strain. Fifty-four are also repressed 

in response to phosphate starvation. A representative of this class, ptr2+, is shown in 

Figure 3.9F. Whether this pho7+ bi-functionality is a consequence of active repression 

or the passive loss of transcriptional activation in the opposite direction is unknown. This 

bi-functional behavior is also observed for 7 ncRNAs, although what role this repression 

plays in phosphate starvation is unknown. Both snf5+ and snf22+ function as 

transcriptional activators and repressors in vivo (Monahan et al., 2008); therefore, pho7+ 
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bi-functionality might simply be a consequence of its interaction with the SWI/SNF 

machinery. Future experiments defining Pho7 protein-protein interactions will allow us to 

address this question in further mechanistic detail.
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Figure 3.8. pho7+ Regulates Non-Coding Transcription in Both a Pi-dependent 
and Pi-independent Manner. 
(A) Shown is a scatter plot comparing the RPKM score (log10) for each annotated 
gene from a pho7+ strain incubated in no-Pi conditions versus the differential 
expression (log2 scale, using RPKM scores for each gene) between the pho7+ and 
pho7Δ strains in no-Pi media. Transcript abundance was measured using the RNA-
Seq procedure detailed in the text. Only genes within 800 bp of a Pho7-TAP ChIP-
Seq peak are plotted. Genes up-regulated greater than 14-fold are highlighted. 
Thresholds at (+)2 and (-)2-F.C. are indicated. (B) As in A, plotting ncRNAs instead. 
(C) As in A, plotting anti-sense regions instead. (D) Scatter plot comparing the 
change in Pho7-TAP enrichment between no- and high-Pi conditions (log2 scale) 
versus the differential expression (log2 scale, using RPKM scores for each transcript) 
for a pho7+ strain grown in no- or high-Pi media. RPKM scores for genes, ncRNAs, 
and anti-sense transcripts within 800 bp of a Pho7-TAP ChIP-Seq peak were 
determined using RNA-Seq. Thresholds at (+)2 and (-)2-F.C. (solid lines) as well as 
(+)4 and (-)4-F.C. (dashed lines) are indicated. (E) Scatter plot comparing the height 
of each Pho7-TAP ChIP-Seq peak (log10) versus the differential expression (log2 
scale, RPKM) between the pho7+ and pho7Δ strains in no-Pi media. RPKM scores 
for genes, ncRNAs, and anti-sense transcripts within 800 bp of a Pho7-TAP ChIP-
Seq peak were determined using RNA-Seq. Thresholds for gene expression at (+)2 
and (-)2-F.C. (solid lines) as well as peak height ≥ 1σ or 2σ + median peak height 
(dashed lines) are indicated. 
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Figure 3.9. RNA-Seq Profiles for Representative pho7+ Regulated Transcripts. 
Shown are RNA-Seq (top) and ChIP-Seq (bottom) profiles for representative classes 
of pho7+ regulated transcripts. pho7+ cells were grown in either high-Pi (blue) or no-
Pi (red) conditions and transcript abundance was compared to pho7Δ cells grown in 
no-Pi conditions (black). Transcript abundance was measured via RNA-Seq as 
described in the text. RNA-Seq signals are normalized to nucleotide reads per million 
sequenced reads (RPM). Each RNA-Seq track for a given transcript is normalized to 
the same min-max scale. RPM scores are cropped to allow visualization of low-
abundance signal. Signal from the plus strand is plotted in the positive direction, 
while the minus strand is plotted in the negative. Wild-type cells containing Pho7-TAP 
were grown in either high-Pi (blue) or no-Pi (red) conditions and ChIP-Seq libraries 
were prepared from purified DNA. For comparison, the ChIP-Seq signal from mock 
(black) cells grown in no-Pi is included. ChIP-Seq reads were normalized as 
previously described. The gene product of interest is plotted based on transcript 
direction with the plus (+) strand above and the minus (-) strand below. (A) pho1+ and 
spbc8e4.01+ (PHO84 ortholog). (B) spbc1271.09c+ (GIT1 ortholog). (C) spac23d3.12+ 
(PHO84 ortholog). (D) The anti-sense transcript, ncRNA.72+. (E) A set of clustered 
intergenic ncRNAs. (F) A pho7+ repressed transcript, ptr2+ 
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CONCLUSIONS 

 Using a number of whole-genome techniques we defined and characterized the 

gene regulatory network in S. pombe responsible for coordinating the response to 

inorganic phosphate starvation. There are two distinct temporal dimensions in the PHO 

pathway in S. pombe: a fast response concerned with immediately harvesting inorganic 

phosphate from the environment and transporting it into the cell, and a slower one 

dedicated to harvesting alternate forms of phosphate and regulating internal 

polyphosphate stores. Within the fast response we define a core PHO regulon 

comprised of the pho1+, spbc8e4.01c+, and spbc1271.09+ genes whose induction in 

response to phosphate starvation, and regulatory behavior, has been conserved 

between the S. pombe and S. cerevisiae. 

 Unlike the PHO response in S. cerevisiae, however, the positive regulator in S. 

pombe is bound to the pho1+ and spbc8e4.01c+ promoters irrespective of external 

phosphate availability. This interaction by Pho7 with the UAS leads to a basal 

expression of the secreted acid phosphatase in high-Pi conditions. Csk1 prevents full 

activation of Pho7 during phosphate repletion via an interaction at a site between -1kb 

and -2kb in the pho1+ promoter (the URS). During phosphate starvation this inhibition is 

relieved (through an unknown mechanism) and additional Pho7 is recruited to a number 

of sites throughout the genome, causing further induction of pho7+-dependent genes. In 

previous work, Csk1 was shown to regulate transcription by activating the positive 

transcription elongation factor b (P-TEFb) ortholog, Cdk9 (Pei et al., 2006). Cdk9 

coordinates transcript elongation and processing, and its full activation by Csk1 leads to 

an increase in CTD kinase activity (Garriga and Grana, 2004). How this generally 
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positive regulatory network is switched to an inhibitory role in the PHO system remains 

an open question. 

 We were also surprised to find that Pho7 was bound throughout the genome in 

both high-Pi and no-Pi conditions. We had thought based on previous evidence that 

Pho7, like Pho4, would be specific to the PHO response. Instead we demonstrate that 

Pho7 binds within the promoters of additional stress responsive genes and plays a role 

in iron starvation, osmotic, and alternative carbon utilization stress. Its role in copper 

starvation stress is limited, suggesting that pho7+ activation in response to nutrient 

limitation is discriminatory. There must exist some mechanism to either direct Pho7 to 

the proper location for inducing the correct genes or activate Pho7 at only the 

appropriate locations (or some mixture of both). Additionally, widespread Pho7 binding 

occurs near transcription start sites for non-coding and anti-sense transcripts. We 

identified a cohort of non-coding RNAs that are regulated in a pho7+-dependent 

manner, though the function of these ncRNAs is unknown. 

In S. cerevisiae, the osmotic, oxidative, and glucose limitation stress responses 

are mediated by the transcription factor Msn2 (Martinez-Pastor et al., 1996). In normal 

conditions, Msn2 is phosphorylated and its entry into the nucleus is limited (Gorner et 

al., 1998). Each individual stress causes a differential pattern of nuclear entry leading to 

a specified transcriptional output (Hao and O'Shea, 2011). Given that Pho7 is bound to 

the genome constitutively, we do not expect that nuclear exclusion will play as large a 

role as it does with Msn2 regulation, but it remains possible that differential post-

translational modifications are responsible for this combinatorial activation by Pho7. 

Moreover, our evidence suggests that at least two members of the SWI/SNF chromatin 
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remodeling machinery (Snf5, Snf22) either play a direct role in activating the PHO 

response or are recruited as part of a regulated complex. Pho7 may be playing a more 

passive role in regulation, with additional factors determining Pho7 genomic localization. 

Perhaps, the make-up of different chromatin remodeling complexes containing Pho7 

determines Pho7 activity.  

Nonetheless, we have demonstrated that within the evolutionary parallel signal 

transduction networks that comprise the PHO pathway there exists a core PHO regulon. 

The specific mechanisms involved in regulating the PHO response in S. cerevisiae and 

S. pombe show remarkable plasticity. An interesting area for future research centers on 

the environmental factors that contributed to the development of these two parallel 

networks. Why is the PHO response in S. pombe under the control of a general stress 

transcription factor, Pho7, while S. cerevisiae has developed the phosphate starvation 

specific pathway for Pho4 activation? What are the environmental pressures that favor a 

“leaky” response in S. pombe and not one in S. cerevisiae? Broadly speaking, our study 

provides a framework for determining the fundamental requirements for regulating 

phosphate homeostasis in ascomycota and the specific points in the signal transduction 

pathway that can be altered as conditions merit.   

MATERIALS AND METHODS 

Growth Conditions and Strains 

 S. pombe cells were maintained in previously described YES or EMM media 

(Forsburg and Rhind, 2006). The yeast strains used were: DP1 (972 h-), DP81 

(pho7ΔKANMX6 972 h-), DP94 (Pho7-TAPKANMX6 972 h-), DP106 (csk1ΔNATMX6 

972 h-), DP113 (pho7ΔKANMX6 csk1ΔNATMX6 972 h-), DP115 (Pho7-TAPKANMX6 
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csk1ΔNATMX6 ura4- 972 h+), and FWP289 (Monahan et al., 2008). The functionality of 

the Pho7-TAP allele was confirmed by both liquid phosphatase and RT-qPCR analysis 

and it behaves as pho7+. To tag Pho7 and delete csk1+ we utilized a PCR fragment 

containing the marker of interest flanked by homologous regions for the specific gene 

target. Cells were transformed with lithium acetate and polyethylene glycol 8000 

(Forsburg and Rhind, 2006). Primers used for deletion or tagging are found in Table 

S3.1.To provide consistency with previously published results for inorganic phosphate 

starvation, all starvation experiments were conducted with cells incubated in a 90%SD-

10%EMM media, which has been previously described (Henry et al., 2011). 

Microarray Analysis and Data Processing 

 Strains were grown in 90%SD-10%EMM medium containing 10 mM KH2PO4 

(high-Pi) at 30°C until they reached early-log phase (OD600=0.15-0.25). Cells were 

collected via filtration, washed twice, transferred to fresh media lacking Pi (no-Pi), and 

grown at 30°C for up to 4 hours. Immediately prior to starvation (t=0), 20 mL of cells 

were added to 30 mL of methanol kept at -65°C to prevent further transcription or RNA 

degradation. At 30, 60, 120, and 240 minutes post-starvation this process was 

repeated. Cells were left in methanol for 10 minutes, pelleted, washed quickly in 

autoclaved water, re-suspended in 750 uL of RNAlater (Ambion), and snap-frozen in 

liquid nitrogen. RNA was extracted using the RNeasy Mini kit (Qiagen). cDNA was 

generated in a reverse transcriptase reaction using 10 µg total RNA with a 1:1 mixture 

of oligo-dT and random hexamer primers (Operon) and a 2:3 ratio of amino-allyl-

dUTP:dTTP (Sigma). Superscript II RT (Invitrogen) was added and the reaction mixture 

was incubated at 42°C for 2.5 hours. cDNA was purified using a PCR purification kit 
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(Qiagen) after completing hydrolysis of remaining RNA. An equal amount of cDNA from 

each time point was pooled to provide the reference sample. Purified cDNA samples 

were labeled using N-hydroxyl succimamide esters of either Cy3 or Cy5 dyes (GE 

Biosciences). 300 ng of the Cy3 (each individual time point) and 300 ng of the Cy5 

(pooled reference) labeled sample was competitively hybridized to custom Agilent 

8x15K S. pombe two-color expression microarrays (probe design by the Regev group) 

in 2xGEx Hybridization Buffer (Hi-RPM) (Agilent) for 17 hours at 60°C. Microarrays were 

washed and immediately scanned using an Axon 400B scanner (Vijayan et al., 2009). 

The mean intensity of each spot in the Cy3/Cy5 channels was extracted using the 

GenePix 5.1 software, followed by lowess and quantile normalization performed with the 

MATLAB bioinformatics toolbox. Expression ratios for each time point, x, were 

normalized to t=0 (Log2[Cy3t=x/Cy5pool] – Log2[Cy3t=0/Cy5pool]) and thresholds for 

induced genes were set at ≥ 2σ + median-F.C. for each time point (1.02-F.C. at 120 

minutes, 1.24-F.C. at 240 minutes).  

 To determine the extent of pho7+ and csk1+ regulation within the PHO response 

we grew the relevant strains (DP1, DP81, DP106, DP113) as described above, with the 

exception that cells were split into either high-Pi or no-Pi media and grown for 2 hours 

prior to RNA collection. Two independent biological replicates were performed for the 

following comparisons: DP1 in high-Pi vs. DP1 in no-Pi, DP81 vs. DP1 in no-Pi, DP1 vs. 

DP81 in high-Pi, and DP106 vs. DP1 in high-Pi. For each of these arrays the two probes 

used to detect each ORF were treated as separate data points (for 4 total) and p-values 

were determined using a student’s t-test with a one-tailed distribution against the null 

hypothesis in the MATLAB software. Thresholds were set at ≥ 1.8-F.C. to facilitate 
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comparison with the previously characterized S. cerevisiae data set (Zhou and O'Shea, 

2011). Genes passing the induction threshold also had to pass a p-value threshold of ≤ 

0.01. For the epistasis analysis (Figure S3.1), thresholds for individual arrays were set 

at ≥ 2σ + median-F.C. Clustering analysis was completed using k-means clustering in 

the Cluster 3.0 program (Eisen et al., 1998) after empirically determining the optimal 

number of clusters using the MATLAB bioinformatics toolbox. 

Chromatin Immunoprecipitation 

 ChIP experiments were carried out using DP1 (mock), DP94 (Pho7-TAP), DP115 

(Pho7-TAP csk1Δ), and FWP289 (Snf22-TAP) strains as previously described (Lam et 

al., 2008; Monahan et al., 2008), with the following modifications. Cells were grown to 

early log-phase (OD600~0.18) in high-Pi media at 30°C and split into either 200 mL of 

high-Pi or no-Pi media and grown for 2 hours. Formaldehyde (Sigma) was added to a 

final concentration of 1% (v/v) to cross-link chromatin, and the reaction was allowed to 

proceed for 15 minutes. Glycine (Sigma) was then added to a final concentration of 125 

mM and incubated for 5 minutes to quench cross-linking. Cells were lysed by bead 

beating (6 x 2 min on, 2 min off) and chromatin was sheared to 300-600 bp fragments 

using a Misonix Sonicator 3000. Immunoprecipitation was performed with 100 uL of 

Protein G Dynabeads (Invitrogen) coupled to 4 uL of anti-Protein A antibody (Sigma). 

Protein concentrations were measured using a Bradford Assay (Bio-Rad) and 650 µg of 

each sample was subjected to IP. 50 µg was set aside to measure total DNA (input). 

ChIP DNA was quantified using quantitative PCR on a Stratagene MX3000. qPCR was 

completed using a standard curve generated by a serial dilution of genomic DNA. 

Abundance of Pho7-TAP or Snf22-TAP bound to DNA was measured in respect to input 
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and was normalized against the signal from the spo3+ promoter. Enrichment for a given 

primer set, Y, is defined as: [(YChIP/YInput)/(spo3+
ChIP/spo3+

Input)]. Values calculated 

represent the mean of three biological replicates ± standard error. Primer sequences 

used are listed in Table S3.1. 

pho1+ Promoter Deletion Analysis 

 Segments of the pho1+ promoter were amplified using PCR and subjected to 

restriction digest. Fragments were ligated into a yfp+ plasmid containing the selectable 

ura+ marker, creating a pho1+pr-yfp+ fusion. Plasmids were transformed into pho7+, 

pho7Δ, or csk1Δ ura- backgrounds using lithium acetate and polyethylene glycol 8000. 

Cells were selected based on their ability to grow in EMM-ura media. Cells containing 

the various plasmids were grown overnight in high-Pi media at 30°C. The next morning 

cells were diluted and grown to mid-log phase before being pelleted, washed, and then 

transferred into either high-Pi or no-Pi media for 4 hours. Total RNA was extracted from 

harvested cells using an acid phenol protocol (Kerwin and Wykoff, 2009). cDNA was 

generated from 1 µg total RNA using the iScript cDNA synthesis kit (Bio-Rad) and was 

purified using a PCR clean up kit (Qiagen). Real-time PCR was performed using a 

Stratagene MX3000. Amplification was measured relative to a standard curve 

generated by a serial dilution of genomic DNA. pho1+ and yfp+ transcript levels were 

normalized to act1+. Shown is the average from three independent replicates ± standard 

error. Primers used for amplification are listed in Table S3.1. 

 For fluorescent microscopy, cells containing the various plasmids were grown 

overnight in high-Pi media at 30°C. They were transferred to fresh high-Pi media, grown 

to mid-log phase, and split into either high-Pi or no-Pi media and cultured for 4 hours. 
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Cells were then harvested and subjected to fluorescent and confocal microscopy. 

Representative images are shown in Figure S3.6. 

Chromatin Immunoprecipitation of Pho7-TAP with High-Throughput Sequencing 

(ChIP-Seq) 

 ChIP-Seq was performed on the DP1, DP94, and DP115 strains as previously 

described (Vijayan et al., 2011; Zhou and O'Shea, 2011). Briefly, following the 

generation of ChIP lysate as detailed above, three aliquots of 650 µg soluble protein 

were subject to immunoprecipitation and pooled just prior to elution from the beads. 

Samples were processed following the Illumina HTS guidelines with libraries of 200-300 

bp selected via 2% agarose DNA gels. Libraries were amplified by PCR and purity was 

determined using an Agilent High-Sensitivity DNA kit on an Agilent Bioanalyzer. 

Libraries were sequenced on an Illumina HighSeq 2000 and 50bp reads were aligned to 

the S. pombe 972 h- genome using ELAND. We obtained between 16 million and 54 

million reads on average from our samples. Uniquely aligned reads were extended 80 

bp from the read start site to cover the average length of insert as determined by the 

Agilent Bioanalyzer. 

 To determine which of our enriched regions were actually attributable to a Pho7-

TAP binding event we used a modified method from (Vijayan et al., 2011). For each 

condition analyzed we set a lower threshold for peak discovery equal to the genomic 

average of reads per base. We set the upper threshold equal to the highest observed 

read count within the given sample. Using 380 equal increments between these two 

thresholds we defined peaks that were larger than 100 nucleotides and separated by at 

least 20 nucleotides. Peaks were compiled at the highest threshold at which they met 
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those standards and full peaks were required to be at least 150 nucleotides distant from 

the nearest neighbor. Statistical analysis comparing sample enrichment to mock 

enrichment was performed in MATLAB using previously described methods (Vijayan et 

al., 2011). Peaks used for subsequent analysis had a ≥ 2-fold enrichment over the 

genome average and a p-value ≤ 0.005 compared to the mock sample. 

In Silico Motif Discovery 

 The set of significantly enriched peaks we identified in the ChIP-Seq analysis 

were smoothed and fit to a binomial distribution using the MATLAB bioinformatics 

toolbox. Maximums from each distribution were identified and FASTA sequences for 50-

200 bp surrounding the max were submitted to MEME for motif discovery (Bailey et al., 

2009). We attempted many iterations varying the requirements for the number of motifs 

within each sequence, the length of sequence, the proximity to known transcription 

factor binding sites, gap penalty, pho7+-regulation from microarray analysis, etc. We 

were unable to produce a motif through this analysis that was significantly enriched in 

more than 15% of the top 200 peaks.  

pho7+ Regulation in Additional Stress Response Pathways 

 For each individual stress response, initial cultures of DP1 and DP81 were grown 

in 90%SD-10%EMM media containing 10 mM KH2PO4 to early-log phase at 30°C. Cells 

were collected, washed twice with autoclaved water, and split into the following 

conditions (all modifications of the high-Pi media): +Pi – 10 mM KH2PO4, -Pi – 0 mM 

KH2PO4, +Fe – 100 uM Fe(III)Cl3, -Fe – 250 uM 2-2’-dipyridine (DIP) (Sigma), +Cu – 

100 uM Cu(II)SO4, -Cu – 100 uM bathocuproine disulphonate (BCS) (Sigma), Osmotic 

Shift – 1.2 M NaCl instead of 0.1M NaCl, and Carbon Switch – 2% glycerol/1% ethanol 
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instead of 2% glucose. Cells were grown for 2 hours and harvested as described above. 

Recovered RNA was converted into cDNA using the iScript cDNA synthesis kit (Bio-

Rad) and subjected to RT-qPCR. Amplification of the gpd1+, fio1+, ctr4+, hxk2+, and 

pho1+ transcripts were measured for the three independent replicates and transcript 

abundance was normalized to act1+. Shown is the average ± standard error. Primers 

used in the RT-qPCR analysis can be found in Table S3.1. 

 Extracted RNA was also subjected to microarray analysis as detailed above. 

Expression from pho7+ cells in replete conditions was compared to that in stress 

conditions for each individual stressor to determine the base set of genes that respond 

in each given stress. The dependence upon pho7+ was determined by comparing the 

levels of induction in pho7+ cells in stress to induction in pho7Δ cells in stress. Following 

extraction of Cy3-Cy5 fluorescence intensity using the GenePix 5.1 software and 

normalization through the MATLAB bioinformatics toolbox, expression ranges for each 

individual condition were normalized to a min-max of -1 to 1 to assist in cluster analysis. 

Genes that had a pho7+-regulated stress response were identified as having induction 

values ≥ [2σ + median]-F.C. between both the pho7+ replete vs. stress and pho7+ stress 

vs. pho7Δ stress conditions. This set of 124 unique genes was then grouped using k-

means clustering. The optimum number of clusters for subsequent analysis was 

determined empirically using the MATLAB bioinformatics toolbox and we performed k-

means clustering on the combined data set using Cluster 3.0 (Eisen et al., 1998). 

High-Throughput Sequencing of the S. pombe Transcriptome (RNA-Seq) 

 RNA-Seq was performed on samples from pho7+ cells grown in high-Pi and no-Pi 

conditions and pho7Δ cells grown in no-Pi conditions using previously described 
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methods (Ingolia et al., 2009). Briefly, DP1 or DP81 strains were grown to early-log 

phase in high-Pi media at 30°C. Cells were filtered, washed twice with no-Pi media, and 

split into either high-Pi or no-Pi media and grown for another 2 hours. Samples were 

frozen in 2:3 ratios of cells: cold methanol (-65°C) to prevent further transcription or 

degradation. RNA was extracted from harvested cells using warm acid phenol and 

ethanol precipitation. Total RNA was treated with oligo-dT Dynabeads (Invitrogen) to 

enrich for poly-A tailed RNA and to decrease the abundance of rRNA. Enriched RNA 

was fragmented using an alkaline fragmentation solution and transcripts between 50-

100 nucleotides were purified from a 15% TBE-Urea polyacrylamide gel. RNA libraries 

were then subjected to dephosphorylation using T4 polynucleotide kinase (NEB) and 

poly-A tailing using poly-A polymerase (NEB). RNA was mixed with template DNA 

containing linker sequences for PCR amplification of the first-strand cDNA product, an 

oligo-dT(20) primer, and two degenerate nucleotides. Following reverse transcription 

with Superscript II (Invitrogen), the cDNA-containing template was circularized and 

subjected to PCR. Library purity was analyzed using the Agilent Bioanalyzer. Libraries 

were sequenced on an Illumina High-Seq 2000 and 50 bp single-end reads were used 

for all subsequent analysis. 

 Library output was first trimmed for any poly-A stretch and sequences were 

shortened to between 18-23 nucleotides. Our samples generated an average of 

between 130 and 170 million trimmed reads. Reads aligning to any region of rRNA were 

then removed from the dataset and the remaining sequences were aligned to the S. 

pombe 972 h- genome using Bowtie (Langmead et al., 2009). On average this left us 

with between 30 and 50 million uniquely mapped, non-rRNA reads. Utilizing the most 
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current annotation of the S. pombe genome (Wood et al., 2012), we calculated reads 

per killobase of exon model per million mapped reads (RPKM) scores for each 

annotated feature in both the sense and anti-sense direction (Mortazavi et al., 2008). 

Transcript enrichment between high-Pi and no-Pi conditions in the pho7+ background 

and between pho7+ and pho7Δ backgrounds in no-Pi conditions are expressed as the 

log2 ratio of RPKM values. Statistical significance for expression differences between 

either high-Pi and no-Pi conditions in a pho7+ background, or the expression difference 

between a pho7+ and pho7Δ background grown in no-Pi media were calculated with 

slight modifications to the previously described method (Bitton et al., 2011; Bloom et al., 

2009). Briefly, for each annotated feature a 20kb sliding window was used to generate 

direction specific read totals for the surrounding region. We then applied a two-tailed 

Fischer’s exact test with a 2x2 contingency table. The rows were separated by 

conditions assayed and the columns were separated by sum read totals within the 

feature and read totals in the total 20kb sliding frame. The statistical test was performed 

using MATLAB with code from Michael Boedigheimer (Boedigheimer, 2008). Total 

transcript abundance was normalized for each nucleotide as nucleotide reads per 

million sequenced reads (RPM).  
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CHAPTER 4 

Conclusions Regarding the S.cerevisiae Pho85-Pho80 Structure and the PHO 

Pathway in S.pombe 
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Structure and Function of the Pho85-Pho80 Complex 

 After solving the crystal structure of Pho85-Pho80 we successfully identified a 

number of unique features that provide insights into the function of the Pho85-Pho80 

complex. We elucidated the structural reason for T-loop dispensability, demonstrating 

that residues R132 on Pho85 and D136 on Pho80 form a salt bridge activating the 

CDK-cyclin complex. We found that the phenylalanine at position 138 in Pho80 was 

responsible for optimal phosphorylation of Pho4, and plays a partial role in recognizing 

the phosphorylation sequence motif SPXI/L. Utilizing rational mutagenesis we identified 

a distal site on Pho80 that contributes to the binding and processive phosphorylation of 

Pho4 by the Pho85-Pho80 complex. Finally, based on previous mutagenesis studies we 

identified the surface on Pho80 that interacts with the CKI Pho81 and isolated a putative 

binding pocket for IP7.  

 There are two primary directions that would be interesting for continuing research 

on the structure and function of the Pho85-Pcl complexes. First, we would like to solve 

the structure of the novel inhibitory complex Pho85-Pho80-Pho81MD-IP7-Mg2+. Besides 

informing our understanding of the switch-like behavior of Pho81 – which would be the 

first structural elucidation of a non-canonical CKI mechanism – such a structure could 

provide clues regarding protein-polyphosphate inositol interactions. Recently, inositol 

polyphosphates have been implicated in a number of cellular processes – chromatin 

remodeling, chemotaxis, signal transduction, among others (Irvine et al., 1999; Luo et 

al., 2003; Schell et al., 1999; Steger et al., 2003) – and it would be interesting to know if 

there were key structural features that are conserved between inositol polyphosphate 

interacting proteins.  
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We have made some progress towards this aim using multi-dimensional NMR. 

We have successfully created vectors for recombinantly expressing the full Pho81MD –

as well as the peptides S1, S3, and S3S1 – with cleavable GST and His6 tags in E.coli. 

We were able to produce each construct in minimal media supplemented with 15NH4Cl 

as the sole nitrogen source, as well as 15N-labeled Pho85-Pho80. Using recombinant 

sources of Pho85-Pho80 and IP7 we formed the Pho85-Pho80-15N-S3S1-IP7-Mg2+ 

complex in vitro and subjected the labeled peptides to HSQC analysis (data not shown). 

We also collected TROSY spectra for the 15N-labeled Pho85-Pho80 either alone or in 

complex with S3S1-IP7-Mg2+ (data not shown).  

 Unfortunately, we encountered serious obstacles when we attempted 

reconstitution of the inhibitory complex at concentrations above 100 µM. Based on 

previous attempts at increasing the solubility of inositol polyphosphate species 

(Grynspan and Cheryan, 1983) and truculent proteins (Golovanov et al., 2004) we used 

a number of different buffers containing a range of NaCl (30-150 mM), pH (6-8), MgCl2 

(0.3-10 mM), and free arginine and glutamic acid (up to 50 mM). In each case 

precipitation followed complex formation, with almost complete precipitation of peptide 

following 12 hours (data not shown). By lowering the initial concentration of 15N-S3S1 to 

50 µM we were able to perform a crude titration with unlabelled Pho85-Pho80 (0.2-1.8 

molar equivalents), but the addition of IP7 once again caused precipitation of the 

complex. Attempts to verify the published KD for the S1 or S3S1 interaction with Pho85-

Pho80 at concentrations above 100 µM via isothermal titration calorimetry were also 

met with precipitation issues (data not shown). Moreover, while we could increase the 

bulk preparation of IP7 using recombinant Vip1, there were complications scaling the 
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preparation beyond 30 mL and a final yield of ~10 uM. These significant challenges 

have led us to the belief that further structural analysis should be pursued using x-ray 

crystallography. 

 One possible strategy involves crystal formation of two distinct Pho85-Pho80-

Pho81-IP7 complexes: (1) Pho85-Pho80-S3 and (2) Pho85-Pho80-S1-IP7-Mg2+. The 

first should provide insight regarding the constitutive interaction between Pho81 and 

Pho85-Pho80 independent from external Pi concentrations; the second would provide 

the inhibited complex. Early attempts at forming crystals of Pho85-Pho80 and soaking in 

Pho81MD failed because the requirement for IP7 was not known. Further, It is possible 

that the Pho85-Pho80-Pho81MD structure undergoes conformational changes upon 

binding IP7, which would cause problems within the crystal lattice for the full length 

Pho81MD during switching. By using S1 and S3 separately, this problem should be 

avoided. Once obtained, the crystal structure could be solved using molecular 

replacement with our Pho85-Pho80 structure. 

 The second direction for the functional analysis of Pho85-Pcl complexes involves 

the biochemical nature of Pcl substrate specificity. As mentioned in chapter 2, each of 

the different Pcl family members targets Pho85 to specific phosphorylation motifs 

(Dephoure et al., 2005; Huang et al., 2007). Previous reports have demonstrated that 

peptide libraries can be used to build energy landscapes for CDK-cyclin specificity 

(Songyang et al., 1994). Using peptides with the Pho4 SP6 sequence modified with all 

20 amino acids at the +3 position (i.e. SPXN) we could build landscapes for each of the 

Pho85-Pcl complexes. With this information we could then determine the contribution 

from the F138 residue of Pho80 on substrate selection. We also know from alignments 
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of the Pcl family members the residues that are equivalent to F138 in each Pcl (see 

Figure S2.1). Such residues might be important for each individual Pcl’s substrate 

specificity and mutating each would allow us to build a relative contribution index for 

each of the Pcl residues. We could then determine whether a single swap at this 

position is sufficient for altering substrate specificity or if we will need to build larger Pcl 

chimeras to re-wire Pho85-Pcl targeting. This experimental set-up would elucidate the 

structural features responsible for diverse substrate selection by the Pcl family. 

 

The S.pombe PHO Pathway and Beyond: The pho7+ Regulatory Mechanism 

 Using a systems biology approach we characterized the PHO transcriptional 

response in the fission yeast S.pombe. The PHO response has a fast element – genes 

responsible for inorganic phosphate harvesting and transport – and a slow element – 

genes responsible for intracellular phosphate management and alternate organic 

phosphate harvesting. The core PHO regulon, comprising the PHO5, PHO84, and GIT1 

orthologs pho1+, spbc8e4.01c+, and spbc1271.09+, is activated by the transcription 

factor pho7+ in response to phosphate starvation. csk1+ represses the activation of 

these three genes by pho7+ in high-Pi conditions. Fusing varying lengths of the pho1+ 

promoter to a yfp+ expression construct we identified a segment between -2 kb and -1 

kb that is necessary for csk1+ mediated inhibition; which we have termed the URS. We 

also used this system to verify the pho7+ UAS between nucleotides -245 and -225 in the 

pho1+ promoter.  

Based on our ChIP-Seq data we found evidence of widespread Pho7 binding in 

regions that are not involved in the phosphate starvation response. GO Term 
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enrichment suggested that these Pho7-bound genes might play a role in responding to 

other forms of environmental stress. Therefore, we grew pho7+ and pho7Δ cells in iron 

starvation, copper starvation, high osmotic pressure, and glucose-free conditions and 

assayed gene expression using microarray hybridization. We found that differential sets 

of the Pho7-bound genes responded to the varying stressors and, for ~15-18% of those 

genes, maximal expression depended on pho7+. Our RNA-Seq analysis implicated 

pho7+-dependent regulation in activating non-coding and anti-sense transcription. 

Moreover, we discovered evidence of a bi-functional role for pho7+, activating certain 

regions of the genome for transcription and repressing others. In sum, our work proves 

that pho7+ plays a role in global transcript regulation in response to multiple 

environmental stressors.  

There are a number of experimental directions that would be fruitful for 

continuing work on phosphate, pho7+, and csk1+ dependent transcriptional regulation. 

First, while we have defined a 20 bp region in the pho1+ promoter necessary for pho7+ 

activity (the UAS), we still have not demonstrated a direct interaction between Pho7 and 

DNA. Using recombinant Pho7 we could verify this interaction in vitro using an 

electrophoretic mobility shift assay (EMSA) with radiolabeled DNA probe. This method 

has been validated with the related Gal4 protein (also containing a ZC domain), and 

was used to distinguish motif preferences for multiple ZC containing transcription factors 

(Liang et al., 1996). Thus, if Pho7 binds directly to DNA, this experiment would allow us 

to define the DNA binding motif for Pho7, which has been recalcitrant to in silico 

discovery.  
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Second, we would like to understand the biochemical mechanism behind pho7+ 

activation and repression. There are two possible scenarios that could be controlling 

Pho7 activity. In the first, a post-translational modification of Pho7 could be required to 

fully activate or repress Pho7 functionality. We know that the URS in the pho1+ 

promoter is necessary for csk1+-mediated repression. Our initial attempts at identifying 

a Csk1 phosphorylation target on Pho7 resulted in putative Csk1 target site mutants that 

were not defective for pho1+ transcriptional regulation; yet, this does not preclude Pho7 

phosphorylation by Csk1 at the promoter as a requirement for repression. Recombinant 

Csk1 has been successfully purified from both E.coli and insect cell sources and is fully 

capable of phosphorylating Mcs6 and Cdk9 (Hermand et al., 1998; Pei et al., 2006). 

Using recombinant Pho7 we could determine whether Csk1 phosphorylates Pho7 in 

vitro, and compare the enzyme kinetics to known Csk1 targets. If the URS requirement 

extends to the in vitro system we could try recombinant Csk1 kinase assays with lysate 

from csk1Δ cells. Starting with synthetic stretches of the pho1+ promoter (i.e. plasmid 

vectors), we would add whole cell extract to reconstitute the chromatin architecture, and 

assay epitope-tagged Pho7 phosphorylation in the presence or absence of Csk1.  

It is possible that either Csk1 is not the enzyme responsible for phosphorylating 

Pho7 or that the post-translational modification controlling Pho7 activity is not a 

phosphorylation event. Purification of epitope-tagged Pho7 from csk1+ and csk1Δ cells 

grown in high-Pi or no-Pi conditions followed by post-translational mass spectrometry 

(PT-MS) would allow us to determine: (1) whether Pho7 is post-translationally modified 

in response to phosphate starvation, (2) what modifications are occurring, and (3) the 
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extent of Csk1 involvement in Pi-dependent Pho7 modification. This would also provide 

validation for the in vitro kinase assays described above. 

In the second - not mutually exclusive - scenario, Pho7 activity is determined by 

the proteins in complex with Pho7 in either high-Pi or no-Pi conditions. In this scenario 

Pho7 is directed to the correct locations for transcriptional activity based on the DNA 

binding affinities of the other, non-Pho7 complex members. We know from the ChIP-

Seq results that Pho7 is recruited to Pi-responsive promoters during phosphate 

starvation. It is possible that the difference in DNA binding affinity is attributable to a 

non-Pho7 component of the activating complex that is itself regulated by phosphate 

starvation. Besides the differential recruitment of Pho7 to DNA, it is known that the 

opening and closing of transcribed regions in S.pombe is a complex process relying on 

the coordinated efforts of many different DNA and histone modification enzymes 

(Grewal and Jia, 2007; Suganuma and Workman, 2008). Perhaps the ability of Pho7 to 

switch from an inactive form to an active one at PHO promoters is a function of the 

successful recruitment of one such factor to the Pho7-containing complex. To address 

this mechanism we could once again utilize an epitope tagged version of Pho7. Growing 

the tagged-Pho7 strain in either high-Pi or no-Pi conditions we could prepare whole cell 

extracts that would be subjected to affinity-purification followed by mass spectrometry 

(complex-MS). This would allow us to identify proteins bound to Pho7 and assay the 

composition of protein complexes during phosphate starvation.  

We have made some progress towards addressing these experimental concerns, 

but we are stymied by the difficulties in producing recombinant Pho7 in E.coli or pure, 

full-length Pho7-TAP in S.pombe. We have vectors for expressing MBP and GST 
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fusions of Pho7 in E.coli, but the recombinant protein is not expressed correctly and is 

predominately found precipitated in the pelleted debris. Other groups working with ZC 

domains have observed that working with shorter constructs (i.e. only the first 60-100 

residues of the Gal4 protein) or expressing/purifying the protein with excess zinc greatly 

increases solubility and yield (Lenouvel et al., 1997; Liang et al., 1996; Marmorstein et 

al., 1992). We could modify our method and create deletion constructs of Pho7 

containing variable sequences surrounding the ZC domain. These constructs could then 

be swapped into S.pombe expression vectors and Pho7 complementation could be 

confirmed in the pho7Δ background. Hopefully this would provide a ready source of 

recombinant Pho7 for in vitro studies.  

As we demonstrated in Figure S3.4, full-length Pho7-TAP purified from S.pombe 

extract is not pure and has a low yield. To overcome these limitations we could try 

tagging Pho7 with a suite of different tags (FLAG, Myc, HA, etc.) at both the termini, and 

determine the most efficient tag system for purification. If our work with the ZC deletion 

constructs produces a truncated form of Pho7 that is necessary and sufficient for PHO 

pathway regulation, we could use this deleted form instead of the full-length Pho7. 

Finally, there are plasmid based systems for producing protein in S.pombe from 

promoters of varying strengths that we could use to drive Pho7 expression (Siam et al., 

2004). While this would cause disruption of the normal stoichiometries for Pho7-

containing protein complexes, we might be able to use over-expressed Pho7 as bait for 

complex-MS or PT-MS. 

Third, we want to detail the mechanism for combinatorial control of Pho7 in 

response to diverse environmental stressors. Using the methods outlined above, we 
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could determine whether or not Pho7 undergoes different post-translational 

modifications and/or interacts with different protein complexes based on the nature of 

the perceived stress. We already know the transcription factors responsible for 

activation or repression of the key stress response genes in a few of the signal 

transduction pathways identified in our microarray analysis (Labbe et al., 1999; Mercier 

et al., 2008; Ohmiya et al., 1997; Pelletier et al., 2002). It is possible that these 

previously identified factors are responsible for regulating Pho7 activity. For example, 

during iron repletion Fep1, a transcriptional repressor, binds upstream of both fip1+ and 

fio1+ preventing induction of the iron uptake system (Pelletier et al., 2002). In our ChIP-

Seq data we discovered a binding site for Pho7 directly over the Fep1 site (Figure 

S3.5A). It would be useful to know whether Fep1 represses Pho7 and if so, whether that 

interaction is direct or indirect. Further, we would like to know if Pho7 repression is 

mediated through Csk1 in all of these additional stress response pathways or if there 

are negative regulators specific to each stress. Using the genome wide S.pombe 

deletion collection and phenotypic markers for the different stressors (akin to secreted 

acid phosphatase plate assays) we could attempt an identification of the factors 

responsible for gene regulation and their epigenetic relationships to Pho7. 

 Finally, we would like to explore the functional role of the non-coding and anti-

sense transcription regulated by Pho7. Before attempting an in-depth exploration of 

ncRNA function we would first confirm that Pho7 binding is necessary for ncRNA 

transcription. Swapping the selected ncRNA promoters into our pho1+pr-yfp+ system will 

allow us to delete the appropriate Pho7 binding site and measure its impact on 

transcriptional output. This will help us avoid ncRNAs that are up- or down-regulated in 
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response to indirect effects of Pho7 deletion. Previous genome wide studies have 

remarked on the widespread prevalence of non-coding transcription in S.pombe, though 

the functionality of many transcripts remains unknown (Ni et al., 2010; Rhind et al., 

2011). Bitton et al., recently outlined the role for ncRNA and anti-sense RNAs in 

regulating gene silencing during mating type switching (Bitton et al., 2011). They 

developed a method for determining the effects of anti-sense transcription in trans using 

ectopic locus transplantation, a method that could be applied to our cohort of ncRNAs. 

Further, they demonstrated that regulation by their ncRNAs required the RNAi 

machinery, which is something we could assay with our ncRNAs.  

Regardless of the directions pursued in the wake of this research, we believe that 

our characterization of the PHO pathway in S.pombe has revealed a multifaceted and 

novel stress response network. At the center of this network lies the transcription factor 

pho7+, which plays a major role in the phosphate starvation response, and a minor role 

in multiple other stress response pathways. The biological and biochemical details 

surrounding pho7+ regulation should provide ample material for future study, and should 

hopefully provide insights into how diverse environmental conditions have influenced 

the evolution of phosphate responsive signal transduction pathways in diverse fungal 

species. 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Bacterial Expression and Purification of Pho85-Pho80 

Co-expression of Pho85-His6 and Pho80 in E. coli essentially follows the 

published procedure (Jeffery et al., 2001). Briefly, the full length Pho85-His6 and Pho80 

were co-expressed in BL21 DE3 (Novagen) by adding isopropyl-β-

Dthiogalactopyranoside (IPTG) to final concentration of 200 µM at 24°C after the cells 

are grown to A595 of 0.4 – 0.6. Following cell lysis by microfluidizer processor 

(Microfluidics), the His6-Pho85-Pho80 was purified through Ni Sepharose High 

Performance and HiTrap Heparin High Performance columns (Amersham Biosciences). 

Similar procedure was used to express and purify the seleno-methionine variant of 

Pho85-Pho80 using E. coli B834 methionine auxotroph strain (Novagen). The purified 

native and Se-Met His6-Pho85-Pho80 are essentially monodisperse as judged by 

dynamic light scattering measurement. 

Crystallization and Diffraction Data Collection 

Long needle-shaped crystals of the complex were grown in hanging drops at 

10°C by mixing 3 volumes of the concentrated Pho85-Pho80 and 2 volumes of the 

reservoir solutions of 9 to 12% PEG 10K, 10% glycerol, 0.2 – 0.25 M strontium chloride 

(SrCl2), 10 mM Tris (2-carboxyethyl) phosphine (TCEP) and 0.1 M 2-

morpholinoethanesulfonic acid (MES), pH6.5. Crystals of the complex of Pho85-Pho80 

in the presence of ATP-γ-S (Sigma) were obtained by microseeding. The crystals were 

cryo-protected by coating with paratone-N oil before flash-freezing in liquid nitrogen. 

Both ligand-free and ATP-γ-S-bound crystals belong to the same space group 

and have very similar unit cell dimensions (Table 2.1). Based on the Matthews 
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coefficient analysis (Kantardjieff and Rupp, 2003; Matthews, 1968), the number of 

Pho85-Pho80 heterodimer molecules in the asymmetric unit could not be determined 

with certainty; assuming 2, 3 and 4 heterodimers in the asymmetric unit, the calculated 

solvent content are approximately 75, 62 and 50%, respectively.  

Determination of the Crystal Structure of Pho85-Pho80 

Although Pho85 shares 55% identity with CDK2, the use of molecular 

replacement technique to obtain initial phases, with the main chain of the crystal 

structure of CDK2 (PDB code: 1QMZ) as the search model, was not successful. 

Therefore, a single-wavelength anomalous dispersion (SAD) data set (Table 2.1) was 

collected at the microfocus beamline ID29, ESRF, Grenoble, France and processed and 

analyzed using MOSFLM (Leslie, 1992). The Pho85-Pho80 heterodimer has a total of 

twelve methionines (nine in Pho85 and three in Pho80), including the initiator M1 

residues in both proteins. Excluding the two N-termini methionines, most (~80%) of the 

expected selenomethionine (or Se) sites resides in Pho85. Twelve Se sites were 

identified in SOLVE (Terwilliger and Berendzen, 1999) using the SAD data at the peak 

wavelength. These sites were refined in SHARP (La Fortelle and Bricogne, 1997) using 

the data between 30-3.5 Å. However, the overall experimental figure of merit was quite 

poor (~0.3), and the SAD-phased electron density map was not good enough to discern 

useful structural features and intermolecular boundaries. 

We then used pattern matching in attempts to assess the correctness and 

relationship of the initial twelve sites and the existence of non-crystallographic symmetry 

(NCS). After measuring the distances between every two Se sites, we could identify two 

sets of three Se sites with nearly identical triangular geometries. Noting the locations of 
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the residues in the CDK2 crystal structure (PDB code: 1QMZ) that align with the eight 

internal methionines of the Pho85 sequence (two being identical to CDK2 sequence), 

we could also find a set of three methionine positions in the CDK2 structure that match 

with either of the two sets of three Se sites identified in the pattern matching. Taken 

together, the results indicate that the two sets of three Se sites are related by a NCS 

and that there are two heterodimers in the asymmetric unit. Indeed, the NCS matrix was 

found by FINDNCS (Lu, 1999). A SAD phased (based on the 12 seleno sites), two-fold 

NCS averaged and solvent flattened (75% solvent) electron density map at 3.5 Å 

showed considerable improvement and was very encouraging. Molecular boundaries 

could be made out. The Cα trace of the crystal structure of CDK2, which has a 

significant sequence identity and similarity to Pho85, could be fitted reasonably well as 

an entire rigid body to the Pho85 density in the two heterodimers. More importantly, we 

could confirm not only the positions of the initial twelve Se sites but also found seven 

more sites from SHELXD (Schneider and Sheldrick, 2002) and SnB (Weeks and Miller, 

1999). The nineteen total sites (ten in one heterodimer complex and nine in the other 

complex) were refined in SHARP and used to calculate another 2-fold averaged and 

solvent flattened map (figure of merit of 0.85). The densities of a significant number of 

side chains were revealed. Model building was done with the programs COOT (Emsley 

and Cowtan, 2004) and O (Jones et al., 1991). The model was refined against the 

native dataset, collected at the APS ID19 beamline, with CNS (Brunger et al., 1998) and 

CCP4 (CCP4, 1994) package. 

Site-Directed Mutagenesis and Kinase Assays  
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Fusion PCR was used to generate Pho80 mutants, F138A with the following 

primers: 5’-AAAGGCTTATGTGATTCGGCCTCAACAAACGCCCATTAT-3’ and 5’-

ATAATGGGCGTTTGTTGAGGCCGAATCACATAAGCCTTT-3’ and F138E with the 

following primers: 5’-AAAGGCTTATGTGATTCGCAATCAACAAACGCCCATTAT-3’ and 

5’-ATAATGGGCGTTTGTTGATTGCGAATCACATAAGCCTTT-3’. In both cases, the 

underlined sequence represents the mutated codon that was inserted into the PCR 

product. Subsequently the following primers were utilized for both mutants: 5’-

TCACAACATATGGAAAGCACATCAGGA-3’ and 5’-

CATCAAGGATCCTTAATCTGGCTTTGATCG-3’, which are complimentary to 

nucleotides +1 to +18 and +865 to +882 of the PHO80 gene, respectively. All PCR 

reactions were carried out with VentR polymerase according to the manufacturer’s 

instructions (New England Biolabs). After cutting the PCR product into the pSBET-a 

vector (Schenk et al., 1995), the presence of the appropriate mutation was verified by 

sequencing. 

Quick change mutagenesis was performed on EB1285 using the Quick Change II 

kit (Stratagene) to generate the Pho80 distal mutants with the following primer pairs: 5'-

CAAAAGTAATTCTGCCCGCTGATTTTAATAAATATTCTAGAACTGACCTAGT- 

3' and 5’-ACTAGGTCAGTTCTAGAATATTTATTAAAATCAGCGGGCA-

GAATTACTTTTG-3’ for C30Y, 5’-CTAGAACTGACCTAGTGGTGTTCATA-

TCACGAATGTTAGTA-3’ and 5’-TACTAACATTCGTGATATGAACACCACTAGG-

TCAGTTCTAG-3’ for L38F, 5’-CCTAGTGGTGCTCATATCACAAATGTTAGTAT-

CGCTGATAG-3' and 5’-

CTATCAGCGATACTAACATTTGTGATATGAGCACCACTAGG-3’ for R41Q, and 5’-
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GAATAGTTCAGCTGGTGGATTCCTTTAACGCTTCACC-3’ and 5’-

GGTGAAGCGTTAAAGGAATCCACCAGCTGAACTATTC-3’ for G229D. In each case, 

the underlined sequence represents the nucleotide(s) that was modified. These EB1285 

based vectors were then cut with BamHI and NdeI (New England Biolabs) and the 

Pho80 fragment was ligated into a pSBET-a vector (Schenk et al., 1995). Following 

ligation, all mutations were verified by sequencing. Coexpression of Pho85-His6 and the 

Pho80 mutants in E. coli, and their purifications, essentially follows the published 

procedure (Jeffery et al., 2001). The Pho80 distal site mutants were further purified 

using an isocratic elution from a HiLoad 16/60 75 pg gel filtration column (GE 

Healthcare), and the 1:1 stoichiometry of Pho85-His6:Pho80 was confirmed via Safe 

Blue staining (Invitrogen). 

The kinase assays were carried out following published procedure (Jeffery et al., 

2001). The Pho4 substrate was purified according to a published procedure (Jeffery et 

al., 2001). The peptides used in kinase assays (identified as SPVI and SPVA) were 

made by Biosynthesis, Inc. and Bethyl Laboratories, Inc. respectively. SPVI, which 

corresponds to the SP6 phosphorylation site of Pho4 (O'Neill et al., 1996), has the 

sequence 213-SAEGVVVASESPVIAPHGSTHARSY-237, where the consensus 

sequence (SPVI) is in bold. SPVA, the non-specific substrate, is identical to the SPVI 

peptide substrate but with the I residue at the +3 position of the consensus sequence 

changed to A. For analysis of SPVI phosphorylation by the Pho80 distal site mutants, 

the dried p81 discs were exposed to a storage phosphor screen and imaged using the 

Typhoon Trio system (GE Healthcare). 
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Identification of a Shorter Segment of the 80 Residue Fragment of Pho81 that 

Binds Pho85-Pho80 

We sought to determine whether there is a shorter segment of the 80-residue 

(644 to 723) segment/domain of Pho81, initially shown to be necessary for the inhibition 

of the kinase activity (Huang et al., 2001), that will bind Pho85-Pho80. Eight different 

truncation constructs (shown in Figure S2.4) of the 80-residue domain were cloned into 

the pTYB11 expression vector of the IMPACT T7 System (New England Biolabs) as an 

intein fused to a chitin binding domain (CBD). A pull down assay was used to determine 

the interaction between each truncation mutant and Pho85-Pho80. About 50 µl of the 

chitin beads was mixed with 1 ml cell lysate of each truncation mutant–INTEIN-CBD. 

The beads were then centrifuged for 30 seconds at 1,000g, and the pellet suspended in 

1 ml of 500 mM NaCl, 5% glycerol and 20 mM Tris, pH 8.0; this procedure was 

repeated five times to remove protein contaminants bound non-specifically to the chitin 

beads. The beads were then mixed with excess amount of purified Pho85-Pho80 and 

incubated for one hour. After subjecting the beads to extensive washing as described 

above, a sample was chromatographed on a SDS gel electrophoresis and the gel 

stained with Coomasie Blue. As shown in Figure S2.4, a shorter segment of the primary 

sequence of Pho81, which comprises of residues 665 to 701, can bind Pho85-Pho80. 

The fact that Pho85-Pho80 remained bound to the segment despite extensive washing 

of the beads indicates a tight complex. The 37-residue segment includes residues 690 

to 695 and 699 to 701 which when mutated in Pho81 caused significant defects in 

inducing Pho5 expression (Huang et al., 2001). Interestingly, RXL motif is not present in 

the shorter segment that binds Pho85-Pho80. Although there is one putative RXL motif 
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at residue 647 to 649 (RPL) of the 80-residue domain, the three truncation mutants 

(644-652, 644-658 and 644-664) which harbor the RXL motif do not bind Pho85-Pho80 

(Figure S2.4). 
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Figure S2.1. Amino Acid Sequence Alignment of Pho80 and the Other Nine Pho85 Cyclins 
(Pcls) 
The alignment was done using Clustal W program and colored by the Boxshade Program. The α 
helices, loops and the two short strands of one β sheet as they occur in the Pho80 structure are 
placed above the alignment. The residues that are completely invariant, identical and similar are 
highlighted in green, yellow and cyan backgrounds, respectively. The numbers on the right hand side 
correspond to the amino acid positions in the primary sequences. The star identifies the position of an 
invariant aspartic acid residue (D136 in Pho80). Dashed lines indicate disordered segments in the 
structure, consisting of an eight-residue segment in the middle of the αNT-α1 loop and a five-residue 
segment in the middle of the αCT1-αCT2 loop (see also Figure 2.1A in the main paper). The Pcl6 
sequence (residues 230 to 390) could be aligned only after excluding the 70-residue segment from 
268 to 327. The excluded segment, which is predicted to be between α2 and α3, is considerably 
longer than the corresponding segments in Pho80 and other Pcls. 
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Figure S2.1. Continued 
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Figure S2.2. Hydrophobic Interactions of the Aliphatic Residues on the PSTAIRE/PSSALRE 
Helices of Pho85, CDK2, and CDK5 with Residues of Their Respective Cyclins 
The PSTAIRE in Pho85 and CDK2 are shown in cyan and green, respectively, and the PSSALRE in 
CDK5 is shown in purple. The cyclins are depicted in red for Pho80, grey for cyclin A and yellow for p25. 
Residue identifications (black color for the PSTAIRE helix and red for the cyclin) are for only the Pho85-
Pho80 complex. The residues of cyclin A and p25 are shown in grey and orange, respectively. The 
overlaps in panels A and B were obtained following superposition of the kinase subunit structures. The 
three PSTAIRE/PSSALRE helices adopt virtually identical position. The hydrophobic interactions between 
the aliphatic residues on the PSTAIRE/PSSALRE and cyclin residues are summarized below. The 
locations of the residues on the cyclins are in parenthesis. 

 
 (A) Overlap of the Pho85 and CDK2 PSTAIRE helices and parts of Pho80 and cyclin A. Both α3 and α5 
in Pho80 and cyclin A adopt roughly a similar position. αCT1 in Pho80 has no counterpart in cyclin A. 
Note that the locations of the three aliphatic residues on the PSTAIREs involved in the interactions with 
the cyclins are almost identical (summarized in the table above). Moreover, the residues on the cyclins 
involved in the interactions originate from identical segments (see table). (B) Overlap of Pho85-Pho80 
and CDK5-p25. In contrast to that shown in panel A, the α5 helices of Pho80 and p25 barely overlap (see 
also Figure S2.3). Moreover, in p25, residues from almost entirely the C-termini of helices α3 and α5 and 
the N-terminus of αCT1 make interactions with the large aliphatic side chains on PSSALRE. This 
difference is attributed mainly to the differences in the geometries of α5 and its neighboring helices 
between p25 and Pho80 or cyclin A (further discussed in Figure S2.3 legend). Among the three different 
aliphatic side chains on PSTAIRE or PSSALRE helix, only L49 of CDK5 fails to overlap with the 
corresponding I51 of Pho85 or I49 of CDK2. This difference may be attributed to the interactions in p25 of 
L49 with two bulkier aromatic residues (Y231 and W258), thereby possibly nudging L49 farther to one 
side, as compared with the interactions of I51 of Pho85 or I49 of CDK2 with only aliphatic side chains. 
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Figure S2.3. The Relationship of the α5 Helices with α3 and α4 of Pho80 or Cyclin A and with α3 of 
p25 
The color schemes for the helices and residue numbers are identical to those described in Figure S2.2. 
The overlaps shown in panels A and B were obtained following superposition of the kinase subunit 
structures. (A) The geometries of the helices α3, α4 and α5 in Pho80 (red) and cyclin A (grey). Note the 
similarities of the geometries in the two complexes, notably all three helices in both cyclins adopting quite 
similar positions. Moreover, as shown in Figure 2.1A in main text, the α5 helices in Pho80 and cyclin A lie 
nearly parallel to the PSTAIRE helices. A salt link and a hydrogen bond or hydrophobic interaction 
contribute to maintaining the close packing of α5 to the cyclin box in both Pho80 and cyclin A. The salt 
link (lower pair) in Pho80, between E159 on α5 and K132 on α3, is equivalent to that in cyclin A, between 
E295 on α5 and K266 on α3 (data not shown). A hydrogen bond is also formed in Pho80 between N156 
on α5 and N141 on α4 (the upper pair). In place of the hydrogen bond, a hydrophobic interaction is 
formed in cyclin A, between L292 on α5 and V275 on α4 (data not shown). (B) The relationship between 
α5 and α3 in Pho80 (red) and p25 (yellow). Despite the claim of the presence of α4 helix in p25 
(Tarricone et al., 2001), PDB analysis indicates clearly that it is missing (see also Figure 2.1B in the main 
text). In contrast to the similar geometry shown in panel A for Pho80 and cyclin A, in p25, the position of 
α5 differs from that in Pho80 or cyclin A. The p25 α5 helix is farther away from the rest of the cyclin box 
helix bundle. The angle between the axes of α5 helices in p25 and Pho80 is 27°. Moreover, whereas the 
α5 helices in Pho80 and cyclin A lie parallel to the PSTAIRE, the α5 helix in p25 is rotated at an angle of 
about ~25° with respect to PSSALRE (Figure 2.1B in the main text). The reasons for the geometrical 
difference are not clear, but one possibility is the absence in p25 of the two stabilizing interactions 
between helices α3 and α5 in Pho80 and cyclin A (panel A). Additionally, the juxtaposition and 
noncomplementarity between L249, which resides on the long loop following α3 and roughly assumes a 
similar position to that of N156 on α5 of Pho80, and K254 on α5 could be another determinant in attaining 
the final geometry in p25. Since α3 α4 and α5 of the cyclin box in Pho85 and p25 are engaged 
extensively in the interaction with the cognate kinase subunits, the differences in the geometries of these 
helices may account for the plasticity of the CDK-cyclin interfaces. The difference in the position of α5 in 
p25 as compared to that in cyclin A (or now Pho80) has been attributed to be the consequence of the 
tight packing of αNT against α1, α2, and the last portion of α7, the equivalent of αCT2 (Tarricone et al., 
2001). A problem of this explanation is that the packing geometry of the four helices in p25 is not too 
different from that in Pho80 (see Figure 2.1B in the main text). 
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Figure S2.4. Identification of a Shorter Segment of the 80 Residue Fragment of Pho81 that Binds 
Pho85-Pho80 
Binding was demonstrated by pull down assays with the segment-INTEIN-CBD bound to chitin beads 
serving as a bait to retrieve Pho85-Pho80. The stronger intensity of the Pho85-Pho80 band pulled down 
by the 80-residue fragment (644-723) is probably a reflection of a better expression of the 80-residue-
INTEINCBD construct and a much larger fragment. 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Pho7-TAP Expression and Purification 

 Purification of Pho7-TAP from DP94 cultures grown in either high-Pi or no-Pi 

media was attempted using modified procedures from (Gould et al., 2004). Pho7-TAP 

cells were grown to mid-log (OD600=0.4) phase at 30°C in 1 L high-Pi media. Cells were 

collected, washed in no-Pi media, and transferred to either 10 L high-Pi or no-Pi media 

and grown for another 2 hours. Cells were harvested and frozen drop-by-drop in liquid 

nitrogen. Samples were lysed using a Retsch Ball Mill (6 x 3 min, 400 RPM) with 

continuous chilling in liquid nitrogen between pulses. Milled sample was re-solubilized in 

NP-40 buffer (6 mM Na2HPO4, 4 mM NaH2PO4, 1% NP-40, 150 mM NaCl, 2 mM EDTA, 

50 mM NaF, 4 ug/mL leupeptin, 0.1 mM Na3VO4, 1.3 mM benzamidine, 1 mM PMSF, 

and 1 EDTA-free Complete Protease Inhibitor Tablet (Roche) per 50 mL buffer) and cell 

debris was pelleted by centrifugation at 20,000 g for 10 minutes at 4°C. Supernatent 

was subjected to either polyethylenimine precipitation followed by ammonium sulfate 

(AS) precipitation (Burgess, 1991) or just AS precipitation from 20% and 60% 

ammonium sulfate (w/v) fractions. The 60% ammonium sulfate pellet was brought up in 

25 mL NP-40 for further purification. 

The re-suspended 60% AS fraction was incubated with 700 uL of 50% IgG 

Sepharose 6B resin, rotating, for 1 hour at 4°C. Lysate was packed into a Bio-Rad Poly-

Prep Chromatography column and washed with 3 x 10 mL of IPP150 buffer (10 mM 

Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% NP-40) and 10 mL TEV CB (10 mM Tris-HCl, pH 

8.0, 150 mM NaCl, 0.1% NP-40, 0.5 mM EDTA, and 1.0 mM DTT). Remaining IgG 

beads were then incubated with 400 U acTEV Protease (Invitrogen) in 1 mL TEV CB for 
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1.5 hours at 16°C. Elute was drained from the column and a second elute fraction was 

collected with 1 mL TEV CB. 

 Elute fractions were adjusted to 20% trichloroacetic acid (v/v) and precipitated 

overnight at -20°C. Samples were precipitated at 20,000 g for 30 minutes at 4°C and 

washed once in cold acetone-HCl and once in cold acetone. Precipitates were dried to 

completion using a speedvac and re-solubilized in 50 uL 2xSB. Appropriate samples 

from the purification process were analyzed using SDS-PAGE and stained with 

Invitrogen SafeStain, or subjected to western blot analysis using an anti-CBP antibody 

(Open Biosystems). Representative gels from this process are shown in Figure S3.4.
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Figure S3.2. Secondary Structure Prediction for Pho7. 
Displayed is the amino acid sequence of Pho7 overlaid with a secondary structure 
and solvent accessibility prediction performed using the Predict Protein software 
suite (Rost and Liu, 2003). A.A.: amino acid sequence (negatively charged (red) and 
positively charged (blue) residues are shown), R.I.S.: reliability index for secondary 
structure prediction (0:low, 9:high), P.S.S.: predicted secondary structure (L=random 
coil, E=extended sheet, H=helix) for residues that pass a ≥ 82% expected average 
accuracy threshold, R.I.A.: reliability index for solvent accessibility prediction (0:low, 
9:high), P.A.: predicted solvent accessibility (b=0-9%, i=9-36%, e=36-100%) for 
residues that pass a ≥ 0.69 expected average correlation threshold. 
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Figure S3.3. Conservation of Residue T463 in Pho7. 
Shown is an alignment performed on the 9 residue sequence surrounding the T463 
residue in S. pombe Pho7. T463 was identified as a phosphorylated residue in a 
global proteome study (Wilson-Grady et al., 2008). The Pho7 motif was aligned 
against both its orthogroup members (S. octosporus and S. japanicus) and previously 
identified targets for Csk1 kinase activity (see text) using the ClustalW2 algorithm 
(Goujon et al., 2010; Larkin et al., 2007). Residues are colored based on identity, and 
the consensus sequence is shown below. Jalview was used to produce the 
conservation plot (Waterhouse et al., 2009). 
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Figure S3.4. Purification of Pho7-TAP. 
(A) Schematic of the Pho7-TAP purification workflow. For specific details pertaining 
to each step in the purification see the supplemental materials and methods. (B) 
Representative SDS-PAGE gel (top) and western blot (WB, bottom) from the Pho7-
TAP workflow. See supplemental materials and methods for further details. Fractions 
analyzed were: WCE: whole cell extract, Post-Spin: supernatent from the hard spin, 
Post-AS: re-solubilized 60% ammonium sulfate pellet, IgG FT: flow-through from the 
IgG sepharose 6B resin, Pre-TEV Cut: pooled IgG bound material before addition of 
acTEV protease, TCA Elute: final TCA precipitated elute. Box in the top image 
represents the area where Pho7-CBP is thought to elute. The *-arrow in the bottom 
image represents the predicted Pho7-TAP molecular weight, the arrow shows the 
predicted size for Pho7-CBP post-TEV cleavage. The antibodies and imaging kit 
used are listed. 
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Figure S3.5. ChIP-Seq Binding Profiles for Pho7-TAP at Non-PHO Promoters. 
Shown are ChIP-Seq profiles for the genes identified in Figure 3.6. As previously 
described, wild-type cells containing Pho7-TAP were grown in either high-Pi (blue) or 
no-Pi (red) conditions and ChIP-Seq libraries were prepared from purified DNA. For 
comparison, the ChIP-Seq signal from mock (black) cells grown in no-Pi and csk1Δ 
(cyan) cells incubated in high-Pi is included. The gene product of interest is plotted 
based on transcript direction with the plus (+) strand above and the minus (-) strand 
below. Reads were normalized as described in the text and the location within the 
genome is plotted on the x-axis. 
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