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ABSTRACT

In response to phosphate limitation, Saccharomyces cerevisiae induces

transcription of a set of genes important for survival. One of these genes is PHO5, which

encodes a secreted acid phosphatase. A phosphate-responsive signal transduction

pathway mediates this response by controlling the activity of the transcription factor

Pho.4. Three central components of this pathway are: a cyclin-dependent kinase (CDK),

Pho85; a cyclin, Pho&0; and a CDK inhibitor (CKI), Pho&1. Pho&1 forms a stable

complex with Pho80-Pho85 in both high and low phosphate conditions, but it only

inhibits the kinase when cells are starved for phosphate. We wished to understand how

Pho81 functions as a CKI and to identify the missing factors in the PHO pathway to

better understand the signaling process for PHO5 repression.

In the first chapter of this thesis, we described a functional analysis of the CKI,

Pho&1. Pho81 contains six tandem repeats of the ankyrin consensus domain homologous

to the INK4 family of mammalian CKIs. INK4 proteins inhibit kinase activity through

an interaction of the ankyrin repeats and the CDK subunit. Surprisingly, we found that a

region of Pho81 containing 80 amino acids C-terminal to the ankyrin repeats is necessary

and sufficient for Pho81 s CKI function. The ankyrin repeats of Pho&1 appear to have no

significant role in Pho&1 inhibition. Our results suggest that Pho81 inhibits Pho80-Pho85

with a novel motif.

In the second chapter of this thesis, we described a high-throughput, quantitative

enzymatic screen of a yeast deletion library, searching for novel mutants defective in

PHO5 regulation. We identified 11 functionally diverse genes that were previously
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unknown to regulate PHO5 expression. When each of these genes was deleted, the

resulting yeast cells display constitutive PHO5 expression in high phosphate conditions.

The functional diversity of these 11 genes suggests that the PHO pathway is networked

with other important cellular signaling pathways that are important for cell survival.

Among these genes, ADK1 and ADO1, encoding an adenylate kinase and an adenosine

kinase, respectively, appear to function upstream of PHO81.
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INTRODUCTION



The ability to respond appropriately to environmental changes is essential to all

cells for survival. When microorganisms are limited for nutrients, they respond by

regulating the expression of the genes important for survival. Inorganic phosphate is an

essential nutrient for the synthesis of many cellular components such as nucleic acids,

phospholipids and phospho-metabolites. In the budding yeast Saccharomyces cerevisiae,

almost 5% of a cell's dry weight is phosphate (COUNCIL 1971). Yeast cells that are

starved continuously for phosphate eventually arrest cell growth in the G1 phase of the

cell cycle. Therefore, it is important that the response to phosphate starvation be robust

and tightly regulated for yeast to survive in their natural environment. It is known that

Saccharomyces cerevisiae responds to changes in extra-cellular inorganic phosphate

through at least three processes: phosphate scavenging, phosphate uptake, and phosphate

storage. A major portion of the regulation of these processes occurs at the transcriptional

level through a phosphate responsive signaling pathway, called the PHO pathway

(LENBURG and O'SHEA 1996; OSHIMA 1997; OSHIMA et al. 1996). As a result of the

PHO pathway signaling, the transcription of a gene encoding a secreted acid phosphatase,

PHO5, is repressed in high-phosphate conditions and induced in low-phosphate

conditions.

The PHO pathway was originally established by Oshima and colleagues (OSHIMA

1982). PHO2, PHO4, and PHO81 are positive regulators of PHO5; deletion of these

genes results in an inability to induce PHOS upon phosphate starvation (TOH-E et al.

1973). PHO80, PHO85, and PHO84, are required for the repression of PHO5, and loss

of-function mutations in these genes result in constitutive expression of PHO5, even in

high-phosphate conditions (UEDA et al. 1975). Epistasis studies using both dominant and



recessive alleles of these genes allowed them to be ordered in a genetic pathway

(LENBURG and O'SHEA 1996).

Significant progress has been made in understanding the molecular mechanism of

the PHO signaling pathway. Three central components of this signal transduction

pathway resemble those used to regulate the eukaryotic cell cycle: a cyclin-dependent

kinase (CDK), Pho85 (TOH-E et al. 1988; UESONo et al. 1987); a cyclin, Pho&0 (MADDEN

et al. 1988; TOH-E and SHIMAUCHI 1986; UESONO et al. 1987); and a CDK inhibitor

(CKI), Pho81 (COCHE et al. 1990; OGAWA et al. 1995; SCHNEIDER et al. 1994). Pho&1

binds to Pho&0/Pho&5 when cells are grown in both high and low conditions. However,

it appears that Pho&1 only inhibits the kinase during phosphate starvation (SCHNEIDER et

al. 1994). The Pho&1/Pho&O/Pho&5 complex regulates the activity of Pho4 (KAFFMAN et

al. 1994; KOMEIL1 and O'SHEA 1999), a transcription factor that is required for PHO5

expression. When yeast cells are grown in high-phosphate medium, Pho4 is

phosphorylated by Pho&O/Pho85. Phosphorylated Pho4 is localized predominantly to the

cytoplasm and PHO5 transcription is repressed. When yeast cells are grown in medium

devoid of phosphate, the activity of Pho80/Pho85 is inhibited by Pho81. Thus, Pho4 is

unphosphorylated and localized to the nucleus, where it activates PHO5 transcription.

Although the structures and inhibitory mechanisms of mammalian CKIs have

been well studied, less is known about these aspects of the CKIs in S. cerevisiae. As one

of main focuses of this thesis (chapter one), we have chosen to study how the CKI Pho81

functions in the phosphate responsive signal transduction pathway in S. cerevisiae.

Pho81 contains six tandem repeats of the ankyrin consensus domain that are homologous

to the INK4 family of mammalian CDK inhibitors which includes an inhibitor of cyclin



D-CDK4/6, p16 (OGAWA et al. 1995; SCHNEIDER et al. 1994; SERRANo et al. 1993). Our

functional analysis of Pho81 has revealed a minimum domain of Pho81 containing 80

amino acids (645–724) that is necessary and sufficient for Pho81 inhibition of Pho80–

Pho85 in response to phosphate conditions. This Pho&1 minimum domain resides C

terminal to the six ankyrin repeats that appear to have no significant role in the inhibition

of Pho80-Pho85. In contrast to p16 which inhibits the kinase through interactions of the

ankyrin repeats with the CDK subunit (PAVLETICH 1999; RUSSO et al. 1998), our findings

suggest a novel inhibitory mechanism of Pho81 as a CKI.

Even though the molecular mechanism of the signaling from the

Pho&1/Pho80/Pho85 complex to PHOS expression has been well elucidated, the

phosphate sensor is still not known, nor is the signaling process between the sensor and

the kinase complex. PHO84, encoding a phosphate starvation-inducible high-affinity

H’/PO, symporter, is suggested to function upstream of PHO81, because loss-of-function

mutations in PHO81 are epistatic to mutations in PHO84 (BUN-YA et al. 1991). Cells of

pho&4A strain express PHOS constitutively. However, overexpression of unrelated

phosphate transporters or a glycerophosphoinositol transporter in the pho&4A strain

suppresses the PHO5 constitutive phenotype, suggesting that Pho&4 is not required for

sensing phosphate (WYKOFF and O'SHEA 2001). Whereas traditional genetic studies have

been conducted to search for a phosphate sensor and other factors that signal upstream of

PHO81 in the PHO pathway, the results have been unfruitful due to the limitation of

assays that were neither quantitative nor systematic. Therefore, another main focus of

this thesis (chapter two) was to identify the missing factors in the PHO pathway and to

better understand the signaling process for PHO5 repression. We developed a high



throughput, quantitative acid phosphatase liquid assay to screen the yeast deletion library,

searching for the novel mutants that are defective in PHO5 regulation (chapter two). We

wished to identify the signaling components that function upstream of PHO81 and are

required for PHOS repression. As a result of this study, we have identified 11

functionally diverse genes that were previously unknown to regulate PHO5 expression.

When each of these genes was deleted, the resulting yeast cells display a constitutive

PHO5 expression in high phosphate conditions. Analysis of these 11 constitutive

mutants suggests that ADK1 and ADO1 (KONRAD 1988; LECOQ et al. 2001), encoding an

adenylate kinase and an adenosine kinase, respectively, appear to function upstream of

PHO81.
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Chapter I

Functional Analysis of the Cyclin-Dependent Kinase Inhibitor

Pho81 Identifies a Novel Inhibitory Domain

Sidong Huang, Douglas A. Jeffery, Malcolm D. Anthony

& Erin K. O'Shea"

Howard Hughes Medical Institute, University of California – San Francisco, Department

of Biochemistry & Biophysics, 513 Parnassus Avenue, San Francisco, CA 94143-0448

*corresponding author. Email: oshea(a)biochem.ucsf.edu

Reprinted with permission from Huang S, Jeffery D, Anthony M & O’shea EK.

Functional Analysis of the Cyclin-Dependent Kinase Inhibitor Pho&1 Identifies a

Novel Inhibitory Domain, Mol. Cell. Biol. 2001. 21:6695-6705. Copyright 2001.

American Society for Microbiology.

-

2.(3
>



ABSTRACT

In response to phosphate limitation, Saccharomyces cerevisiae induces

transcription of a set of genes important for survival. A phosphate-responsive signal

transduction pathway mediates this response by controlling the activity of the

transcription factor Pho4. Three components of this signal transduction pathway

resemble those used to regulate the eukaryotic cell cycle: a cyclin-dependent kinase

(CDK), Pho&5; a cyclin, Pho&0; and a CDK inhibitor (CKI), Pho81. Pho&1 forms a

stable complex with Pho&0-Pho85 in both high and low phosphate conditions, but it only

inhibits the kinase when cells are starved for phosphate. Pho&1 contains six tandem

repeats of the ankyrin consensus domain homologous to the INK4 family of mammalian

CKIs. INK4 proteins inhibit kinase activity through an interaction of the ankyrin repeats

and the CDK subunits. Surprisingly, we find that a region of Pho81 containing 80 amino

acids C-terminal to the ankyrin repeats is necessary and sufficient for Pho&1 s CKI

function. The ankyrin repeats of Pho81 appear to have no significant role in Pho&1

inhibition. Our results suggest that Pho&1 inhibits Pho&0-Pho&5 with a novel motif.
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INTRODUCTION

Cyclin-dependent kinases (CDKs) were originally identified as critical regulatory

components of the eukaryotic cell division cycle (MORGAN 1997; NURSE and THURIAUX

1980). They have also been implicated in the regulation of gene transcription, signal

transduction and other important cellular processes. To function as active kinases, CDKs

require association with specific cyclin subunits (MORGAN 1997). The activity of many

CDK-cyclin complexes is controlled by CDK inhibitors (CKIs). There are two classes of

CKIs in mammalian cells, both of which are important regulators of the cell cycle. The

Cip/Kip family inhibits CDK4/6- and CDK2- containing cyclin-CDK complexes

involved in G1 and G1/S control (HENGST and REED 1998), and the INK4 family inhibits

cyclin D-CDK4/6 complexes involved in G1 control (PAVLETICH 1999). There are three

CKIs that have been identified in S. cerevisiae (MENDENHALL 1998): Sicl, which inhibits

Clb5, 6-Cdc28 complexes during G1 to control the timing of S phase (MENDENHALL

1993); Far 1, which inactivates Cln-Cdc28 complexes in the presence of mating

pheromone (PETER and HERSKOWITZ 1994); and Pho81, which inhibits the Pho&0-Pho85

complex involved in a phosphate-responsive signal transduction pathway (SCHNEIDER et

al. 1994).

Studies of CKI inhibition and regulation have focused on mammalian CKIs.

Members of the Cip/Kip family make extensive contacts with both the cyclin and the

CDK subunit. Binding of Cip/Kip proteins to the cyclin may block the binding of

substrates, while binding to the CDK subunit inhibits catalysis (PAVLETICH 1999).

11



Regulation of these CKIs occurs through transcriptional induction in response to

intracellular and extracellular signals (CARNERO and HANNON 1998; HENGST and REED

1998). These CKIs are also negatively regulated through phosphorylation-induced,

ubiquitin-mediated proteolysis (CARNERO and HANNON 1998; HENGST and REED 1998).

The INK4 CKIs bind exclusively to CDK4 and CDK6, altering CDK structure so that the

CDK is unable to bind to and be activated by the partner, cyclin D (CARNERO and

HANNON 1998; PAVLETICH 1999). The INK4 CKIs are also capable of inhibiting intact

cyclin D-CDK 4/6 complexes, although there do not seem to be any significant contacts

between the CKIs and cyclin D (RUSSO et al. 1998; SERRANO et al. 1993). All members

of the INK4 family consist of four tandem repeats of the ankyrin consensus domain,

which make contacts with and inhibit the CDK subunits. The ankyrin consensus domain

is a ubiquitous protein-protein interaction domain present in a number of proteins with

different functions (SEDGWICK and SMERDON 1999).

Although the structures and inhibitory mechanisms of mammalian CKIs have

been well studied, less is known about these aspects of the CKIs in S. cerevisiae. We

have chosen to study how the CKI Pho81 functions in the phosphate responsive signal

transduction pathway in S. cerevisiae. In response to phosphate limitation, budding yeast

induce transcription of a set of genes important for their survival (OSHIMA 1982). The

phosphate-responsive signal transduction pathway (PHO pathway) mediates this response

by controlling the activity of a transcription factor, Pho4 (LENBURG and O'SHEA 1996;

OSHIMA 1997). Three components of this signal transduction pathway resemble those

used to regulate the eukaryotic cell cycle: a CDK, Pho85 (TOH-E et al. 1988; UESONO et

al. 1987); a cyclin, Pho&0 (MADDEN et al. 1988; TOH-E and SHIMAUCHI 1986; UESONO et

12



al. 1987); and a CKI, Pho81 (COCHE et al. 1990; OGAWA et al. 1995; SCHNEIDER et al.

1994). In high phosphate conditions, the Pho&0-Pho&5 cyclin-CDK complex

phosphorylates and inactivates the transcription factor Pho4 (KAFFMAN et al. 1994).

When yeast are starved for phosphate, the CDK inhibitor Pho&1 inhibits Pho&0-Pho&5,

resulting in accumulation of the unphosphorylated form of Pho4 and transcription of

phosphate responsive genes including PHO5, an acid phosphatase (KAFFMAN et al. 1994;

KOMEILI and O’SHEA 1999). Because most of the PHO genes are not essential and the

activity of the PHO pathway can be controlled by the level of phosphate in the medium,

this pathway provides a useful system to investigate the function of these types of cell

cycle regulatory proteins.

Pho81 contains six tandem repeats of the ankyrin consensus domain that are

homologous to the INK4 family of mammalian CDK inhibitors which includes an

inhibitor of cyclin D-CDK4/6, p16 (OGAWA et al. 1995; SCHNEIDER et al. 1994;

SERRANO et al. 1993). A region of Pho81 containing six ankyrin repeats plus some

neighboring sequence is sufficient to inhibit PhoS0-Pho&5 in vitro and partially

complements the pho&1A phenotype when expressed in vivo (OGAWA et al. 1995),

suggesting that Pho&1 might inhibit Pho&0-Pho&5 via the ankyrin repeats by a

mechanism similar to pló. However, there are important differences between Pho81 and

p16 with respect to regulation of the cyclin-CDK complex. p16 interacts directly and

exclusively with CDK4/6. The activity of p 16 is regulated primarily by transcriptional

induction, and whenever p 16 is present, it binds to and inhibits CDK4/6 (PAVLETICH

1999; RUSso et al. 1998). In contrast, Pho&1 forms a stable complex with Pho&0-Pho&5

in both high and low phosphate conditions, but it only inhibits the kinase in low

13



phosphate conditions suggesting that the complex is regulated post-translationally

(SCHNEIDER et al. 1994). Additionally, Pho81 can associate with the cyclin Pho80 and

the Pho80-Pho&5 complex, but not with Pho85 alone (SCHNEIDER et al. 1994). It is not

known how Pho81 inhibits Pho80-Pho85 in response to phosphate conditions.

In this report, our functional analysis of Pho81 has revealed a minimum domain

of Pho&1 containing 80 amino acids (645–724) that is necessary and sufficient for Pho81

inhibition of Pho&0-Pho85 in response to phosphate conditions. This Pho&1 minimum

domain resides C-terminal to the six ankyrin repeats that appear to have no significant

role in the inhibition of Pho&0-Pho85. In contrast to pló which inhibits the kinase

through interactions of the ankyrin repeats with the CDK subunit, our findings suggest a
*Žnovel inhibitory mechanism of Pho81 as a CKI. *2.à

g
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RESULTS

Nuclear localization of Pho&1 is not regulated by phosphate conditions and is

dependent on Pho&0

Many proteins are regulated through control of their subcellular localization

(KAFFMAN and O’SHEA 1999), including the CKI Farl. To investigate the subcellular

localization of Pho&1, we tagged Pho81 with the green-fluorescent protein (GFP) and

followed its localization in live cells grown in high and low phosphate. This Pho81-GFP

fusion complemented the PhoS uninducible phenotype of a pho& 1A mutant (data not

shown). Pho81-GFP predominantly localized to the nucleus in both high and low

phosphate conditions (Fig. 1A), suggesting that the activity of Pho&1 is not controlled

through regulation of its nuclear localization. We also observed Pho&1-GFP in the

cytoplasm and at the plasma membrane in low phosphate conditions (data not shown).

The fact that Pho81-GFP localizes to the nucleus in high and low phosphate is expected

given that Pho&0-Pho85 is localized to the nucleus in these conditions (KAFFMAN et al.

1998).

We wanted to test whether the localization of Pho&1 to the nucleus depended on

Pho&0 or Pho85. This analysis was complicated by the fact that Pho&1-GFP is strongly

induced in pho&0A and pho&5A mutants because Pho4 is constitutively active (TOH-E et

al. 1988; TOH-E et al. 1973). When Pho81-GFP was expressed under the control of the

PHO81 promoter, pho&0A and pho&5A mutant cells fluoresced brightly green and Pho81

GFP appeared completely cytoplasmic in high and low phosphate (data not shown).

Since the high level of expression of Pho&1-GFP under these conditions could obscure

---

~~~Cº
*
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our ability to detect Pho81-GFP in different parts of the cell, we expressed Pho&1-GFP

from the constitutive PHO4 promoter. Expression of Pho&1-GFP from this promoter

results in levels of fluorescence midway between the levels seen in high and low

phosphate when Pho81-GFP was expressed from the PHO81 promoter, but expression

was high enough to complement the pho& 1A mutant phenotype (data not shown).

Interestingly, Pho81-GFP expressed under the control of the PHO4 promoter in a pho&0A

strain was cytoplasmic (Fig. 1B), suggesting that Pho80 is necessary for nuclear

localization of Pho&1-GFP. Additionally when we overexpressed Pho&0 using the GPD1

promoter in a pho&0A pho&5A strain, all of the Pho81-GFP was nuclear (Fig. 1B),

indicating that overexpression of Pho&0 is sufficient to transport Pho&1-GFP into the

nucleus. In contrast, Pho81-GFP is still cytoplasmic when Pho&5 was overexpressed

using the GPD1 promoter in a pho&0A pho&5A strain. These findings demonstrate that

localization of Pho&1 to the nucleus is dependent on Pho80 but not Pho85. This is

consistent with the previous findings that Pho81 can be co-immunoprecipitated with

Pho80 in a yeast strain lacking Pho85 but failed to be co-immunoprecipitated with Pho&5

in a yeast strain lacking Pho&0 (SCHNEIDER et al. 1994).

PCR mutagenesis and isolation of pho&0 mutants

Since the interaction of Pho&1 with the Pho80-Pho&5 complex involves

significant contacts with Pho80 (S. Huang and E. O'Shea unpublished observations;

(SCHNEIDER et al. 1994), we wished to identify the domains of Pho80 required for the

interaction with Pho81 in vivo. We performed a genetic selection for pho&0 mutants that

cannot be inhibited by a Pho&1° mutant, but that are able to form functional kinase

Sº

º
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complexes with Pho85 and phosphorylate Pho4. PHO81 * is a dominant point mutation

in the PHO81 gene that results in constitutive activation of the CDK inhibitor Pho81

(TOH-E and OSHIMA 1974). Whereas wild-type Pho&1 only inhibits Pho&0-Pho&5 in low

phosphate conditions, Pho&1° inhibits Pho&O-Pho&5 in both conditions, resulting in

constitutive production of the acid phosphatase PhoS. There might be two types of

Pho80 mutation that could suppress Pho&1°: a mutation that prevents Pho&1° binding and

therefore affects inhibition of Pho80-Pho&5, and a mutation that does not affect Pho&1°

binding but prevents Pho&1° from inhibiting the kinase.

In this selection, PCR mutagenized PHO80 was introduced into a PHO81 * yeast

strain carrying the CAN1 gene under the control of the promoter of the phosphate

responsive gene PHO5. The CAN1 gene encodes an arginine permease that will uptake

the toxic arginine analog, canavanine (GUTHRIE and FINK 1991). In high phosphate

conditions, wild-type Pho80-Pho&5 is inhibited by Pho&1°, resulting in the expression of

PHO5 and CAN1, and sensitivity to canavanine. Strains carrying loss of function

mutations in PHO80 are also be sensitive to canavanine. In contrast, pho&0 mutants that

cannot be inhibited by Pho&1° but still have full kinase activity will be able to repress

transcription of PHO5 and CAN1, resulting in survival on media containing canavanine.

This selection yielded several interesting pho&0 mutants. The two most frequent

mutations are an arginine to lysine change at residue 121 (R121K) and a glutamic acid to

valine substitution at residue 154 (E154V) (Fig. 2A). Pho80-59 (E154V), 60 (R121K)

and 126 (R121, S69T, F81L) are three representative mutants used in the following

studies. Interestingly, residues R121 and E154 are conserved among Pho80 and all other

cyclins in the PCl family (ANDREWS and MEASDAY 1998). Based on sequence alignment

17



with cyclin A (Fig. 2B) (BAZAN 1996; JEFFREY et al. 1995), these two residues are

predicted to be located on a solvent exposed region of helices 3 and 5. Helices 3 and 5 of
e

the cyclin box interact with conserved residues in the PSTAIRE helix of the CDK (Fig.

2B) (JEFFREY et al. 1995). º

Characterization of the pho&0 mutants º

To further characterize the effect of the pho&0 mutations, we quantitatively

**examined the PHO phenotype of yeast strains expressing the pho&0 mutants in a PHO81 C

or PHO81 background, when grown in high and low phosphate medium. In the PHO81 C º

yeast strain background, cells containing the pho&0 mutants appeared to have less PhoS
-

activity than cells containing wild type PHO80 when grown in either high or low º
*

phosphate conditions (Fig. 3A). In the PHO81 strain background, cells containing the à ºw■ tº

pho&0 mutants appeared to have less PhoS activity than cells containing wild type º
º,

PHO80 only when grown in low phosphate (Fig. 3B). These results indicate that the 3
>

Pho&0 mutants are not as effectively inhibited by Pho81. º
There might be two ways to impair Pho81 inhibition: by preventing Pho&1 º,

binding, or by affecting the ability of Pho&1 to inhibit the kinase without interfering with

binding. If the Pho&0 mutants are defective in binding to Pho&1, the subcellular º y
localization of Pho81 might be altered in yeast cells containing these pho&0 mutants. We º

found that Pho&1-GFP was cytoplasmic in the pho&0 mutant cells when grown in high S } |

phosphate (Fig. 3C, High Pi). However, when the same strains were shifted from high to º -

no phosphate medium, Pho&1-GFP was re-localized to the nucleus in the majority of the º º

cells (Fig. 3C, No P). These results suggest that Pho81 does not efficiently bind to the ** * * * *ºf

Y
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Pho80 mutants in high phosphate, but in no phosphate conditions Pho81 regains an

interaction with Pho80 that is sufficient to re-localize it to the nucleus. Since Pho&0

localizes to the nucleus independent of Pho&1 and Pho85 (data not shown), re

localization of Pho&1 in the pho&0 mutant background in low phosphate might be the

result of binding to newly synthesized cytoplasmic Pho80. If this is true, inhibition of

new protein synthesis should prevent Pho&1 in the pho&0 background from being re

localized in response to low phosphate. We found that Pho81-GFP no longer re-localized

to the nucleus when pho&0 mutants were shifted from high to no phosphate medium in

the presence of cycloheximide (Fig. 3C, No Pi + cycloheximide).

To further examine the hypothesis that the Pho&0 mutants are defective in binding

to Pho81 in high phosphate but regain the interaction when starved for phosphate, we

directly investigated the interactions of the Pho80 mutants with Pho&1 in vivo. Yeast

extracts were made from cells containing wild type or mutant Pho80 grown in high or

low phosphate. PhoS0 was immunoprecipitated from yeast extracts and the

immunoprecipitated proteins were analyzed by SDS-PAGE, followed by western blotting

(Fig. 3D). Pho81 was not efficiently co-immunoprecipitated with Pho80 mutants from

the high phosphate extracts, but was co-immunoprecipitated from the low phosphate

extracts. These differences in the ability of Pho&1 to be co-immunoprecipitated with

wild-type and mutant Pho80 were not due to the Pho81 protein levels, which were similar

in both conditions (Fig. 3E). These results indicate that the Pho80 mutants are partially

defective in binding to Pho&1, and the interaction between Pho&1 and the Pho&0 mutants

are significantly increased when cells are starved for phosphate.

2. ----:-
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Deletion analysis of Pho&1 using an in vitro transcription/translation system

Since we had identified Pho&0 residues important for interaction with Pho81, we

also wished to identify domains of Pho81 required for binding to the Pho&0-Pho&5

complex. We established a system to study binding that used in vitro transcribed and

translated Pho&1 and GST-Pho85-Pho&0 expressed and purified from E. coli.

Radioactively labeled Pho81 was incubated either with wild-type GST-Pho85-Pho80, or

with mutant GST-Pho85-Pho80 containing a Pho&0 binding mutant (Pho80-126 (R121)

isolated from the selection described above. Both wild-type and mutant GST-Pho&5-

Pho80 complexes have full kinase activity in vitro (data not shown). The incubated

reactions were bound to GSH-agarose beads and bound Pho&1 was analyzed on SDS

PAGE gels. We found that full length Pho81 has significantly higher affinity for wild

type kinase than for the mutant kinase (Fig. 4A). This result suggests that this in vitro

system mimics the in vivo state of high phosphate conditions, since Pho81 does not bind

to the mutant kinase in high phosphate conditions but binds in low phosphate in vivo.

To identify the domains of Pho&l involved in binding to the kinase complex, we

made deletion constructs containing different domains of Pho81 and tested their ability to

bind Pho80-Pho85 using the in vitro system (Fig. 4B). We found that neither the N

terminal nor the C-terminal domain of Pho&1 was able to bind the kinase complex. The

domain containing the 6 ankyrin repeats and 80 additional amino acids C-terminal to the

repeats appeared to have the same binding characteristics as full length Pho81. These

findings are not surprising, because this domain (400-724 a.a.) but not the N-terminal or

C-terminal domains, was able to partially complement the PhoS uninducible phenotype of

a pho&1A mutant in low phosphate (OGAWA et al. 1995). Surprisingly, the domain

2.
sà.
g
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containing only the 6 ankyrin repeats was not able to bind the kinase complexes. In

contrast, we found that the small domain containing the 80 amino acids C-terminal to the

ankyrin repeats was able to bind. These results suggest that these 80 amino acids, but not

the ankyrin repeats, are involved in binding to the kinase.

The Pho&1 minimum domain is sufficient for Pho&1 function in vivo

It has been shown that ankyrin repeats of other CKIs are required to inhibit CDK

function (RUSSO et al. 1998). We hypothesized that the Pho&1 ankyrin repeats might be

required for Pho&1 inhibition, whereas the 80 amino acids C-terminal to the ankyrin

repeats might be involved in stable binding to the kinase. To test this hypothesis, we

examined the PHO phenotype of yeast strains expressing different domains of Pho81

when grown in high and low phosphate (Fig. 4C). As expected, yeast cells expressing

full length Pho81 or the domain (400–724 a.a.) containing the ankyrin repeats and the

additional 80 amino acids induce PhoS expression in response to phosphate starvation.

Yeast cells expressing the domain (400–660 a.a.) containing only the ankyrin repeats have

no detectable PhoS activity in either high or low phosphate conditions. Surprisingly, yeast

cells expressing the 80 amino acids (645-724 a.a.) C-terminal to the ankyrin repeats

induce PhoS expression in response to phosphate starvation. The inability of the ankyrin

repeat domain to function is not due to a lack of expression, because this domain is

present in cells at a level similar to full length Pho81 and the other domains (data not

shown). We now refer to this 80 amino acid region as the Pho&1 minimum domain, since

it is sufficient to bind to Pho&0-Pho85 in vitro and to induce PhoS expression in response

to phosphate starvation in vivo.

º
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The Pho&1 minimum domain is necessary for Pho&1 function in vivo

Although we had shown that the Pho&1 minimum domain is sufficient for Pho&1

function in vivo, it was not clear whether this domain was necessary in the context of the

full-length protein. We investigated this question with a mutagenesis strategy in which

we replaced 3 adjacent amino acids in the Pho81 minimum domain with alanine in a non

overlapping manner. Site-directed mutagenesis was first performed on templates

containing the Pho81 minimum domain (data not shown). We found 5 mutants that were

defective in inducing PhoS expression in response to phosphate limitation in the context

of the Pho81 minimum domain (Fig. 5A).

To determine if these residues are necessary for Pho&1 function, we examined the

phenotype resulting from the same mutations in the context of full length Pho81 (Fig.

5B). Yeast cells expressing full length Pho81 with mutations in the amino acids 666-668

and 672-674 appeared to have the same ability to induce PhoS expression in response to

phosphate starvation as those expressing wild-type PhoS1. However, yeast cells

expressing full length Pho81 with mutations in amino acids 690-695 and 699-701 had

significant defects in inducing PhoS expression. Mutations in residues 693-695

completely abolished Pho81 function. These differences in the ability to induce PhoS

were not due differences in protein levels, because wild-type Pho81 and the Pho&1

mutants had similar expression levels (Fig. 5C). We then investigated the ability of the

Pho81 mutants to bind the Pho&0-Pho85 complex in vivo. Yeast extracts were made

from cells containing wild type or mutant PhoS1 grown in high and low phosphate, and

Pho81-Pho80-Pho85 complexes were immunoprecipitated with an anti-Pho80 antibody

º º*º
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(Fig. 5D). The Pho&1 mutant containing the alanine substitutions in residues 693-695

was not efficiently co-immunoprecipitated with Pho&0 in either low or high phosphate

conditions. The Pho81 mutants containing the alanine substitutions in residues 690–692

and 699-701 also appeared to have defects in binding to kinase complex. These results

indicate that the Pho&1 minimum domain is required for Pho81 function in vivo, and that

residues 690-695 and 699-701 are particularly important for Pho81 binding to Pho&0-

PhO85.

º
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DISSCUSION

Previous studies have shown that mammalian CKIs interact with cyclin-CDK

complexes in one of two ways. They can make extensive contacts with both the cyclin

and CDK subunits (Cip/Kip family), interfering with substrate binding and catalysis

(HENGST and REED 1998; PAVLETICH 1999). Alternatively, they interact exclusively

through the CDK subunit (INK4 family), altering the ability of the CDK to bind to and be

activated by its cyclin partner (CARNERO and HANNON 1998; PAVLETICH 1999). In

contrast to the INK4 family, Pho&1 can bind to the cyclin subunit in the absence of the

CDK, but not to the CDK subunit in the absence of the cyclin (S. Huang and E. O'Shea,

unpublished observations; SCHNEIDER et al. 1994). Consistent with this model, we found

that nuclear localization of Pho81 is dependent on Pho80, but not on Pho&5 (Fig. 1).

To determine how Pho81 inhibits the Pho80-Pho85 complex, we wished to first

understand how PhoS1 binds to this kinase. Pho&0 mutants isolated from a genetic

selection are defective in binding to Pho81 in high phosphate conditions but regain

interaction with Pho81 when cells are starved for phosphate. Though the Pho&0 mutants

are partially defective in binding to Pho&1, the affinity of Pho&1 for the mutant kinase is

increased in response to low phosphate conditions (Fig. 3C, D). Due to binding defects,

the mutant Pho&0-Pho85 complexes are less inhibited by Pho81 than wild-type Pho80

Pho85 and therefore induction of PhoS expression is reduced compared to induction

observed in a PHO80 background (Fig. 3B). These observations strongly suggest that the

interaction between Pho&1 and the Pho80-Pho85 complex is regulated in response to

phosphate levels. One simple model is the following: the interaction of Pho81 and the
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kinase complex in high phosphate allows the inhibitor to associate with Pho80-Pho&5

without inhibition; when the cells are starved for phosphate, the affinity of the interaction

is increased or altered so that Pho81 now inhibits the kinase.

We were surprised to discover that the ankyrin repeats are dispensable for Pho81

inhibition of Pho80-Pho85. It has been shown previously that a Pho81 domain

containing six ankyrin repeats and 80 amino acids C-terminal to the ankyrin repeats was

able to partially complement the PhoS uninducible phenotype of a pho&1A mutant in low

phosphate (OGAWA et al. 1995). From this observation and because of the homology of

Pho81 to the INK4 CKIs, it was originally hypothesized that Pho81 might inhibit Pho&0-

Pho85 through the ankyrin repeats (OGAWA et al. 1995; SCHNEIDER et al. 1994). We

have now determined that the region of Pho&1 containing 80 amino acids (645–724) C

terminal to the ankyrin repeats is necessary and sufficient for regulated inhibition of

Pho80-Pho85 (Fig. 4C, 5). Alanine scanning of the minimum functional region identified

nine residues which are required for binding to Pho80-Pho85 and inhibition of the kinase

in vivo (Fig. 5). Mutations of these nine residues impair interaction of Pho81 with

Pho80-Pho85 and therefore impair its ability to inhibit the kinase. These results strongly

suggest that the way in which Pho&1 binds to and inhibits Pho80-Pho&5 is different from

the way the INK4 CKIs bind and inhibit CDK4/6. Interestingly, this region of nine

residues is highly conserved between Pho&1 and Nuc-2, a Neurospora crassa CKI that

has sequence homology to Pho&1 (PELEG et al. 1996). The unique sequence of this

Pho81 minimum domain identifies a new type of CKI inhibitory motif.

It is remarkable that 80 residues of the Pho&1 contain all the information needed

for stable binding and regulated inhibition in response to phosphate conditions. How
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does Pho&1 inhibit the kinase? Two of the Pho&0 mutations obtained repeatedly in the

selection are in residues R121 and E154, which are predicted to be localized on solvent

exposed region of helices 3 and 5 of the highly conserved cyclin box (Fig. 2). It has been

shown that the helices 3 and 5 of the cyclin box interact with the PSTAIRE helix of the

CDK (Fig. 2) (JEFFREY et al. 1995). These observations suggest that Pho&1 might inhibit

the kinase by acting through the cyclin to perturb the interactions of the cyclin helices 3/5

and the PSTAIRE helix of the CDK. The simplest model is that Pho&1 binds to the

region of R121 and E154 on helices 3 and 5 of the cyclin Pho80. Interestingly, this

region is adjacent to a hydrophobic patch on cyclin A, which contacts the RXL motif of

p27 (SCHULMAN et al. 1998). This hydrophobic patch is also important for tight physical

interaction and phosphorylation of RXL-containing substrates by cyclin A-CDK2.

Although it is known that Pho80 interacts tightly with its substrate Pho4, the region of

Pho80 responsible for this interaction has not been identified. It will be interesting to

determine if Pho&0 binds to Pho4 using a hydrophobic patch and if Pho81 binding to

Pho&0 affects the interaction with Pho4.

If these 80 amino acids are all that are required for inhibition of Pho80-Pho85,

what do the other 1099 amino acids in Pho&1 do? Although the Pho81 minimum domain

is necessary and sufficient for Pho&1 inhibition of Pho80-Pho85, some point mutations in

the N-terminal region result in constitutive activation of the CDK inhibitor Pho81

(CREASY et al. 1993). These observations, coupled with the fact that cells containing full

length Pho81 are more inducible for PhoS activity than cells containing the Pho&1

minimum domain (Fig. 4C), suggest that the N-terminal region might also contribute to

Pho&1 inhibition of Pho80-Pho&5. Several observations suggest that Pho&1 may have a
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function in addition to its role as a CDK inhibitor. Pho81 appears to be involved in

regulation of Pel7-Pho85 (S. Huang and E. O'Shea, unpublished observations; (LEE et al.

2000). Also, overexpression of Pho81 can suppress the temperature sensitive phenotype

of a phospholipase C mutant (FLICK and THORNER 1998), suggesting that PhoS1 may

play a role in lipid metabolism. Pho81 appears to localize to the cytoplasm and to the

plasma membrane in addition to its predominant nuclear localization (D. Jeffery and E.

O’Shea, unpublished observations). Localization to the nucleus requires binding to

Pho80 while localization to the plasma membrane is mediated by the first 200 amino

acids of Pho&1 localization (D. Jeffery and E. O'Shea, unpublished observations).

Although the only identified phenotype exhibited by a pho&1A mutant is the uninducible

PHO5 expression phenotype, it is possible that Pho81 performs another function(s) in the

cell and that the parts of Pho&1 that are not required for inhibiting Pho80-Pho85 may be

important for those functions. Another S. cerevisiae CKI, Far 1, also has more than one

function. Farl was originally identified as a CKI which inactivates Cln-Cdc28

complexes and contributes to the G1 arrest in the presence of mating pheromone (PETER

and HERSKOWITZ 1994). It has also been shown that Far 1 plays an important role in

controlling morphogenesis through its interaction with the guanine-nucleotide exchange

factor Cdc24 (SHIMADA et al. 2000).

An important remaining question is how Pho81 activity is regulated in response to

phosphate conditions. Inhibition of Pho80-Pho85 by Pho81 in low phosphate leads to

nuclear localization of Pho4 and transcriptional induction of PHO5, both of which occur

even when cells are shifted to low phosphate media in the presence of cycloheximide

(LEMIRE et al. 1985; O’NEILL et al. 1996) Although Pho81 is transcriptionally induced
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in low phosphate conditions, overexpression of Pho&1 from the GAL1 promoter or on a

high copy plasmid does not lead to significant induction of PHO5 in high phosphate

(CREASY et al. 1993; OG AWA et al. 1995). These data point strongly to a post

translational mechanism of regulation of Pho&1 in response to phosphate starvation. In

contrast, the activity of INK4 CKIs is regulated primarily by transcriptional induction

(CARNERO and HANNON 1998). Several possibilities exist for the way in which Pho81 is

regulated. Pho81 could be bound by another protein or a metabolite of phosphate that

affects its activity in response to phosphate conditions. Although we have been unable to

detect any proteins bound to Pho81 or to the Pho&1-Pho80-Pho85 complex using silver

staining or metabolic labeling of proteins with *S-methionine (D. Jeffery and E. O'Shea,

unpublished observations), we cannot exclude the possibility that a regulator of this

complex dissociated during the isolation procedure. At this time, we favor a model in

which Pho80, Pho85, or Pho&1 is covalently modified in response to phosphate levels.

The identification of a small 80 amino acid region that responds to phosphate levels

should greatly facilitate analysis of such modifications.

In conclusion, our study demonstrates that Pho81 associates with the Pho&0-

Pho85 kinase complex through binding to the cyclin, Pho&0, and that a minimum domain

of Pho81 containing 80 amino acids (645–724) is necessary and sufficient for Pho81

inhibition of Pho80-Pho85 in response to phosphate conditions. The unique sequence of

this Pho81 minimum domain identifies a new type of CKI inhibitory motif. Interesting

questions still remain to fully understand the novel inhibitory mechanism and the

regulation of Pho81 as a CKI, as well as other possible functions of Pho81.

> -
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MATERIALS AND METHODS

Strains, plasmids, media, and general methods

Strains of S. cerevisiae used in this study are listed in Table 1, and plasmids are

listed in Table 2. Standard rich media (YEPD) and synthetic media (SD) were used as

described (SHERMAN 1991). No-phosphate medium is synthetic medium consisting of

yeast nitrogen base lacking inorganic phosphate. Yeast nitrogen base lacking inorganic

phosphate was made with components described in the DifCo manual, except that

potassium phosphate was substituted with same amount of potassium chloride. Low

phosphate medium was made from no-phosphate medium with the addition of 10 mg/L

of potassium phosphate. High-phosphate medium was made from no-phosphate medium

with the addition of 1.5 g/L of potassium phosphate. Yeast cultures were grown at 30BC

for all experiments. Yeast transformations were performed by the lithium acetate method

(GUTHRIE and FINK 1991).

Plasmid construction

Plasmids containing pho&0 mutants were obtained as described in the section

PCR mutagenesis and isolation of pho&0 mutants (see below). PHO81 deletion

constructs were made by PCR amplification of selected regions of the PHO81 ORF.

Vectors for expression in yeast are generally based on the pKS316 series (SIKORSKI and

HIETER 1989), a low copy CEN/ARS E. coli-S. cerevisiae shuttle vector. Each PHO81

construct for in vitro transcription/translation was made using a 5’ primer containing an

Nde I restriction endonuclease site and a 3’ primer containing a stop codon immediately

º
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following a Bam HI restriction endonuclease site. Each PHO81 construct for in vivo

complementation was made using a 5’ primer containing a Cla I restriction endonuclease

site and a 3 primer containing a stop codon immediately following a Kpn I restriction

endonuclease site. Plasmids containing pho&1 mutants were constructed as described in

the site-directed mutagenesis section. Plasmids based on pSBETA (JEFFERY et al. 2001)

were constructed by cloning coding sequences into the Nde I and Bam HI sites of the

vector. Plasmids containing PCR products were confirmed by sequencing analysis (ABI

Prism). Plasmid-expressed, tagged genes were tested for their ability to complement the

null phenotype of the appropriate deletion strains.

Fluorescence microscopy

For all microscopy experiments, cells were freshly transformed with appropriate

plasmids. Cells were first grown overnight to an OD600 of 0.6-1.0 in SD medium

supplemented with amino acids. The overnight cultures were pelleted and washed with

sterile water. Each pellet was then diluted in high-phosphate medium or no-phosphate

medium, and grown for 2-3 hours to an OD600 of 0.1-0.3. When indicated,

cycloheximide was added to a final concentration of 0.1 mg/ml. To DAPI stain cells,

each washed pellet of overnight cultures was diluted into high-phosphate medium with

0.5 mg/L of DAPI and grown for 2 hours to an OD600 of 0.4–0.6. The cultures were then

washed, re-diluted and grown for 2-3 hours to an OD600 of 0.1-0.3 in high-phosphate

medium or no-phosphate medium each with 0.5 mg/L of DAPI. Two microliters of the

culture was placed on a microscope slide and examined directly by fluorescence

microscopy. Liquid acid phosphatase assays were performed as described (KOMEILI and

-
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O’SHEA 1999) for the control cultures to confirm that cells were starved for phosphate.

All fluorescence images were collected on an Olympus BX-60 microscope with a CCD

camera (Photometrics) using identical exposures and settings.

PCR mutagenesis and isolation of pho&0 mutants

PCR mutagenesis was performed in 1.38 mM Mg” and 0.12 mM Mn” as

described (LEUNG et al. 1989). The plasmid EB1086 was used as the template for the

PCR mutagenesis. EB1086 is a pRS316 (SIKoRSKI and HIETER 1989) derivative

containing a copy of the PHO80 gene under the control of the PHO80 promoter with Bgl

II restriction endonuclease sites introduced at the start and stop codons. The primers used

are: 5-GCCCCAAGCCATCATAAATAGCC and 5-ATTAACCCTCACTAAAGGGA.

The primer pair was designed to amplify the PHO80 ORF plus 285 bases of sequence

upstream of the start codon and 187 bases downstream of the stop codon. The gapped

vector was the larger fragment from the Bgl II digest of EB1086. The gel purified PCR

products and the gapped vector were co-transformed into a PHO81°ppHO5-CANI strain

(EY439), which carries the CAN1 gene (GUTHRIE and FINK 1991) under the control of the

PHO5 promoter. PHO81° is a dominant point mutation in the PHO81 gene that results

in constitutive activation of the CDK inhibitor Pho&1 (due to the mutation S161F) (TOH-E

and OSHIMA 1974). The transformed yeast cells were plated onto SD-Ura-Arg plates

containing 10 mg/ml of canavanine to select for cells containing Pho&0 mutants. Acid

phosphatase plate assays were used to identify Pho&0 mutants that suppress the Pho&1°

Pho phenotype (TOH-E et al. 1973). The pho&0 mutants were sequenced to determine the

nature of mutations. Since the introduced Bgl II site at the stop codon of Pho&0 affected

32



the interaction of Pho80 and an anti-Pho&0 peptide antibody, the Sac II/Sal I fragment of

each pho&0 mutant was replaced with wild type sequence from EB1352.

Site-directed mutagenesis and generation of pho&1 mutants

All pho&1 mutants were generated using site-directed mutagenesis as described

(KUNKEL et al. 1987). The mutagenesis was performed on single-stranded pKS316

constructs carrying the coding sequences for the Pho81 minimum region (amino acids

645–724) or full length Pho81 using the same set of oligos. Each oligo was designed to

replace 3 adjacent amino acids in the Pho&1 minimum region with alanine in a non

overlapping manner. The DNA sequence coding for 3 alanines was designed to introduce

a Not I restriction endonuclease site for the primary analysis of potential mutants.

Mutations were confirmed by sequencing analysis.

Recombinant protein expression and purification

GST-Pho85 (EB0036) was expressed alone or co-expressed with Pho80 (EB1076)

or Pho&0-126 (EB1356) in BL21 (DE3). Cells were grown in LB with 50 g/ml

carbenecillin and 70 g/ml kanamycin (Pho80 co-expression only) to an OD600 of 0.4–0.6

and induced for 18 hours at 24BC with 40 MIPTG. Cells were harvested at 41C, frozen

at -20BC, and thawed at 4BC. Cells were resuspended in 30 ml of lysis buffer (10% (v/v)

glycerol, 50 mM Tris-HCl pH 7.5, 0.3 M NaCl, 0.1 % NP-40, 1 mM EDTA, 1 mM

EGTA, 1 mM DTT, 1 mM PMSF, 2 mM benzamidine) per liter of culture. The cell

suspension was sonicated as described in the purification of Pho&1-Hisé and the lysate

was then spun for 15 minutes at 16,000 RPM in an SS34 rotor at 4BC. DTT was added to
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a final concentration of 10 mM and the lysate was incubated in batch with 1 ml of GSH

agarose (Sigma) per one liter of cells for 3-4 hours at 4BC. Resin was spun down in a

clinical centrifuge for 5 minutes, the flow-through was removed and the resin was poured

into a 10 ml plastic disposable column (Pierce). The resin was washed with 45 ml of

wash buffer (10% glycerol, 50 mM Tris-HCl pH 7.5, 0.15 M NaCl, 1 mM DTT, 1 mM

EDTA, 1 mM PMSF, 2 mM benzamidine), and bound protein was eluted with 1 ml

aliquots of wash buffer containing 5 mM glutathione. Fractions containing purified GST

Pho85, GST-Pho&5-Pho80 or GST-Pho85-Pho&0-126 were pooled and dialyzed into

storage buffer (10% glycerol, 50 mM Tris-HCl pH 7.5, 0.15 M NaCl, 1 mM 3

mercaptoethanol, 1 mM PMSF, 2 mM benzamidine). Yield was >5 mg of purified

protein per liter. GST was also purified by the same method. The purity of all

preparations was estimated to be >95% by Coomassie staining.

Binding assays using in vitro transcription/translation products

All binding reactions were performed in siliconized tubes. Plasmids used for in

vitro transcription/translation contain sequences expressing different regions of Pho81

under the control of the T7 promoter (Table 2). These plasmids were transcribed and

translated in vitro in the presence of *S-methionine using rabbit reticulocyte lysate as

described (Promega TNT Kit). The transcription/translation reactions were incubated at

30BC for 90 minutes and used immediately for the binding assay. The average yield for

full length Pho&1 was 2.5x10" mole/l.

For each binding reaction, 10 l of TNT reaction was added to 40 l of binding

buffer (10% (v/v) glycerol, 50 mM Tris-HCl pH 7.5, 0.15 M NaCl, 0.01% (v/v) NP-40, 1
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mM dithiothreitol, 1 mM PMSF, 2 mM benzamidine, 0.1 mg /ml BSA (Boehringer

Mannheim)) containing GST-Pho85-Pho&0, GST-Pho85-Pho&0-126 or GST. For each

deletion construct of Pho81, three binding reactions were carried out in which 200 nM,

50 nM or 10 nM kinase complex or control GST was added. All binding reactions were

incubated at room temperature (23–250C) for one hour and were then transferred to a new

tube containing 10 l of GSH-Agarose (Sigma) equilibrated in the binding buffer. This

reaction was incubated at room temperature with rotation for one hour and washed

quickly three times with 0.8 ml of binding buffer. Samples were transferred to new tubes

after the last wash and all supernatant was removed. Pellets were resuspended in 20 l of

SDS-PAGE sample buffer, boiled and the suspensions were loaded on gels as described

in the figure legends. The quantitation of *S-labelled Pho81 was performed using a

Phosphorimager (Molecular Dynamics).

Preparation of antibodies and antibody beads

Polyclonal serum recognizing Pho85 was obtained (SCHNEIDER et al. 1994) and

was then affinity purified from immunoblots (HARLow and LANE 1999). Peptide

antibodies were made that recognize the last 11 amino acids of Pho&0 (AHIYNKRSKPD)

and Pho&1 (ELLFENNIDM). Peptides were synthesized with an N-terminal cysteine,

coupled to Keyhole limpet hemocyanin (KLH) and injected into rabbits (BabCo).

Antibodies were affinity purified from rabbit serum by binding to a peptide-agarose

column (Affigel) and eluting with 0.1 M glycine, pH 2.0. Monoclonal anti-Pyz was

purified with protein G columns (HARLOW and LANE 1999).
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Anti-Pho85 beads and anti-Pho80 beads were prepared by adding 5 g of each

antibody per 10 l of Protein A-Sepharose beads (Pharmacia) and incubating at room

temperature with rotation for one hour. The mixture was washed 3 times with PBS (10X

volume), and was then equilibrated in the appropriate binding buffer.

Preparation of cell extracts and co-immunoprecipitation experiments

Cells were grown in high or low phosphate medium as indicated and extracts

were prepared as described (KAFFMAN et al. 1994), except using a low salt buffer (10%

(v/v) glycerol, 250 mM Hepes pH 7.5, 0.1 M NaCl, 0.01% (v/v) NP-40, 1 mM Š

mercaptoethanol, 1 mM EDTA, 1 mM PMSF, 2 mM benzamidine, 10 mM NaF, 30 mM

fl-glycerophosphate, 1 g/ml pepstatin A, 1 g/ml leupeptin and 10 nM calyculin A).

For examining levels of protein expression, 50-100 g of each cell extract was

analyzed by SDS-PAGE followed by western blotting. In the co-immunoprecipitation

experiments, 3 mg of each cell extract was mixed with approximately 1.25 g of anti

Pho80 antibody in 300 l of low salt buffer. The mixture was incubated at 4BC with

rotation for one hour and was then spun for 10 minutes at top speed in a microfuge at

4BC. The supernatant was transferred to a new tube containing 15 l of Protein A

Sepharose beads equilibrated in PBS, and incubated at 4BC with rotation for one hour.

The mixture was washed at 4BC with 4 x 0.5 ml of PBS supplemented with 0.1% NP-40,

1 mM PMSF, 2 mM benzamidine, 10 mM NaF, and 30 mM 3-glycerophosphate. After

the first wash, all material was transferred to a new tube and the third wash was done

with rotation for 5 minutes. Pellets were resuspended in 20 l of SDS-PAGE sample

: º
-- -
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buffer, boiled and the suspensions were loaded on gels as described in the figure legends.

All gels were analyzed by western blotting using anti-Pho80 or anti-Py2 antibodies.

*
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FIGURE LENGENDS

FIG. 1.

Nuclear Localization of Pho81.

A. Pho&1 is localized to the nucleus independent of phosphate conditions. Yeast strain

EY313 (integrated Pho81-GFP) was grown in high or no phosphate media, and the live

cells were examined by fluorescence microscopy. The nuclear disposition of GFP-based

fluorescence was confirmed by its colocalization with DAPI-stained nuclear DNA.

B. Nuclear localization of Pho81 is dependent on Pho80 but not Pho&5. pho&1A

(EY0518) cells were transformed with pPHO4pr-PHO81-GFP, pho& 140ho&0A

(EY0520) cells were transformed with pPHO4pr-PHO81-GFP, and pho&1Apho&0A

pho&5A (EY0607) cells were co-transformed with pPHO4pr-PHO81-GFP and pCPD1pr

PHO80 or pGPD1pr-PHO85. All strains were grown in high phosphate and examined by

fluorescence microscopy. Similar results were obtained when the strains were grown in

low phosphate (data not shown).

FIG. 2.

Sequence and structural analysis of pho&0 mutants isolated from PCR mutagenesis.

A. Protein sequence alignment of cyclin A and Pho80 (BAZAN 1996). From the

sequencing analysis, the two most frequent pho&0 mutations are an arginine (R) to lysine

(K) change at residue 121 and a glutamic acid (E) to valine (V) substitution at residue

154. R121 and E154 (highlighted in black) are localized to helix 3 and 5 of cyclin box

(BAZAN 1996), respectively.
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B. Possible physical locations of R121 and E154 of Pho&0 based on the crystal structure

of Cdk2-cyclin A and protein sequence alignment of cyclin A and Pho&0 (BAZAN 1996;

JEFFREY et al. 1995). The residues of Cdk2 are in black except that the PSTAIRE helix is

colored gray and the residues of cyclin A are in gray except that the two equivalent

residues of R121 and E154 from Pho&0 are colored black.

FIG. 3.

Characterization of the pho&0 mutants isolated from the PCR mutagenesis.

A. In the PHO81° strain background (a dominant point mutation in the PHO81 gene that

results in constitutive activation of the CDK inhibitor Pho&1), pho&0 mutants have

reduced phosphatase activity compared to a PHO81° strain containing wild-type PHO80

grown in either high or low phosphate, pho&0A PHO81° (EY0323) cells were

transformed with pPHO80pr-PHO80, pFS316, ppHO80pr-pho&0-126, ppHO80pr

pho&0-50 or ppHO80pr-pho&0-60. The phosphatase activity was then quantitated from

cells grown in high (solid column) and low (open column) phosphate media.

B. In a wild-type PHO81 strain background, yeast cells containing pho&0 mutants have

reduced phosphatase activity in low but not high phosphate conditions. pho&0A PHO81

(EY0134) cells were transformed with pPHO80pr-PHO80, pFS316, ppHO80pr-pho&0-

126, ppHO80pr-pho&0-50 or ppHO80pr-pho&0-60. The phosphatase activity was then

quantitated from cells grown in high (solid column) and low (open column) phosphate

media.

C. Pho&1 is localized to the cytoplasm in the pho&0 yeast strain grown in high

phosphate, but relocalized within the nucleus when grown in low phosphate, and this
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relocalization is blocked in the presence of cycloheximide. pho&1Apho&0A (EY0520)

cells were co-transformed with pPHO4pr-PHO81-GFP and pPHO80pr-PHO80, pFS316,

or ppHO80pr-pho&0-126. Strains were grown in high, no phosphate or no phosphate

media with cycloheximide, followed by examination by fluorescence microscopy.

D. Pho&1 fails to co-immunoprecipitate with mutant pho&0 from yeast grown in high but

not in low phosphate. pho&0A (EY0134) cells were transformed with pPHO80pr

PHO80, pFS316, ppHO80pr-pho&0-126, ppHO80pr-pho&0-59 or ppHO80pr-pho&0-60.

Yeast extracts were made from cells containing wild-type or mutant Pho80 grown in high

or low phosphate. An anti-Pho80 antibody was then used to immunoprecipitate Pho80

from yeast extracts, and the immunoprecipitated proteins were analyzed by SDS-PAGE

followed by western blotting using anti-Pho81 or anti-Pho80 antibodies.

E. Pho&l protein levels are similar in yeast strains expressing wild-type or mutant

Pho80. 50 g of the same yeast extracts from Fig. 3D were analyzed by SDS-PAGE

followed by western blotting using anti-Pho&1 antibody. As a control, a recombinant

Pho81 standard and yeast extracts from cells lacking Pho81 (EY0518) grown in high and

low phosphate media were included in each blot.

FIG. 4.

Identification of the Pho81 minimum domain.

A. In vitro translated full-length Pho&1 has significantly higher affinity to wild-type

kinase than to the mutant kinase. Radioactively labeled Pho81 was made in a eukaryotic

in vitro transcription/translation system (Promega TNT Kit) and was then incubated

either with wild-type GST-Pho&5-Pho&0, or with mutant GST-Pho&5-Pho&0 (Pho80-126)
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expressed and purified from E. coli. The incubated reactions were bound to GSH

agarose beads and bound Pho&1 was analyzed on SDS-PAGE gels.

B. Summary of the binding of different Pho81 domains to Pho80-Pho85. Deletion

constructs containing different domains of Pho81 were in vitro transcribed and translated,

and then tested for their ability to bind GST-Pho85-Pho&0 and GST-Pho&5-Pho&0

(Pho&0-126).

C. The Pho&1 minimum domain (645-724 a.a.) is sufficient for Pho&1 function in vivo.

pho&1Apho?A (EY0622) cells were transformed with padh1pr-Py? (vector), p.4DH1pr

PHO81 (1-1179 a.a.)-Pyº (full length Pho&1), p.4DH1pr-PHO81 (400–724 a.a.)-Py2,

pADH1pr-PHO81 (400–660 a.a.)-Pyg, or på DH1pr-PHO81 (645-724 a.a.)-Py2. The

phosphatase activity was then quantitated from cells grown in high (solid column) and

low (open column) phosphate media.

FIG. 5.

The Pho&1 minimum domain (645–724 a.a.) is necessary for Pho81 function in vivo.

A. Alanine scan of the Pho&1 minimum domain. Site-directed mutagenesis was

designed to replace 3 adjacent amino acids in the Pho81 minimum domain with alanine in

a non-overlapping manner. All mutants were tested for complementation of the pho&1A

phenotype. Only five mutants were found to be defective in inducing PhoS expression in

response to phosphate limitation: mutations in amino acids 666-668 and 672-674 (in open

boxes) appeared to have a less severe defect than mutations in amino acids 690-692, 699

701 (in gray boxes) and 693-695 (in black box), which resulted a complete loss of

function.

47



B. The effects of the five alanine scan mutations when introduced into full length Pho&1.

pho&1A phojA (EY0622) cells were transformed with p■ DH1pr-PHO81-Py? (wild-type

Pho81), p4 DH 1pr-Py? (vector), pa D H 1pr-PHO81 (666-668AAA)-Pyº (alanine

substitution of residue 666-668), p.4DH1pr-PHO81 (672–674AAA)-Py, papH1pr

PHO81 (690–692AAA)-Py, papH1pr-PHO81 (693-695AAA)-Pyº, or papHIpr-PHO81

(699-701AAA)-Pyz. Phosphatase activity was then quantitated from cells grown in high

(solid column) and low (open column) phosphate media.

C. Protein expression levels of Pho81 alanine substitution mutants are similar to the

levels of wild-type Pho&1. Yeast extracts were made from cells containing wild type or

mutant Pho&1 grown in high and low phosphate media. 100 g of each extract was then

analyzed by SDS-PAGE and western blotting using an anti-Py2 antibody.

D. Pho81 alanine substitution mutants detective in inducing PhoS expression are unable

to be co-immunoprecipitated with Pho&0. Yeast extracts were made from cells containing

wild type or mutant Pho81 grown in high and low phosphate media. An anti-Pho80

antibody was then used to immunoprecipitate Pho&0 from yeast extracts and the

immunoprecipitated proteins were analyzed by SDS-PAGE followed by western blotting

using an anti-Pho81 or anti-Pho80 antibody.

48



Fig. 1

GFP DAPI

High Pi

No Pi

ppHO4pr-PHO81-GFP in

pho&1A phoö0A

pho&1A phoö0A phoö5A pho&1A phoö0A phoö5A
with pCPD1pr-PHO80 with pCPD1pr-PHO85

–-
s

49



Fig. 2
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Table 1. Strains of S. cerevisiae used in this study

K699 Mata ade2-1 trp 1-1 can 1-100 leu.2-3, 112 his3-11, 15 uraj GAL" Nasmyth 1990
EY0313 K699 PHO81-GFP integrated at the PHO81 locus This work

EY0518 K699 pho&1A::HIS3 This work

EY0520 K699 pho&IA::HIS3 pho&0A::HIS3 This work

EY0607 K699 pho&IA::HIS3 pho&OA::HIS3 pho&5A::HIS3 This work

EY0622 K699 pho&IA::HIS3 pho?A::LEU2 This work

EY0134 K699 pho&0A::HIS3 This work

EY0619 K699 phojA::LEU2 This work

EY0323 K699 pho&OA::HIS3 PHO81C integrated at the PHO81 locus This work

EY0439 K699 PHO81C integrated at the PHO81 locus This work
and PHO5pr-CAN1 integrated at the CAN1 locus



Table 2. Plasmids used in this study

EB1339

EB0049

EB0082

EB1352

EB1086

EB1353

EB1354

EB1355

EB1356

EB0036

EB1255

EB1357

EB1358

EB0121

EB1359

EB1360

EB1361

EB0730

EB1362

EB1363

EB1364

pPHO4pr-PHO81-GFP in pRS314

pGPD1pr-PHO80 in pRS426

pGPD1 pr-PHO85-HA in pRS426

ppHO80pr-PHO80 in pRS316 with a Bgl II site introduced

at the start codon

same as EB1352 except with another Bgl II site introduced

at the stop codon

ppHO80pr-pho&0-59 in pRS316 (containg pho&0 allele 59)

ppHO80pr-pho&0-60 in pRS316 (containg pho&0 allele 60)

ppHO80pr-pho&0-126 in pRS316 (containg pho&0 allele 126)

pho&0-126 in pSBETA

GST-PHO85 in pCEX-2T

PHO81 in pSBETA

PHO81 (1-376 a.a.)-zz in pFT16b

PHO81 (725-1179 a.a.) in pSBETA

Hisg-PHO81 (400–724 a.a.) in pBT16b

Hisg-PHO81 (400–660 a.a.) in pET16b

Hisg-PHO81 (645-724 a.a.) in pET16b

pADH1pr-PHO81-Py2 in pRS316

pADH1pr-Py2 in pRS316

pADH1pr-PHO81(400-724 a.a.)-Py2 in pRS316

pADH1pr-PHO81(400–660 a.a.)-Py2 in pRS316

pADH1pr-PHO81(645–724 a.a.)-Py2 in pRS316

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

;
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Chapter II

A High-throughput, Quantitative Enzymatic Screen of a Yeast

Deletion Library for Mutants Defective in PHO5 Regulation

i

;
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ABSTRACT

In response to phosphate limitation, Saccharomyces cerevisiae induces

transcription of a set of genes important for survival. One of these genes is PHO5, which

encodes a secreted acid phosphatase. A phosphate-responsive signal transduction

pathway mediates this response by controlling the activity of the transcription factor

Pho4. Three known central components of this pathway are: a cyclin-dependent kinase

(CDK), Pho&5; a cyclin, Pho&0; and a CDK inhibitor (CKI), Pho&1. In an effort to

understand the signaling process for PHO5 regulation, we carried out a high-throughput,

quantitative enzymatic screen of a yeast deletion library, searching for the novel mutants

that are defective in PHOS regulation. As a result of this study, we have identified 11

functionally diverse genes that were previously unknown to regulate PHO5 expression.

When each of these genes was deleted, the resulting yeast cells display a constitutive

PHO5 expression in high phosphate conditions. The functional diversity of these 11

genes suggests that the PHO pathway is networked with other important cellular

signaling pathways that are important for cell survival. Among these genes, ADK1 and

ADO1, encoding an adenylate kinase and an adenosine kinase, respectively, appear to

function upstream of PHO81.

:
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INTRODUCTION

The ability to respond appropriately to environmental changes is essential to all

cells for survival. Microorganisms respond to nutrient limitation by regulating the

expression of the genes important for survival. Inorganic phosphate is an essential

nutrient for the synthesis of many cellular components such as nucleic acids,

phospholipids and phospho-metabolites. The budding yeast Saccharomyces cerevisiae

responds to changes in extra-cellular inorganic phosphate concentration by regulating the

phosphate-signaling pathway (PHO pathway; LENBURG and O'SHEA 1996). As a result

of the PHO pathway signaling, the transcription of a gene encoding a secreted acid

phosphatase, PHOS, is repressed in high-phosphate conditions and induced in low

phosphate conditions.

The PHO pathway was originally established by Oshima and colleagues (OSHIMA

1982). PHO2, PHO4, and PHO81 are positive regulators of PHOS; deletion of these

genes results in an inability to induce PHOS upon phosphate starvation (TOH-E et al.

1973). PHO80, PHO85, and PHO84, are required for the repression of PHO5, and loss

of-function mutations in these genes result in constitutive expression of PHO5, even in

high-phosphate conditions (UEDA et al. 1975).

Significant progress has been made in understanding the molecular mechanism of

the PHO signaling pathway. Central to the PHO pathway is a cyclin/cyclin-dependent

kinase (CDK) complex, Pho80/Pho85 (MADDEN et al. 1988; TOH-E and SHIMAUCHI

1986; TOH-E et al. 1988; UESONO et al. 1987), whose activity is regulated in response to

external phosphate concentrations. Pho&1 (COCHE et al. 1990; OGAWA et al. 1995;

- l

;
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SCHNEIDER et al. 1994), a CDK inhibitor, binds to Pho80/Pho&5 when cells are grown in

both high and low conditions. However, it appears that Pho&1 only inhibits the kinase

during phosphate starvation (SCHNEIDER et al. 1994). The inhibition is mediated by a

novel CDK inhibitor motif (HUANG et al. 2001). The Pho&1/Pho&O/Pho85 complex

regulates the activity of Pho4 (KAFFMAN et al. 1994; KOMEILI and O'SHEA 1999), a

transcription factor that is required for PHO5 expression. When yeast cells are grown in

high-phosphate medium, Pho4 is phosphorylated by Pho80/Pho&5. Phosphorylated

Pho4p is localized predominantly to the cytoplasm and PHO5 transcription is repressed.

When yeast cells are grown in medium devoid of phosphate, the activity of Pho&0/Pho&5

is inhibited by Pho81. Thus, Pho4 is unphosphorylated and localized to the nucleus,

where it activates PHO5 transcription.

Even though the molecular mechanism of the signaling from the

Pho81/Pho80/Pho85 complex to PHOS expression has been well elucidated, the

phosphate sensor is still not known, nor is the signaling process between the sensor and

the kinase complex. PHO84, encoding a phosphate starvation-inducible high-affinity

H’/PO, symporter, is suggested to function upstream of PHO81, because loss-of-function

mutations in PHO81 are epistatic to mutations in PHO84 (BUN-YA et al. 1991). Cells of

pho&4A strain express PHOS constitutively. However, overexpression of unrelated

phosphate transporters or a glycerophosphoinositol transporter in the pho&4A strain

suppresses the PHO5 constitutive phenotype, suggesting that Pho84 is not required for

sensing phosphate (WYKOFF and O'SHEA 2001). Whereas traditional genetic studies have

been conducted to search for a phosphate sensor and other factors that signal upstream of

:
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PHO81 in the PHO pathway, the results have been unfruitful due to the limitation of

assays that were neither quantitative nor systematic.

In order to identify the missing factors in the PHO pathway and to better

understand the signaling process for PHO5 repression, we developed a high-throughput,

quantitative acid phosphatase liquid assay to screen the yeast deletion library, searching

for the novel mutants that are defective in PHO5 regulation. We wished to identify the

signaling components that function upstream of PHO81 and are required for PHO5

repression. As a result of this study, we have identified 11 functionally diverse genes that

were previously unknown to regulate PHO5 expression. When each of these genes was

deleted, the resulting yeast cells display a constitutive PHO5 expression in high

phosphate conditions. Analysis of these 11 constitutive mutants suggests that ADK1 and

ADO1 (KONRAD 1988; LECOQ et al. 2001), encoding an adenylate kinase and an

adenosine kinase, respectively, appear to function upstream of PHO81.

;
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RESULTS

Isolation of mutants defective in PHO5 induction in response to phosphate starvation

from a systematic screen of the yeast deletion library.

The PHO pathway has been well characterized from the central regulatory

CKI/cyclin/CDK complex, Pho81/Pho80/Pho85, to the downstream components such as

the transcription factor Pho4 and target gene, PHO5 (LENBURG and O'SHEA 1996;

OSHIMA et al. 1996). However, little is known of the signal transduction upstream of the

kinase complex. Previous genetic studies utilized a plate acid phosphatase assay or a

PHO5p-HIS3 reporter to identify genes that are involved in the PHO signaling process

(LAU et al. 1998; UEDA et al. 1975). Both of the assays are not quantitative; the acid

phosphatase plate assay is incapable of identifying subtle changes in PHO5 expression

and the PHO5p-HIS3 reporter system selects for expression above a threshold required

for viability. Furthermore, identification of the genes that were defective required

additional laborious analysis. Therefore, mutants that have a subtle PHO phenotype were

not easily identified from these methods. We developed a high throughput and

quantitative acid phosphatase liquid assay to screen a yeast deletion library, searching for

novel mutants that were defective in PHO5 regulation. This high-throughput liquid

phosphatase assay in our study is a highly sensitive and quantitative method to examine

PHO5 expression in vivo. Furthermore, complete information of each mutant from the

yeast deletion library is already known. The screen was performed in a time course of

360 minutes, which enabled us to identify mutants with kinetic defects in PHOS

induction.

l
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During the initial screen, each 96 well plate from the yeast deletion library was

cultured and assayed as described in the materials and methods. The data from each plate

was then graphed and analyzed (Figure 1a). A range of PHO5 induction in the

population was observed (Figure 1). Using the phenotypes of the known mutants in the

PHO pathway as references (e.g., pho&0A and pho4A; (LENBURG and O'SHEA 1996)), we

assigned a control range (figure 1) that allowed us to filter through most of the library to

obtain a significant number (350) of strains that appeared to be defective in PHO5

induction in a first pass. The PHOS induction profiles at the 240-minute and 120-minute

time points correlated best with the phenotypes of the strains. We generated a histogram

of the 240-minute data points of the entire library (Figure 1b). There were significantly

more mutant candidates that were constitutive than mutant candidates that had a delayed

induction (un-inducible candidates). The histograms of other time points have similar

distribution patterns (data not shown).

We reorganized these 350 candidates into 4 new 96 well plates, each alone with

12 “wild type” average controls from the library that do not have a PHO phenotype and

cover the range of the population: yll005cA, yalO14cA, yll023cA, yalC68cA, yalO19w/A,

yar■ )02wA, yalO65cA, yll028wA, yll029w/\, yll020cA, yalo42wA, and yalO40cA(SGD).

We also included 6 mutant controls that cover the spectrum of PHO phenotypes: pho&OA,

pho&5A, pho&1A, pho4A, arg82A, snfóA(LENBURG and O'SHEA 1996; STEGER et al.

2003). These 4 plates were cultured, assayed and analyzed in the same manner as the

initial screen. The profiles of the 12 “wild type” controls from 4 plates are consistently

superimposed to the control range described above (figure 1). Out of the 350 candidates,

there were 240 that have reproducible defects in PHO5 induction. There are 160

I
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constitutive candidates and 80 un-inducible candidates. The phenotypes of these

candidates are ranked in table 2 taking account of the profiles of both 120- and 240

minute time points, which closely represent the overall profile of each mutant.

Linkage analysis of the constitutive mutant candidates

Before further characterization of the mutant candidates, it was essential to

confirm that the phenotype of each candidate was the sole result of the deletion of the

gene as indicated in the library. We designed and conducted a linkage analysis for the 76

strongest mutant candidates: 45 constitutive and 31 un-inducible. Due to technical

difficulty (see discussion), we were not able to complete the linkage analysis for all

mutant candidates. The rest of the study focused on the constitutive candidates. We

selected the 45 most constitutive candidates for the linkage analysis. They are at least 5

standard deviations above the average phosphatase activity (table 2), which corresponds

to greater than 99% confidence. They also show significant constitutive PHO phenotype

reproducibly by plate phosphatase plate assays (figure 2a) in high phosphate conditions.

The intensity of the plate assay phenotype correlates the level of PHO5 induction. For

example, the patches of the known constitutive strains, pho&0A and pho&5A, have darker

color because PHOS is constitutively expressed in these strains in high phosphate

conditions. On the other hand, the “wild type” controls (as described above) and pho4A

strains have lighter color because PHO5 is not induced in the same conditions.

The linkage analysis was conducted as described in the materials and methods.

Every query deletion from the yeast deletion library is marked with Kan■ MX4 gene, which

confers a resistance to the drug G418. If the gene deleted is linked to the constitutive

:
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phenotype observed, all of the independent meiotic progeny from the cross that are G418

resistant should exhibit constitutive PhoS expression (e.g., adk1A, Figure 2b). If the gene

deleted is not linked to the constitutive phenotype, approximately 50% of the meiotic

progeny that are G418 resistant should be constitutive (e.g., yll007cA, figure 2b). If any

unrelated mutation(s) beside the gene indicated in the library contributes to the

constitutive phenotype observed, not only will all of the meiotic progeny that are G418

resistant be constitutive, but also some of those that are not G418 will be constitutive.

We found that the kcs 1A strain from the deletion library contains another mutation

contributing to its constitutive phenotype observed. Therefore, we constructed the kcs1A

strain as described in the materials and methods and used this strain for the rest of this

study.

However, the linkage analysis might not be complete possibly due to the

contaminations of the MATa/MATa diploid that survived the selections in the process.

This rarely occurred MATa/MATa diploid was converted from the MATa/MATo diploid

after the cross between MATa strains from the deletion library and the MATo strain that

carries a reporter, MFA 1pr-LEU2. Since a diploid strain has a significantly higher

growth rate than the haploids, the majority of the cells in the final contaminated culture

will contain the MATa/MATa diploid. If the mutant phenotype is a recessive trait, the

contaminated culture will have a wild type PHO phenotype, masking the true nature of

the query deletion mutation. Nonetheless, this linkage analysis identified at least 14

genes that are linked to the constitutive phenotype observed (table 3). Three have known

PHO phenotypes: PHO80 and PHO85 are central of the PHO pathway and KCS1 has

been recently reported to be required for repression of PHO genes by phosphate. The

-
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other 11 genes were previously unknown to be involved in PHO5 regulation. The rest of

this study was focused on these 14 constitutive mutants.

PHO5 RNA analysis of the constitutive mutants

If a constitutive mutant affects PHO5 transcription, the PHO5 RNA level should

be elevated compared to the wild-type strain. If a constitutive mutant affects PhoS

protein production or secretion, the PHOS RNA level will be similar to the wild-type

strain. To differentiate between these different types of mutants, we quantitatively

determined the relative PHO5 RNA levels in these constitutive mutants in high phosphate

conditions using the reverse transcription-quantitative polymerase chain reaction (RT

QPCR) technique as described in the materials and methods. The relative PHO5 RNA

level in each strain was normalized to the ACT1 RNA level in the same strain. We found

that the relative PHO5 RNA levels in all the constitutive mutants are elevated compared

to the wild type strain (figure 5). The pho&0A and pho&5A stains have the most elevated

levels of PHOS RNA (over 100 times more than the wild-type). Among the rest of

mutants, the adk1A and adol A Strains have the most elevated levels of PHO5 RNA over

the wild-type strain (over 30 times more). The pp41A and ira2A strains also have the

significantly elevated levels of PHO5 RNA over the wild type strain (over 9 times more).

The rest of the mutant strains have 2 to 5 times more PHOS RNA over the wild type

strain.

,
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Pho4-GFP localization in the constitutive mutants

We have identified 11 novel genes that were previously unknown to be involved

in PHO5 regulation. They result in a constitutive PHO phenotype when deleted. To

distinguish the genes involved in the signaling process upstream of the Pho80/Pho85

complex in the PHO pathway from those that affect other aspects of PHO5 regulation

(e.g., transcriptional repression), we monitored localization of a Pho4-GFP fusion

protein, which constitutes a simple and rapid method for accessing the activity of

Pho&0/Pho&5. In high phosphate conditions, Pho&O/Pho&5 phosphorylates Pho.4, causing

Pho.4 to be localized to the cytoplasm. Low phosphate conditions or loss of Pho80/Pho&5

activity causes Pho4 to be re-localized from the cytoplasm to the nucleus, where it is

required for PHO5 induction. The localization of Pho4-GFP in these constitutive mutants

background reflects the activity of Pho80/Pho85, which suggests the roles of these genes

relative to the kinase complex in the PHO pathway. We constructed these constitutive

mutant strains containing wild type Pho4-GFP and examined the localization of Pho4

GFP protein. We found that Pho4-GFP is localized to the cytoplasm in high phosphate

conditions in most of the mutant strains, for example, ppq 1A and iraz.A (figure 3).

Interestingly, only in ado1A and adk1A strains is Pho4-GFP localized to the nucleus in a

manner similar to the pho&0A and pho&5A strains (figure 3).
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PHO81 dependence of ADO1 and ADKI

To confirm our conclusions from the Pho4-GFP localization study, we analyzed

the epistatic relationship of PHO81 to ADO1 and ADKI. We reasoned that a pho&1

mutant should be epistatic to mutants defective in the signaling process upstream of the

kinase complex. In these mutant strains, deletion of the PHO81 gene should result in

cytoplasmic localization of Pho4 and an un-inducible PHO5 expression phenotype.

Whereas the mutants that affect other aspects of PHO5 regulation (e.g., transcriptional

repression) will be epistatic to the pho&1A mutant. Double mutants of pho&1A adol A

and pho&1A adk1A were generated and examined for PHOS expression by acid

phosphatase plate assay (Figure 5). Both of ADO1 and ADK1 showed a PHO81

dependence for PHO5 expression. In these double mutant backgrounds, Pho.4-GFP was

localized to cytoplasm as expected (data not shown).
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DISCUSSION

In an effort to understand the signaling process for PHO5 repression, we have

conducted a high-throughput, systematic enzymatic screen searching for novel mutants

that are defective in PHO5 regulation. We wished to identify genes that function

upstream of PHO81 and are required for PHO5 repression. Our initial analysis was able

to identify 14 genes that are linked to the constitutive phenotype observed (table 3). 11

of them were previously unknown to be involved in PHO5 regulation.

Among the 14 constitutive mutants, the pho&0A and pho&5A strains have the

most elevated levels of PHO5 RNA. This is consistent with their central role in the PHO

pathway: complete loss of the kinase activity will result in full activation of the

transcription factor Pho.4, which will then lead to full expression of PHO5 (LENBURG and

O'SHEA 1996; OSHIMA 1997; OSHIMA et al. 1996). Interestingly, the adk1A and adol A

strains also have significantly elevated levels of PHO5 RNA among the rest of mutant

strains, suggesting that these two genes might play important roles in PHO5 repression.

Consistent with this hypothesis, ado 1A and adk1A strains have nuclear Pho4-GFP

localization similar to pho&0A and pho&5A strains, and they were PHO81 dependent in

the epistatic analysis. These results suggest that ADK1 and ADO1 might act upstream of

PHO81 in the PHO pathway.

Adk1 and Ado 1 play important roles in the regulation of the adenosine

nucleotides: ADK1 (ABELE and SCHULZ 1995; KONRAD 1988), which encodes an

adenylate kinase, catalyses the interconversion of nucleotides between AMP and ADP,

ADO1 (LECOQ et al. 2001), which encodes an adenosine kinase, catalyzes the salvage
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synthesis of adenine monophosphate from adenosine and ATP. Little is known about

these nucleotide kinases in yeast. Yeast cells carrying the disrupted and partially deleted

ADK1 locus showed a significant decrease in the level of nucleoside tri-phosphates

(KONRAD 1988). Adol’s physiological role could be to recycle adenosine produced by

the methyl cycle (LECOQ et al. 2001). Why would ADK1 and ADO1 from the adenosine

nucleotide regulation act upon the PHO pathway? Since inorganic phosphate is essential

for nucleotide synthesis, it is possible that nucleotide regulation is connected to the PHO

signaling pathway to coordinate these two processes in different nutrient and growth

conditions. When inorganic phosphate or nucleotide levels are high, repression of PHO5

expression may conserve energy. Adk1 and Adol might repress the inhibitory activity of

the CKI, Pho81, leading to an activation of the kinase, Pho80/Pho85, which then

inactivates the transcription factor Pho4 required for PHOS expression. On the other

hand, if inorganic phosphate or nucleotide levels are low in the cells, the repression of

Adk1 and Adol to Pho81 is relieved and an induction of PHO5 expression will generate

more inorganic phosphate, which might lead to an increase of nucleotide synthesis. How

might Adk1 and Adol repress Pho&1? The Pho&1/Pho&O/Pho85 complex localizes to the

nucleus where the regulation of the kinase complex is expected to take place (HUANG et

al. 2001; KAFFMAN et al. 1998). Both Adk1 and Adol were found in the cytoplasm and

nucleus (HUH et al. 2003). Adk1 was also detected in a Pho&5-associated complex

including Pho81 in a high-throughput analysis of protein-protein interaction (Ho et al.

2002). These data suggest the physical interaction of Adk1 and the kinase complex. One

possible model is that Adk1 might inhibit Pho81 by physical contact that is regulated by

intracellular inorganic phosphate concentrations. When the concentration of intracellular
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inorganic phosphate is high, the physical interaction of Adk1 with Pho81 might repress

Pho81 inhibition activity. When intracellular inorganic phosphate is low, the interactions

between Adk1 and Pho&1 change possibly due to a protein conformational switch,

leading to the activation of Pho81. There are at least two possible mechanisms for this

regulated interaction. First, Adk1 might bind to Pho81 in all conditions, but only inhibit

Pho81 in high phosphate conditions, similar to the physical interaction of Pho81 with the

kinase complex. Alternatively, Adk1 might bind to Pho&1 and inhibit it in high

phosphate conditions; however, when the inorganic phosphate is low in the cells, Adk1

does not bind or inhibit Pho81. To distinguish between these mechanisms, co

immunoprecipitation experiments can be carried out to investigate the interaction

between Adk1 and the Pho&1/Pho&0/Pho&5 complex in both high and low phosphate

conditions. Dissecting the interactions between Adk1 and the kinase complex might help

us to understand the regulation of Pho&1 and how the PHO signaling process is

connected to nucleotide regulation.

The 11 newly identified genes required for PHO5 repression can be classified into

5 different subclasses. The first class plays an important role in regulation of the

adenosine nucleotides: ADO1 and ADK1. Our study suggests that these genes might act

upstream of PHO81 in the PHO pathway as discussed above. The second class consists

of genes encoding transcription factors that seem to be global transcriptional regulators:

MOT2 and SUB1. Mot2 has effects on the expression of many genes involved in

pheromone response and many other diverse functions (CADE and ERREDE 1994; IRIE et

al. 1994; LEBERER et al. 1994; LENSSEN et al. 2002). Sub1 inhibits TBP-TFIIB-promoter

complex formation and the sub 1 mutant has a strong decrease in glucose repression of
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maltase and maltose permease (HENRY et al. 1996; KNAUS et al. 1996; WANKE et al.

1997). We observed that PHO5 RNA levels are elevated in mot2A and sub 1A strains.

These observations suggest that PHO5 transcription is repressed by Mot2 and Sub1.

Mot2 and Sub1 may act directly on the PHO5 promoter or via a more indirect

mechanism. These possibilities can be tested by chromatin immunoprecipitation

analysis.

The third class of genes we identified are those involved in cAMP signaling:

PDE2 encodes a high affinity cAMP phosphodiesterase (SPEVAK et al. 1993; WILSON

and TATCHELL 1988)and IRA2 encodes a GTPase activating protein that negatively

regulates capK (LIN et al. 2000; TE BIESEBEKE et al. 2001; UMEBAYASHI et al. 2001).

The Ras-cAMP pathway controls a wide variety of cellular properties related to cellular

proliferation. Additionally, the cAMP signaling pathway has been shown to be involved

in regulation of gene expression in response to nutrients (ROLLAND et al. 2002). Recent

studies showed that the dynamic level of intracellular cAMP during the cell cycle is

modulated depending on the nutrient supply (MULLER et al. 2003). Since the PHO

pathway is one of the fundamental energy pathways in yeast, it is not surprising that the

cAMP signaling pathway might be involved in the regulation of PHOS repression.

Consistent with this hypothesis, it has been shown that phosphate acts as a nutrient signal

for activation of the protein kinase A pathway in yeast in a glucose-dependent manner

(GIOTS et al. 2003).

The fourth class of genes we identified appears to be involved in carbon source

metabolism and stress responses: FUM1 encodes a fumarase that converts L-malate to

fumarate as part of the TCA cycle (PRzYBYLA-ZAWISLAK et al. 1999; STEIN et al. 1994);



TPS2 encodes a trehalose-6-phosphate phosphatase that is important for cell growth on

glucose and fructose and is also involved in response to osmotic and heat stress (BELL et

al. 1998; REINDERs et al. 1997; WINDERIckx et al. 1996); KCSI encoding an

inositol/phosphatidylinositol kinase required for the synthesis of inositol pyrophosphates

which are essential for vacuole biogenesis and the cell's response to certain

environmental stresses (DUBOIS et al. 2002; SAIARDI et al. 2000). KCS1 was recently

reported to be required for repression of PHO genes by phosphate (ELALAMI et al.

2003). These are major processes that yeast cells utilize to generate chemical energy

from the breakdown of carbon compounds or to respond to various environmental

stresses. By networking the PHO signaling pathway and these general survival

processes, yeast might benefit by a better response to environmental changes.

The last class of genes we isolated consists of genes involved in protein

translation and other functions: PPQ1 encoding a protein phosphatase involved in

regulation of translation (VINCENT et al. 1994); ASC1 encoding a G-beta protein that

interact with translational machinery (CHANTREL et al. 1998; HOFFMANN et al. 1999);

GAS1 encoding a cell surface glycoprotein (MOUYNA et al. 2000; NI and SNYDER 2001).

These genes are not likely to be involved in signaling and are more likely to regulate

PHO5 expression through the steps of protein synthesis and secretion.

The functional diversity of these 14 genes suggests that the PHO pathway is

networked with other important cellular signaling pathways that are important for cell

survival (Figure 6). This might enable the yeast cells to better respond to extra-cellular

nutrient changes and conserve energy for survival. Due to the technical difficulty in the

initial linkage analysis, we were only able to positively identify these 14 true constitutive
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mutants out of the 45 strongest constitutive candidates. In order to identify the rest of the

true mutants that are defective in PHO5 induction in response to phosphate starvation, a

complete and systematic linkage analysis must be re-conducted on 76 strongest mutant

candidates: 45 constitutive and the 31 un-inducible. Each of candidate strains must be

individually regenerated from the wild type diploid strain to complete the linkage

analysis and the characterization studies can be followed. A comprehensive analysis of

the complete of constitutive and un-inducible mutants will yield important information

for understanding the signaling network system that allows yeast cells to respond

appropriately to environmental changes.
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MATERIALS AND METHODS

Yeast strains and growth conditions

For gene disruptions in the S288C background, all strains but ksc 1A were taken

from the yeast deletion library (Mat a haploid complete set; (WINZELER et al. 1999)). For

gene disruptions in the K699 background and ksc 1A in S288C background, all genes

were inactivated using a PCR-based inactivation protocol that deleted the entire open

reading frame (KITADA et al. 1995). Inactivation of the appropriate genes was confirmed

by PCR and, in some cases, by phenotypic analysis. All disruptions were initially

performed on the diploid wild-type strains. The resulting heterozygous diploid was

sporulated, the tetrads were dissected and final haploid strains with genes disrupted were

isolated (GUTHRIE and FINK 1991). To generate combinations of mutations, standard

genetic crossing, sporulation, and dissection techniques were used. Yeast strains used in

this study are listed in Table 1. All strains were grown in standard yeast media as

described (AUSUBEL 1993). Medium containing no phosphate was prepared as described

(LAU et al. 1998).

High-throughput liquid acid phosphatase assay

Yeast cultures were incubated at 30 °C in a HiCro incubator shaker (Gene

Machines, Inc.), centrifugations were performed at 3000 rpm in a Beckman GS-6KR

centrifuge (Beckman, Inc.), high-throughput liquid assays were conducted in a 96-well

format at room temperature using a Biomek FX 96-channel pipetting robot (Beckman,

Inc.) and ODoo or ODºo was measured in a Spectra Max 340 plate reader (Molecular
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Devices, Inc.). Each 96-well plate of a yeast deletion library (MATa collection;

(WINZELER et al. 1999)) was thawed and inoculated onto a YEPD plate using a 96-pin

tool. The YEPD plate was incubated for 2 days. The strains were then inoculated into a

96-well plate containing 600 pil of SD complete media in each well using a 96-pin tool

and grown over night to saturation. Each culture was spun down and washed two times

with 600 pil of no-phosphate media and resuspended in 200 pil of no-phosphate media. 50

pil of suspension was then re-inoculated into 850 pil of no-phosphate media and incubated

at 30 °C. Every 120 minutes starting at zero minutes, 200 pil of each culture was

withdrawn and ODoo was measured. To start the assay, 50 pil of each culture was added

to 200 pil of p-nitrophenylphophate (5.62 mg/ml in 0.1 M sodium acetate, PH 4.2), mixed

and incubated at room temperature for 15 minutes. The reaction was stopped by the

addition of 200 pil of ice cold 10% trichloroacetic acid. 200 pil of the reaction mixture

was then withdrawn, added into 200 pil of saturated sodium carbonate solution, mixed

and spun for 10 minutes at 3000 rpm. Finally, 200 pil of the supernatant was removed

and OD120 was measured. The unit of the phosphate activity was expressed as OD,20/OD

goo” 1000. The mutant candidates identified from the initial screen were reorganized into

a new set of 96-well plates and a secondary liquid assay was performed in the identical

Inanner.

Linkage analysis

The general handling of yeast cultures for the linkage analysis was performed in a

manner similar to that described above. The following method for linkage analysis is

based on the “SGA analysis” as described (TONG et al. 2001). The mutant strains were
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propagated on YEPD media containing G418 (200mg/L; InVitrogen, Inc.). The

following procedure facilitated the linkage analysis. First, strain EY 1285 (table 1) was

grown overnight in YEPD medium in a 96-well plate. To generate a source of newly

grown cells for mating to the mutants, the EY1285 culture was pinned onto YEPD plates

and the cells were grown for one day. Second, the mutant candidate strains were pinned

on top of the EY 1285 cells and the plates were incubated at room temperature for one

day. The resulting zygotes were pinned into SD-met-lys medium to select for the growth

of diploid cells. Third, diploid cells were pinned to sporulation medium (TONG et al.

2001) and incubated at 22 °C for 5 days. Fourth, to select for growth of MATa spore

progeny, spores were pinned into haploid-selection medium [SD-leu-arg +canavanine

(50mg/L)] and incubated at 30 °C for 2 days. Fifth, the MATa cells were repinned into

haploid-selection medium for a second round of selection for one day. Sixth, dilutions of

these MATa cells were plated onto SD-leu-argº-canavanine (50mg/L) plates to isolate

single colonies. Finally, 20 individual colonies were randomly selected and patched onto

plates containing the haploid-selection medium. When the cells grew up, each plate was

replica plated onto a YEPD + G418 (200mg/L) plate and a special SD-leu-arg

+canavanine (50mg/L) plate. Because ammonium sulfate impedes the function of G418,

special SD medium containing G418 was made with monosodium glutamic acid as a

nitrogen source (TONG et al. 2001). YEPD + G418 plates selected for the meiotic

progeny that carry the deletion mutation from the deletion library and special SD-leu-arg

+canavanine (50mg/L) plates were used to perform acid phosphatase plate assays (TOH-E

et al. 1973) for the analysis of constitutive candidates. For the analysis of the un

inducible candidates, 12 meiotic progeny from the YEPD + G418 plates were randomly
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selected and tested for PhoS activity using the high-throughput liquid acid phosphatase

assay.

PHO5 mRNA analysis

Yeast strains were grown in SD complete media to an ODoo of 0.4. Total RNA

was extracted from 25 ml culture by standard acid phenol treatment (GUTHRIE and FINK

1991). Total RNA was reverse transcribed using Stratascript reverse transciptase

(Stratagene, Inc.) following the manufacturer's instructions and treated with Rnase A. As

a control, each sample was additionally mock treated (without the reverse transcriptase).

For each reverse transcription (RT) reaction, a PHO 5 RT primer (5’-

TTGTCTCAATAGACTGGCGTTGTAA) and an ACT1 RT primer (5’-

TGGTGAACGATAGATGGACCA) were added into the same reaction. Appropriately

diluted RT products were then analyzed by quantitative PCR in real time using an

Opticon Continuous Fluorescence Detection System (MJ Research, Inc.) using primers

amplifying PHOS (nucleotides 630-760) or ACT1 (nucleotides 715-816). For each strain,

the relative level of PHO5 mRNA was normalized to its ACT1 mRNA level.

Fluorescence Microscopy

All microscopy experiments were performed as described (HUANG et al. 2001). All yeast

strains containing Pho4-GFP except EY 1504 (table 1) were in the K699 backgrounds.

EY1504 was examined with the appropriate controls in the isogenic S288C background.
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FIGURE LEGENDS

Figure 1.

A systematic screen of a yeast deletion library for mutants defective in PHO5 regulation.

(A) A time course of acid phosphatase activities of a typical plate (#37) from the deletion

library. The majority of yeast strains exhibited a range of phosphatase activities within

the control range (see results). Strains with phosphatase activities above the control

range were classified as constitutive mutant candidates; strains with phosphatase

activities below the control range were classified as un-inducible mutant candidates.

(B) A histogram of acid phosphatase activities of the entire deletion library at the 240

minute time point. There are significantly more constitutive mutant candidates than un

inducible mutant candidates.

Figure 2.

Initial characterization of the 45 strongest constitutive mutant candidates.

(A) Acid phosphatase plate assay. Mutant candidates showed significant constitutive

PHO phenotype (darker color) in high phosphate conditions. “WT" controls (see results)

and pho4A strains had lighter color because PHO5 is not induced in the same conditions.

In contrast, pho&0A and pho&5A strains had darker color because PHO5 is constitutively

expressed.

(B) Linkage analysis examples. 20 independent meiotic progenies from each cross (see

materials and methods) were first grown on a SD-leu-arg +canavanine plate that selects

for haploids and then replica plated onto a YEPD + G418 plate and a SD-leu-arg
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+canavanine plate. YEPD + G418 plates selected for the meiotic progeny that carry the

deletion mutation from the deletion library and SD-leu-arg +canavanine plates were used

to perform acid phosphatase plate assays. Every gene deletion from the yeast deletion

library is marked with KanMX4 gene, which confers G418 resistance. ADK1 was linked

to the constitutive phenotype observed when deleted because all of the independent

meiotic progeny from the cross that were G418 resistant exhibited constitutive PhoS

expression. YLL007C was not linked to the constitutive phenotype when deleted because

no greater than 50% of the meiotic progeny that were G418 resistant were constitutive.

Figure 3.

PHO5 mRNA levels in the constitutive mutants grown in high phosphate media. For

each strain, total RNA was isolated and analyzed by RT-QPCR. The level of PHOS

mRNA was normalized to its ACT1 mRNA level. The pho&0A and pho&5A strains

exhibited the most elevated levels of PHO5 RNA. Among the rest of the mutants, the

adk1A and adol A strains also had significantly elevated PHO5 RNA levels.

Figure 4.

Localization of Pho4-GFP in constitutive mutant strains grown in high phosphate media.

Pho4-GFP is localized to cytoplasm in high phosphate conditions in most of the mutant

strains, for example, pp41A and iraZA. Interestingly, only in ado1A and adk1A strains is

Pho4-GFP localized to the nucleus in a manner similar to the pho&0A and

pho&5A strains.
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Figure 5.

PHO81 dependence of ADO1 and ADK1. Double mutants of pho&IA ado1A and pho&1A

adk1A were generated and examined for PHO5 expression by acid phosphatase plate

assay. Both of them exhibited an un-inducible PHOS expression phenotype similar to the

pho&1A strain (lighter color).

Figure 6.

PHO pathway might be networked with other cellular signaling pathways that are

important for cell survival. Regulation of adenosine nucleotides might have an effect on

the PHO pathway by acting upstream of PHO81, while the other processes might

contribute to PHO5 repression in high phosphate conditions at the level of transcription.
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Fig. 2
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Table 1. Strains of S. cerevisiae used in this study

BY4741

BY4742

YKO

EY 1258

EY 1285

EY.1518

EY.1504

EY.1505

EY.1510

K699

EY1390

EY1392

EY1393

EY1395

EY1397

EY1398

EY1400

EY1402

EY1404

EY1406

EY1408

EY1410

EY1412

EY389

EY1490

MATa his3A1 leu2A0 metI5A0 ura■ A0 (S288C)

MATo his3A1 leu.2A0 lys2A0 ura■ A0 (S288C)

BY4741 Yeast KO collection (KAN1) MATa set

BY4741 kcSIA::HIS3

BY4742 can IA::MFAIp-LEU2

BY4741 pae2A::LEU2 PHO4-GFP:HIS3

BY4741 adk1A::LEU2 PHO4–GFP:HIS3

BY4741 adol A::LEU2 PHO4–GFP:HIS3

BY4741 adk1A::LEU2 pho&1A::KAN1

MATa ade2-1 trpl-1 can!-100 leu2-3, 112 his3-11, 15 uraj GAL"
K699 sub 1A::LEU2

K699 gas 1A::LEU2

K699 pae2A::LEU2

K699 pho&0A::LEU2

K699 iražA::LEU2

K699 fum1A::LEU2

K699 ppg|1A::LEU2

K699 mot2A::LEU2

K699 asc 1A::LEU2

K699 adol A::LEU2

K699 kcs 1A::LEU2

K699 ps2A::LEU2

K699 pho&5A::LEU2

K699 MATO PHO4–GFP (integrated at the PHO4 locus)

K699 MATO PHO4–GFP sub 1A::LEU2

Brachmann 1998

Brachmann 1998

Winzeler 1999

This work

This work

This work

This work

This work

This work

Nasmyth 1990

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work



Table 1. Strains of S. cerevisiae used in this study (continue)

EY1491 K699 PHO4-GFP gas 1A::LEU2 This work

EY 1492 K699 MATO PHO4-GFP pae2A::LEU2 This work

EY1493 K699 PHO4-GFP pho&0A::LEU2 This work

EY 1533 K699 PHO4–GFP iražA::LEU2 This work

EY 1494 K699 PHO4-GFP fum.1A::LEU2 This work

EY 1495 K699 MATO PHO4-GFP ppq1A::LEU2 This work

EY 1496 K699 MATO PHO4–GFP mot2A::LEU2 This work

EY 1497 K699 PHO4–GFP ascIA::LEU2 This work

EY 1498 K699 PHO4–GFP ado IA::LEU2 This work

EY 1501 K699 MATO PHO4–GFP kCSIA: "LEU2 This work

EY 1502 K699 PHO4-GFP tos 2A::LEU2 This work

EY 1503 K699 MATO PHO4-GFP pho&5A::LEU2 This work

EY519 K699 MATO pho&1A::HIS3 This work

EY 1532 K699 MATO pho&1A::HIS3 pho&0A::LEU2 This work

EY 1509 K699 MATO pho&1A::HIS3 ado1A::LEU2 This work

EY 1531 K699 MATO pho&IA::HIS3 pho&5A::LEU2 This work



TABLE 2. Ranking of the mutant candidates

PhoS Activity Number of strains

A, Constitutive Candidates

above (ave. + 10*stdev.) 16

(ave. + 10*stdev) to (ave. + 5°stdev.) 45

(ave. + 5*stdev.) to ave. 99

total 160

B, Uninducible Candidates

ave. to (ave. - 1*stdev.) 12

(ave. - 1*stdev) to (ave. - 2*stdev.) 37

below (ave. - 2*stdev.) 31

80total

ave.-average, stdev.-standard deviation



TABLE 3. The 14 constitutive mutants

Strain background Pho4-GFP localization

mot2A Cytoplasmic

gas 1A Cytoplasmic

fuml/A Cytoplasmic

kcs1A Cytoplasmic

ascIA Cytoplasmic

sub 1A Cytoplasmic

tps2A Cytoplasmic

pde2A Cytoplasmic

iraZA Cytoplasmic

ppq1A Cytoplasmic

ado 1A Nulceus

adk1A Nulceus

pho&5A Nulceus

pho&0A Nulceus

Wild Type Cytoplasmic
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Candidates from the high-throughput screen of a yeast deletion library for mutants

defective in PHO5 regulation (see Chapter II).

Table 1.

The 45 strongest constitutive mutant candidates that were verified by retesting. All

candidates were at least 5 standard deviations above the average phosphatase activity,

which corresponds to greater than 99% confidence. They also showed significant

constitutive PHO phenotype reproducibly by plate phosphatase plate assays in high

phosphate conditions.

Table 2.

The 32 strongest un-inducible mutant candidates that that were verified by retesting. All

candidates were at least 2 standard deviations below the average phosphatase activity,

which corresponds to greater than 95% confidence.
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Table 1 45 Retested Constitutive Mutant Candidates
(PhoS activity > = (Average + 5*standard deviation) at both 240' and 360' time points)

Location Systematic Name Gene Name Discriptions
1-B9 YAL043C-a KRE23 Killer toxin Resistant, biological process unknown
1-D4 YAL017W FUN31 contains serine/threonine protein kinase domain, biological process unknown
1-E1 YAL004W Hypothetical ORF, Unknown
1-E2 YAL005C SSA1 Heat shock protein of HSP70 family
1-F5 YARO37W
1-G4 YLL010C PSR1 Plasma membrane Sodium Response 1, protein phosphatase
3-G6 YMRO16C SOK2 Pseudohyphal growth, overexpression suppresses mutants of cAPK
3-H11 YMRO32W HOF1 SH3 domain containing-protein required for cytokinesis
4-A3 YMRO39C SUB1 Transcriptional coactivator, suppressor of TFIIB mutations
5-D11 YMR307W GAS1 Cell surface glycoprotein 115-120 kDa
6-A1 YNL276C Hypothetical ORF, unknown
7-F3 YOR360C PDE2 High affinity cAMP phosphodiesterase
7-G9 YOLOO1W PHO80 Pho&0p cyclin, Negative regulator of PHO81 and PHOS
8-E5 YOLO81W IRA2 GTPase activating protein, Negatively regulates capk by antagonizing CDC25
8-F8 YPL262w FUM1 Fumarase, converts I-malate to fumarate as part of the TCA cycle
9-D1 YPL179W PPQ1 Protein phosphatase Q, May play role in regulation of translation
9-E4 YPL162C Hypothetical ORF, unknown
9-F1 YPL149W APG5 Autophagy, protein-vacuolar targeting
9-H3 YPL111W CAR1 Arginase,Null mutant is viable but defective in arginine catabolism
12-H7 YELO61C CIN3 Kinesin-related protein involved in establishment and maintenance of mitotic spindle
13-E6 YERO68W MOT2 Negative regulator of gene expression
14-E10 YHL036W MUP3 Very low affinity methionine permease
14-G5 YHL013C Hypothetical ORF, unknown
18-H3 YKL169C Hypothetical ORF, unknown
21-A3 YJL217W Hypothetical ORF, unknown
21-A9 YJL211C Hypothetical ORF, unknown
21-C7 YJL185C Hypothetical ORF, unknown
22-D7 YLR414C Hypothetical ORF, unknown
23-G9 YDR226W ADK1 Adenylate kinase
25-G5 YPR139C VPS66 Biological process unknown
28-E4 YNL238w KEX2 Ca2+-dependent serine protease, prohormone processing
29-G1 YKRO55W RHO4 GTP-binding protein
29-G11 YDR247W Hypothetical ORF, unknown
34-F10 YMR116C ASC1 WD repeat protein (G-beta like protein) that interacts with the translational machinery
36-D8 YLL007C Hypothetical ORF, unknown
36-F4 YJR105W ADO1 Adenosine kinase

38-H6 YDRO17C KCS1 Shows homology to basic leucine zipper family of transcription factors
39-A3 YDR028C REG1 Involved in RNA processing and is a negative regulator of glucose-repressible genes
43-G1 YNL078W NIS1 Biological process unknown
43-H1 YNL099C OCA1 Oxidant-induced Cell-cycle Arrest 1
44-B9 YGR086C Hypothetical ORF, unknown
44-G3 YKRO53C YSR3 DHS-1-P phosphatase
45-C1 YDRO74W TPS2 Trehalose-6-phosphate phosphatase
70-C1 YBL033C RIB1 First step in the riboflavin biosynthesis pathway
70-B7 YPL031C PHO85 CDK, involved in phosphate and glycogen metabolism and cell cycle progression
Location: (plate # - well #) in the deletion library, MATa collection
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Table 2 31 Retested Un-inducible Mutant Candidates
(PhoS activity <= (Average-2°standard deviation) at both 240' and 360' time points

Location Systematic Name Gene Name Discriptions
2-G3 YLR089C Hypothetical ORF, alanine aminotransferase
7-A10 YOR290C SNF2 Transcriptional regulator, regulation of phospholipid synthesis, chromatin modeling
17-G9 YKL041W VPS24 Involved in secretion

21-D2 YJL176C SWI3 Transcription factor, chromatin modeling
23-D9 YDR176W. ADA3,SWI7 SAGA complex, histone acetylation
26-E6 YFRO34C PHO4 Transcription factor in the PHO pathway
26-G11 YGR233C PHO81 CKI, inhibits Pho&O/Pho&5 in low phosphate conditions
31-G12 YFR031C-A RPL2A Ribosomal protein
32-A4 YGR284C ERV29 ER-Golgi transport vesicle protein
33-A12 YOL108C INO4 Transcription factor required for derepression of inositol-choline-regulated genes
33-E6 YHL025W SNF6 Chromatin remodeling Snf/Swi complex subunit
34-E10 YMR100W. MUB1 Homolog of samb gene of Aspergillus nidulans
35-A12 YPRO49C CVT9 Peripheral membrane protein required for stable binding of API to target membrane
35-E11 YJL117W PHO86 May collaborate with PhoS7p and PhoS4p in phosphate uptake
36-E6 YJRO73C PEM2 Involved in methylation pathway for phosphatidylcholine biosynthesis
40-C4 YDL106C PHO2 Transcription factor in the PHO pathway
41-A4 YNL001W DOM34 Molecular function unknown
42-A7 YBRO21W FUR4 Uracil permease
43-A12 YIL128W MET18 Involved in nucleotide excision repair and regulation of TFIIH
44-A11 YDR537C Hypothetical ORF, unknown
44-H12 YBR289W SNF5 Involved in global regulation of transcription
46-F10 YBR081C SPTZ Histone acetyltransferase SAGA complex member, transcription factor
47-B4 YBR147W Hypothetical ORF, unknown
48-A12 YDR442W Hypothetical ORF, unknown
48-B4 YDR448W ADA2 transcription factor, member of ADA and SAGA
48-H9 YGL124C MON1 Null mutant is sensitive to monensin and brefeldin A
49-B3 YGL148W ARO2 Chorismate synthase
70-E11 YCR063W BUD31 Diploid mutants exhibit random buddin
70-G5 YOR331C Hypothetical ORF, unknown
70-G10 YJL184W Hypothetical ORF, unknown
71-C11 YGR252W GCN5 Histone acetyltransferase
Location: (plate # - well #) in the deletion library, MATa collection
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CONCLUSION
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Phosphate is an essential constituent of all living cells. It is a major component of

membranes and nucleic acids and is used by cells for energy storage and information

transfer. The assimilation of phosphate from the environment is therefore an important

task for all organisms. The PHO signaling pathway is one of the important processes in

which the budding yeast Saccharomyces cerevisiae responds to changes in extra-cellular

inorganic phosphate concentration. Studies of this signaling pathway in Saccharomyces

cerevisiae have helped us understand many aspects of basic cellular biology such as

signal transduction, intracellular protein transport, transcription, and nutrient metabolism.

One of the main aims of in this thesis was to understand the function and

regulation of the CDK inhibitor, Pho81, which plays a critical role in the response to

phosphate starvation. This work demonstrates that Pho81 associates with the Pho&0-

Pho&5 kinase complex through binding to the cyclin, Pho&0, and that a minimum domain

of Pho81 containing 80 amino acids (645–724) is necessary and sufficient for Pho81

inhibition of Pho80-Pho85 in response to phosphate conditions (HUANG et al. 2001). The

unique sequence of this Pho81 minimum domain identifies a new type of CKI inhibitory

motif. There are still many interesting questions that remain to be answered.

An important remaining question is how Pho81 activity is regulated in response to

phosphate conditions. Inhibition of Pho&0-Pho85 by Pho&1 in low phosphate leads to

nuclear localization of Pho4 and transcriptional induction of PHO5, both of which occur

even when cells are shified to low phosphate medium in the presence of cycloheximide

(LEMIRE et al. 1985; O’NEILL et al. 1996) Although Pho81 is transcriptionally induced

in low phosphate conditions, overexpression of Pho&1 from the GAL1 promoter or on a

high copy plasmid does not lead to significant induction of PHO5 in high phosphate
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(CREASY et al. 1993; OGAWA et al. 1995). These data point strongly to a post

translational mechanism of regulation of Pho81 in response to phosphate starvation.

Several possibilities exist for the way in which Pho&1 is regulated. Pho81 could be

bound by another protein or a metabolite of phosphate that affects its activity in response

to phosphate conditions. This hypothesis is supported by our new finding that Adk1 and

Adol act upstream of Pho&1 and might repress Pho81 inhibition in high phosphate

conditions. Adk1 was also detected in a Pho85-associated complex including Pho81 in a

high-throughput analysis of protein-protein interaction (HO et al. 2002). These data

suggest the physical interaction of Adk1 and the kinase complex. Co

immunoprecipitation experiments can be carried out to investigate the direct interaction

between Adk1 and the Pho&1/Pho&O/Pho&5 complex in both high and low phosphate

conditions. Dissecting the interactions between Adk1 and the kinase complex might help

us to understand the regulation of Pho&1 and how the PHO signaling process is

connected to nucleotide regulation.

There are many other experimental approaches that could be used to try and

understand the function and regulation of Pho81. An in vitro assay using purified

recombinant proteins could be set up that could help to identify an activity in high and

low phosphate yeast extracts that controls Pho80-Pho85 activity in a Pho81 dependent

manner. Identifying covalent modifications on Pho81, Pho80, or Pho&5 would help us

understanding which protein is regulated and how. For examples, mass spectrometry and

isoelectric focusing gels could address this issue. The identification of a small 80 amino

acid region that responds to phosphate levels should greatly facilitate analysis of such

modifications. A follow up comprehensive analysis of the mutant candidates from the
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high-throughput, systematic enzymatic screen (chapter 2) might also yield important

information to understand the regulation of Pho&1/Pho&O/Pho85 complex.

Another main focus of this thesis (chapter two) was to identify missing factors in

the PHO pathway and to better understand the signaling process for PHO5 repression.

We have conducted a high-throughput, systematic enzymatic screen searching for novel

mutants that are defective in PHO5 regulation. As a result of this initial study, we have

identified 11 functionally diverse genes that were previously unknown to regulate PHO5

expression. When each of these genes was deleted, the resulting yeast cells display a

constitutive PHO5 expression in high phosphate conditions. Analysis of these 11

constitutive mutants suggests that ADK1 and ADO1, encoding an adenylate kinase and an

adenosine kinase (KONRAD 1988; LECOQ et al. 2001), respectively, appear to function

upstream of PHO81. The functional diversity of these classes of genes suggests that the

PHO pathway is networked with other important cellular signaling pathways that are

important for cell survival. This might enable the yeast cells to better respond to extra

cellular nutrient changes and conserve energy for survival.

Due to the technical difficulty in the initial linkage analysis, we were only able to

positively identify 14 true constitutive mutants out of the 45 constitutive candidates. In

order to identify the rest of the true mutants that are defective in PHOS induction in

response to phosphate starvation, a complete and systematic linkage analysis must be re

conducted on both the 45 constitutive and the 31 un-inducible candidates. Each of the

candidate strains must be individually regenerated from the wild type diploid strain to

complete the linkage analysis and the characterization studies can then be followed. A

comprehensive analysis of the complete set of constitutive and un-inducible mutants
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might yield important information to understand the signaling network system, which

allows yeast cells to respond appropriately to environmental changes.

In summary, the work we have done helps us understand in more detail how

Pho&1 functions as a CKI and how the PHO signaling pathway is regulated. There are

still many interesting questions remained to be answered. Hopefully, the results,

reagents, and techniques generated in this thesis will provide a useful foundation for

future experiments and discoveries.
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