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Function and Regulation of the Cyclin-CDK PhoS0-Pho&5

Douglas A. Jeffery

In response to starvation for inorganic phosphate, the budding yeast

Saccharomyces cerevisiae induces the transcription of genes whose products help

the cell acquire and assimilate more phosphate. Four proteins that play a critical

role in this response are the transcription factor Pho4, the cyclin Pho&0, the

cyclin-dependent kinase (CDK) Pho&5, and the CDK inhibitor (CKI) Pho&1.

PhoS0 and PhoS5 form a kinase that phosphorylates and inactivatesPho4 under

phosphate rich conditions, whereas Pho&1 is required to inhibit Pho&0-Pho&5 and

prevent phosphorylation of Pho4 when phosphate becomes limiting.

We describe a kinetic model for how Pho&0-Pho&5 phosphorylates Pho4

using purified recombinant proteins, isoelectric focusing gels, and computer

modeling of the kinase reaction. Pho4 is phosphorylated on five sites and we

show that phosphorylation of Pho4 occurs through semi-processive activity of

Pho&O-Pho&5. This semi-processive activity is the result of a balance between the

rate of dissociation of the Pho4-Pho&0-Pho&5 complex and the rate of

phosphorylation of Pho4. We further demonstrate that Pho&0-Pho&5 exhibits site

preference which has interesting implications for the regulation of Pho4 activity

in vivo. The first site phosphorylated inhibits Pho4 when it is in the nucleus,

leading to rapid shutoff of Pho4 activity even when it is partially

phosphorylated. The last sites phosphorylated lead to export of Pho4 from the

nucleus, insuring that Pho4 is almost always completely phosphorylated before

being exported.

We have attempted to elucidate the mechanism of inhibition of Pho&1 and

to identify activities that regulate PhoS1 or PhoSO-Pho&5 in response to
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phosphate levels in the environment. We have been unable to identify any other

proteins besides Pho&1 required for in vitro regulation of Pho&0-Pho&5. We show

that the stabilities of PhoS0 and Pho&1 do not change in high or low phosphate.

While the subcellular localization of Pho81 remains constant in high and low

phosphate, we demonstrate that nuclear localization of Pho&1 requires PhoS0,

probably because PhoS1 must be in the cytoplasm and at the plasma membrane

to perform a function separate from its role as a CKI.
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Introduction - Phosphate Metabolism in Saccharomyces cerevisiae

Douglas A. Jeffery, Marc E. Lenburg, and Erin K. O'Shea

Credits

This introduction was written by me and Marc Lenburg for submission to

Molecular and Microbiological Reviews. Marc wrote the sections up to the review of

the kinetic analysis of Pho4 phosphorylation. I edited and expanded his section

and wrote the rest of the review.
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Introduction

Phosphate is an essential constituent of all living things. 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 to which all organisms must devote

considerable resources'.

In the budding yeast Saccharomyces cerevisiae, almost 5% of a cell's dry

weight is phosphate”. Many yeast grow in the wild on rotting fruits which

contain 5-20 mg of phosphate per liter (0.05-02 mM)”, conditions of phosphate

starvation by laboratory standards. It is important that the response to

phosphate starvation be robust and tightly regulated for yeast to survive in their

natural environment. This is underscored by the fact that yeast that are starved

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

cell cycle.

Three processes involved in phosphate assimilation are known to be

regulated in response to the concentration of inorganic phosphate in the

environment: phosphate scavenging, phosphate uptake, and phosphate storage.

Due to recent advances, a large number of the proteins responsible for these

processes are now known. A major portion of the regulation of these processes

occurs at the transcriptional level through the action of a phosphate responsive

signaling pathway, called the PHO pathway. Recent biochemical studies have

shed new light on the complex post-translational regulation of the PHO

pathway. The PHO pathway has been the subject of several reviews4-8, and it is



the goal of this review to summarize recent advances in our understanding of the

phosphate response.

The Transcriptional Response - The PHO Pathway

As yeast grow in the wild primarily on rotting fruit, most of the phosphate

in a yeast cell's environment is covalently attached to organic molecules. To

make this organic phosphate available for the yeast's own metabolic needs, yeast

secrete extracellular phosphatases to scavenge phosphate. The production of one

of these secreted phosphatases is induced by the PHO pathway when

environmental levels of free inorganic phosphate are low (less than 0.2 mM) and

repressed when levels of inorganic phosphate are high (typically 10 mM under

laboratory conditions). Much of the work on understanding how yeast respond

to phosphate availability started with attempts to understand the genetic

pathways that regulate the secretion of the scavenging phosphatases. It was only

through subsequent work that it became apparent that these pathways play a

more general role in modulating all the known processes important for the

response to and assimilation of environmental phosphate.

In the 1970s, Yasuji Oshima and his colleagues carried out two genetic

screens to identify mutants that could not properly regulate a secreted acid

phosphatase, later identified as PhoS. One screen identified mutants unable to

induce PhoS activity in response to phosphate limitation and another screen

identified mutants unable to repress this activity when phosphate is abundant.

These screens identified seven complementation groups?,10. Recessive

mutations at four loci result in an inability to induce PhoS activity. These



mutations are in the genes PHO81, PHO4, PHO2 and PHO5. Recessive mutations

at three other loci result in a failure to repress PhoS activity when phosphate is

abundant. These genes are PHO84, PHO85 and PHO80. Epistasis studies using

both dominant and recessive alleles of these genes allowed them to be ordered in

a genetic pathway (Figure 1).

Once the gene encoding PhoS was identified, it was determined that

regulation of PhoS activity occurs through transcriptional induction and

repression!!-14. The genes immediately upstream of PHO5 in the genetic

pathway encode the transcription factors that are directly responsible for

transcriptional induction of PHO5. PHO4 encodes a basic helix-loop-helix DNA

binding protein with an acidic activation domain!3-18 and PHO2 encodes a

homeobox containing transcription factor!9-21 that binds the PHO5 promoter

cooperatively with PHO422-25. Pho2, also known as Bas2/Grf10, plays a role in

the transcriptional regulation of several other genes?6-29.

Mutations in PHO4 and PHO2 are epistatic to loss of function mutations in

two genes named PHO80 and PHO85. Loss of function mutations in either

PHO80 or PHO85 result in the constitutive expression of PHO5 even when

phosphate is abundant, suggesting that Pho&0 and Pho&5 function to antagonize

the activity of Pho4 and or Pho2. PHO85 encodes a cyclin-dependent kinase

(CDK)30,31 that, when partnered with the cyclin PhoS032,33, phosphorylates

and inactivates PhoA*. Regulation of Phoq activity by phosphorylation is

discussed in detail below. Pho&5 also associates with 9 other cyclins, called PCl



proteins. Pho&5 in association with these other cyclin is involved in glycogen

metabolism, morphogenesis, and perhaps cell cycle control.35.36.

Pho4 is phosphorylated and inactivated when extracellular phosphate

levels are high, explaining why expression of PHO5 is repressed under these

conditions. When phosphate levels drop, Pho&0-Pho&5 is inhibited by the CDK

inhibitor Pho&137-39, and Pho4 is hypo-phosphorylated and active, explaining

why expression of PHO5 is induced under these conditions. Loss of function

mutations in PHO81 are unable to induce PHO5 in low phosphate because

Pho&0-Pho&5 is always active and can phosphorylate Pho4. The function and

regulation of Pho&1 will be discussed later in the review.

The last gene identified in the original screen for PHO pathway mutants is

PHO84. Pho&4 encodes the major high-affinity inorganic phosphate transporter

in yeast”941. Loss of function mutations in PHO84 cause constitutive expression

of PHO5 in a PHO81 dependent manner, placing PHO84 at the top of the

genetically defined PHO pathway. It is not known why pho&4 mutants behave as

if they are starving for phosphate when grown in phosphate-rich media, and the

function and regulation of PhoS4 and other phosphate transporters is discussed

in detail below.

Genes Induced In Response to Phosphate Starvation

When cells are grown in high phosphate media, Pho4 is phosphorylated

and inactive (see below). When cells encounter conditions of low phosphate,

Pho+ is hypo-phosphorylated and activates transcription of phosphate

responsive genes. Many of the genes induced in low phosphate have been



identified through genetic means and a core DNA recognition sequence,

CACGTG or CACGTT, has been determined for Pho48. The Pho4 binding site

has been found in the promoters of all phosphate responsive genes identified to

date. Several of the genes induced in low phosphate also require Pho2, including

PHO5, PHO84, and PHO81, while transcription of PHO8, which encodes a

vacuolar alkaline phosphatase, only requires Pho442.43. Pho2 has been shown to

bind to A/T rich sequences in the promoters of several phosphate responsive

genes although it has been difficult to determine a consensus binding

sequence24. Binding of Pho4 and Pho2 dramatically changes the chromatin

structure of the PHO5 promoter. This will not be reviewed here so we reference

recent articles and reviews on this subject"3-48.

A recent study by Ogawa and colleagues used DNA microarrays”.50 to

catalog all of the genes that are induced in response to phosphate starvation and

activation of the PHO pathway in high phosphate?". This study compared the

mRNA levels of all known yeast genes from cells grown in high phosphate

versus low phosphate and from cells that were wild-type versus cells that had

dominant mutations in PHO452 or PHO8138 or loss of function mutations in

PHO80 or PHO85. All of these mutations lead to constitutive expression of

PHO5 in high phosphate. Among the 80 genes whose transcription was altered

under one or more of the different conditions tested, 22 were identified as being

regulated by the PHO pathway on the basis of their induction levels in all the

experimental conditions tested. 21 of the 22 induced genes have at least one core

PhoA DNA binding sequence in their promoters and most have more than one.



13 of these 22 genes were not previously known to be induced by the PHO

pathway. The functions and regulation of most of the genes identified are

discussed later in the review. Activities responsible for phosphate scavenging,

phosphate transport, and phosphate storage are all upregulated at the

transcriptional level in response to phosphate starvation.

This important study is the first attempt to understand the global

transcriptional response to phosphate starvation. Several of the genes induced in

response to phosphate starvation are involved in the stress response and are not

induced in high phosphate when the PHO pathway is induced using mutants. It

will be interesting to see which of the genes induced during phosphate starvation

are part of the signal transduction pathway which induces phosphate

assimilation processes, and which are part of a more global response to nutrient

deprivation and growth arrest. A comparison of wild-type cells and pho4 mutant

cells that are starved for phosphate may uncover transcriptional responses that

are not dependent on the PHO pathway.

Regulation of Pho4 by Phosphorylation

A critical observation that frames most of our understanding of how the

PHO pathway is regulated is that transcription of PHO5 can be induced in

response to phosphate starvation as well as repressed in response to phosphate

abundance in the absence of new protein synthesis”. These data suggest that

cells growing in any concentration of phosphate have at least the core machinery

required to sense phosphate availability and modulate expression of PHO5, and



that the PHO pathway is turned on and off as a result of post-translational

regulation.

One form of post-translational regulation in the PHO pathway is the

regulation of Pho4 activity by phosphorylation. Pho4 contains six potential

serine-proline CDK phosphorylation sites, called SP1 through SP6, and Pho&0-

PhoS5 phosphorylates five of them (Figure 2)54. Of these five, SP2, SP3, SP4, and

SP6 are phosphorylated both in vivo and in vitro while SP1 does not seem to be

phosphorylated efficiently. Interestingly, these five sites conform to a consensus

sequence that is different from other CDKs. While CDKs from the CDK1 family

phosphorylate the consensus sequence S/T-P-X-K/R55,56, Pho&O-Pho&5

phosphorylation sites are S/T-P-X-I/L. SP5, which is not used, is S-P-A-T, SP1,

which is not phosphorylated efficiently, is S-P-V-T.

Pho4 is phosphorylated in high phosphate and, upon phosphate

starvation, becomes dephosphorylated”. The simplest interpretation of this

pattern of phosphorylation is that phosphorylation of Pho4 by Pho&0-Pho&5 in

high phosphate inhibits its ability to activate PHO5 transcription. Consistent

with this model, a Pho4 mutant lacking the five Pho&0-Pho&5 phosphorylation

sites constitutively expresses PHO5 at a level similar to mutants lacking Pho&0 or

cells grown in low phosphate”. These data demonstrate that preventing PhoS0

PhoS5 from phosphorylating PhoA is necessary and sufficient to induce the

transcriptional response to phosphate starvation.

One of the more recent advances in understanding how the yeast PHO

pathway is regulated in response to phosphate availability has been

understanding in detail how phosphorylation of Pho4 leads to the repression of



Pho4's transcriptional activity. Several possibilities exist for the effects of multi

site phosphorylation on inhibition of Pho4 activity. One possibility is that

phosphorylation of each of the different sites affects just one property of Pho4.

Another possibility is that phosphorylation of the different sites affects multiple

distinct properties of Pho4. Either of these biochemical consequences of Pho4

phosphorylation could result in different physiological effects. Multiple

phosphorylation sites could tune the level of Pho4 activity from fully active (fully

unphosphorylated) to fully inactive (fully phosphorylated). Another possibility

is that partially phosphorylated Pho4 behaves the same as Pho4 that is either

fully phosphorylated or fully dephosphorylated and that multiple

phosphorylation sites make the transition from active to inactive highly

cooperative. Recent experimental results have led to a model where the different

sites of phosphorylation on Pho4 affect different properties of Pho4 and this

appears to allow partially phosphorylated PhoA to have intermediate activity.

One important way in which Pho4 is regulated by phosphorylation is

through subcellular localization (Figure 3). In high phosphate, when Pho4 is

phosphorylated and its transcriptional activity is repressed, Pho4 is in the

cytoplasm. In low phosphate, when Pho4 is unphosphorylated and active, it is in

the nucleus”. These changes in subcellular localization are dependent on

phosphorylation by Pho&0-Pho&5, as Pho4 is constitutively nuclear in strains

lacking Pho&0. Furthermore, an allele of Pho4 that lacks all phosphorylation sites

is localized to the nucleus in high phosphate.

The ferrying of proteins in and out of the nucleus is accomplished

by a family of related Ran GTPase-dependent cargo receptors that shuttle back



and forth between the nucleus and cytoplasm. Much progress has been made

recently in understanding the details of how these proteins transport cargoes in

and out of the nucleus and how, in some cases, the transport of cargoes is

regulated58-60. Interestingly, both import of Pho4 into the nucleus and export of

Phoa from the nucleus are regulated by phosphorylation. Furthermore, these

distinct processes are regulated by phosphorylation of different SP sites on Pho4.

The import of Pho4 into the nucleus is mediated by the cargo receptor

Psel61,62. PSE1 is an essential gene, but strains carrying a temperature-sensitive

allele of PSE1 are blocked for Pho4 import into the nucleus when starved for

phosphate even at a temperature permissive for growth. Pho4 binds to Psel in

vitro in a Ran-GDP-dependent manner. The interaction between Pho4 and Psel

is reduced about three-fold by phosphorylation of SP4, while the

phosphorylation states of the other sites do not affect the interaction between

Psel and Pho.157.62. A twenty-seven amino acid peptide containing SP4 is

capable of binding to Psel in vitro, and is sufficient to localize a heterologous

protein to the nucleus in a PSE1-dependent manner in vivo, thus defining the

Pho4 nuclear-localization signal (NLS). A Pho4 mutant with a negatively

charged aspartate residue in place of the serine at SP4 has a reduced rate of

nuclear import suggesting that the negative charge which results from

phosphorylation of SP4 slows down Phot import in vivo97. Interestingly though,

a PHO4 mutant which cannot be phosphorylated at SP4 is still predominantly

cytoplasmic in high phosphate. The cytoplasmic localization of this

constitutively imported allele of PHO4 suggests that export of Pho4 from the

10



nucleus in high phosphate is more rapid than import, leading to a steady state

cytoplasmic localization.

The export of phosphorylated Pho4 from the nucleus in high phosphate is

mediated by the Msn5 cargo receptor and occurs only when SP2 and SP3 are

phosphorylated03. In an msnä mutant, as with Phoq mutants lacking SP2 or SP3,

Pho4 is constitutively localized to the nucleus independently of phosphate

concentration. Phosphorylated Pho4 binds to Msn5 in vitro in a Ran-GTP

dependent manner while unphosphorylated Pho4 is unable to bind. This

phosphorylation-induced binding requires phosphorylation on SP2 and SP3, as

phosphorylated Pho4lacking either of these phosphorylation sites is unable to

bind Msn5, whereas Pho4lacking SP1, SP4, and SP6 still binds Msn5 in a

phosphorylation-dependent manner67.

One unresolved question is how phosphorylation of Pho4 leads to Msn5

binding. Two possibilities are that phosphorylation of Pho4 changes its

conformation to expose an Msn5 binding site or that the phosphoserine residues

at SP2 and SP3 are themselves part of the Msn5 binding domain. Far 1 and Mig1

are also Msn5 cargoes, and are subject to regulated nuclear localization. In both

cases, this change in localization, like Pho4, is regulated by

phosphorylation640°. This lends itself to the model where the phosphoserine

residues themselves are part of the binding domain, as it seems unlikely that

Pho4, Far1, and Mig1 all evolved to have the same Msn5 binding domain

exposed by a conformational change upon phosphorylation.

If subcellular localization was the only way to regulate Pho4 activity, one

would expect that a Pho4 mutant that could not be phosphorylated on SP2, SP3,

■
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or SP4 would constitutively express Pho4-dependent genes at the same level as

these genes are expressed upon phosphate starvation. However, a strain

carrying an allele of PHO4 that cannot be phosphorylated on SP2, SP3, or SP4

only expresses PHO5 at about 20% of low-phosphate levels37. There is another

level of Pho4 regulation that is independent of subcellular localization and is

dependent on phosphorylation of SP6. SP6 resides in the region of Pho4 that is

important for Pho2 interaction06. Pho4 that is phosphorylated on SP6 has a

greatly reduced affinity for Pho2, which reduces its ability to activate expression

of PHO5. Preventing phosphorylation of SP6 alone also results in a modest

increase in high-phosphate PHO5 expression, while blocking phosphorylation of

sites SP2 SP3 SP4 and SP6 together causes PHO5 to be expressed at levels nearly

identical to those seen in low phosphate”. These data indicate that either

enhancing Pho4 export or blocking Pho4's interaction with Pho2 is largely

sufficient to repress expression of PHO5 in high phosphate. These data also

indicate that neither mechanism alone leads to complete repression of PHO5

expression, as mutants defective only for cytoplasmic localization or binding to

Pho2 express some PHO5 in high phosphate.

The presence of these overlapping Pho4 regulatory mechanisms indicates

that phosphorylation of different sites on Pho4 does indeed affect different

biochemical properties of Pho4. The non-additive effect of these overlapping

regulatory mechanisms on Pho4 activity further indicates that these mechanisms

act cooperatively to repress expression of PHO5. At the same time, the analysis

of Pho4-phosphorylation mutants indicates that partially phosphorylated Pho4

can activate low levels of PHO5 expression, raising the possibility that there

12



could be physiologically significant intermediate states of Pho4 activity that

result from partially phosphorylated Pho4. This possibility becomes even more

intriguing when one considers the targets of Pho4 beyond PHO5. PHO8 is a

Pho4-dependent phosphate-regulated gene that, unlike PHO5, is not Pho2

dependent2443. Since the effects of phosphorylation of SP6 on Pho2 interaction

seem to be independent from the effects of phosphorylation at sites SP2, SP3 and

SP4 on cytoplasmic localization, a partially phosphorylated pool of PhoA

containing Pho4 molecules phosphorylated at site SP6 but not phosphorylated at

site SP2 and SP3 would have different properties than completely

phosphorylated or completely unphosphorylated Pho4. If such a Pho4 species

existed, it would be largely blocked for activating PHO5 expression due to

reduced interaction with Pho2, but would be competent for activating expression

of Pho2-independent genes such as PHO8.

Kinetic Analysis of Pho4 Phosphorylation

We recently have been able to study the kinetics of phosphorylation of

Pho, in vitro using purified recombinant Pho4 and PhoSO-Pho&567. This in vitro

system cannot completely mimic the in vivo reaction between Pho4 and Pho&0-

Pho&5 because it lacks regulation of Pho&O-Pho&5 activity by the CDK inhibitor

Pho&1 (see below). There is little detectable effect of Pho&1 on Pho&0-Pho&5

activity in vitro when the kinase is purified from high phosphate”, so it is likely

that the recombinant system can at least approximate the reaction between Pho4

and Pho&0-Pho&5 under that condition.

13



PhoS0-Pho&5 phosphorylates Pho4 in a semi-processive fashion, meaning

when Pho&0-Pho&5 binds Pho4 it can phosphorylate Pho4 from one to five times,

with an average of two phosphorylations per binding event. This semi

processive activity results from a balance between the rate of dissociation of the

Pho&0-Pho&5-Pho4 complex and the rate of phosphorylation of Pho4. Computer

modeling of the kinase reaction indicated that the rate-limiting step in the

phosphorylation of Pho4 is the ability of Pho&0-Pho&5 to locate an SP site to

phosphorylate. It seems likely that Pho4 binds to Pho&0-Pho&5 through high

affinity interactions with Pho&008, and once bound can be phosphorylated on

multiple sites. Remarkably, Pho&0-Pho&5 is able to locate and phosphorylate SP6

more easily than SP2, SP3, or SP4, with the result that SP6 is phosphorylated first

out of all the sites 50% of the time.

While more work needs to be done to test the results of this study,

particularly in vivo, the results have interesting implications for the regulation of

Pho+. Because PhoS0-Pho&5 phosphorylates Pho4 in the nucleus%3 in a semi

processive fashion, it is possible that partially phosphorylated forms of nuclear

Pho4 will accumulate. Since SP6 is phosphorylated first 50% of the time, most of

these Pho4 molecules will be unable to bind Pho2 and activate transcription of

phosphate responsive genes (see above). However, genes that do not require

Pho2 for expression, such as PHO8, would still be expressed, so this mode of

phosphorylation of Pho4 could lead to differential regulation and expression of

phosphate responsive genes. Computer modeling of the kinase reaction

predicted that approximately 90% of the Pho4 molecules that are phosphorylated

on SP2 and SP3 will also be phosphorylated on SP4 and SP6. The result of this is

14



that the majority of Pho4 is fully phosphorylated before it is exported from the

nucleus. This may help to prevent a futile cycle where Pho4 that is not

phosphorylated on SP4 is phosphorylated on SP2 and SP3, exported, and then

immediately reimported.

Compartmentalization of Pho4, PhoS0-Pho&5 and the Pho4 Phosphatase

Dephosphorylation of Pho4 is critical for a rapid response to phosphate

starvation. Pho4 becomes dephosphorylated in response to phosphate starvation

by two mechanisms. As we will describe in more detail later, the kinase activity

of Pho&0-Pho&5 is inhibited in low phosphate by the cyclin-dependent kinase

inhibitor Pho&1. This inhibition blocks or at least greatly reduces the rate at

which additional Pho4 is phosphorylated. Two lines of evidence suggest that

there is a cytoplasmic Pho-1-phosphatase activity that promotes the conversion of

phosphorylated Pho4 into a physiologically significant pool of unphosphorylated

protein. First, Pho4 is cytoplasmic in high phosphate and induction of PHO5 can

occur in the absence of new protein synthesis”, so there must be an activity in

the cytoplasm that can dephosphorylate Pho4 in low phosphate. Second, Pho4

that is stuck in the nucleus in an msnå mutant cell is not dephosphorylated as

quickly in low phosphate as Pho4 that is in the cytoplasm in a wild-type

cellº?(N. Miller, and E. O'Shea unpublished results). This suggests that there is

little or no nuclear Pho4 phosphatase activity. The identity of the Pho4

phosphatase is still unknown.

This compartmentalization of Pho&0-Pho&5 (nuclear), and Pho4 and the

Pho4 phosphatase (cytoplasmic) could lead to tighter and more efficient

15



regulation of PhoA activity. The localization of Pho&0-Pho&5 to the nucleus is

clearly advantageous. When yeast are growing in abundant phosphate

conditions, the kinase is in the same compartment as the site of action of Pho4,

and any nuclear Pho4 can be rapidly phosphorylated and inactivated.

Localization of Pho4 to the cytoplasm in high phosphate segregates it away from

its site of action and into a compartment that contains the activating Pho4

phosphatase, such that when phosphate levels in the environment drop, Pho4

cab be rapidly dephosphorylated and imported into the nucleus.

Function and Regulation of PhoS1

PHO81 was identified in the original screen for Pho mutants as a locus

that is required for induction of PHO5 when cells are starved for phosphate!9.

Epistasis analysis proved that the PHO81 gene product acts in the PHO pathway

upstream of the cyclin-CDK complex Pho&0-Pho&5 and downstream of the

phosphate transporter Pho&4 (Figure 1)*19. Cloning and sequencing of PHO81

showed that it encodes a large, 1179 amino acid, 134 kD protein 37.

Characterization of the transcriptional regulation of PHO81 revealed that

it is regulated in parallel with PHO569-71. PHO81 transcription is induced 12

fold when cells are starved for phosphate and this induction is absolutely

dependent on Pho4 and largely dependent on Pho2. This creates a positive

transcriptional feedback loop when cells are starved for phosphate. The

induction of Pho&1 protein is not needed for the initial induction of PHO5

transcription since induction can occur in the absence of new protein synthesis.

The requirements for this positive feedback on maintenance of the induced state

º -

º
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have not been investigated. Surprisingly, overexpression of PHO81 from high

copy plasmids or from a strong inducible promoter does not lead to full

induction of PHO5 in high phosphate’869.71. However, when these cells are

then starved for phosphate PHO5 induction occurs normally. Furthermore,

deletion of the Pho4 binding sites in the PHO81 promoter prevents induction of

PHO5 demonstrating that high levels of PHO81 transcription and starvation for

phosphate are both required for Pho&1 to function properly. This was the first

evidence that supported a model of post-transcriptional or post-translational

regulation of Pho&1.

One study presented evidence that transcription of PHO81 is repressed by

a cis-acting DNA element in the promoter”. Deletion of this negative regulatory

sequence (NRS) leads to three to four fold higher levels of reporter gene

transcription and, in the context of the native PHO81 gene, leads to elevated

levels of PHO5 expression in high phosphate. It is not clear why in this work a

three to four fold increase in transcription of PHO81 causes constitutive

expression of PHO5 while in similar experiments up to 60 fold overexpression of

PHO81 does not cause significant expression of PHO5 in high phosphate.71. The

importance of the NRS in the regulation of PHO81 and the PHO pathway

remains to be clarified.

Initial genetic work suggested that PhoS1 positively affects PHO5

transcription in low phosphate by inhibiting the activity of Pho&0 or PhoS5.

Subsequent to the discovery that Pho&O-Pho&5 forms a cyclin-CDK complex that

phosphorylates and inhibits Pho4, the nature of this inhibition became quite

clear. It was shown that Pho&1 forms a complex with Pho&0-Pho&5 in vivo and in

17



vitro, and that PhoS1 is required to inhibit the kinase activity of PhoS0-Pho&5

when cells are starved of phosphate”,66. Interestingly, Pho&1 forms a complex

with Pho&0-Pho&5 in high and low phosphate but only inhibits the kinase in low

phosphate, supporting a model for post-translational regulation of Pho&1.

Further work showed that Pho&1 purified from yeast or E. coli is sufficient to

inhibit PhoSO-PhoS5 kinase activity in vitro38,39. All together, biochemical

studies have shown that Pho&1 is a CDK inhibitor that is necessary and sufficient

to inhibit Pho&0-Pho&5 kinase activity and that this inhibition is regulated post

translationally by the phosphate levels in the medium.

An important issue concerning Pho&1 function is how it binds to and

inhibits Pho&O-Pho&5. Initial work on this topic focused on the activity of 6

consensus ankyrin repeats in the middle of the Pho&1 protein 38,39.73. This focus

was fueled by the homology between the Pho&1 ankyrin repeats and the ankyrin

repeats in the INK4 family of mammalian CDK inhibitors/4,75. However, it has

recently been shown that the ankyrin repeats are not important for the CDK

inhibitor activity of Pho&1 (S. Huang and E. O'Shea unpublished observations).

An eighty amino acid piece of Pho&1 that is immediately c-terminal to the

ankyrin repeats is necessary and sufficient to inhibit Pho&0-Pho&5 in vivo and to

bind to Pho&0-Pho&5 in vitro. Alanine scanning of this piece identified nine

amino acids that are required for Pho&1 to bind Pho&0-Pho&5. A region of Pho&1

that contains all six ankyrin repeats but is lacking this eighty amino acid region

does not function in vivo or in vitro.

Binding of Pho&1 to Pho&0-Pho&5 occurs primarily through an interaction

between Pho&0 and Pho&1. Pho&1 co-immunoprecipitates from yeast extracts
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with PhoS0 alone but not PhoS5 alone?9. Purified recombinant PhoS1 will also

bind to purified recombinant Pho&0 alone but not to purified recombinant Pho&5

alone (D. Jeffery and E. O'Shea unpublished observations). Furthermore,

recombinant Pho&1 is capable of binding to a purified Pho&0-Pho&5 kinase

complex but cannot bind to a purified PCl1-Pho&5 complex (S. Huang and E.

O'Shea unpublished observations), demonstrating that CDK inhibitor specificity

is maintained through the cyclin subunit, not the CDK. Finally, point mutations

have been identified in Pho&0 which prevent the interaction between Pho&1 and

Pho&0-Pho&5 in vivo and in vitro, suggesting that there is a direct interaction

between Pho&1 and the region of Pho&0 containing those mutations (S. Huang,

M. Anthony and E. O'Shea unpublished observations).

The next important step will be to elucidate how this 80 amino acid piece

of Pho&1 inhibits Pho&0-Pho&5 activity in low phosphate. Two separate issues to

be addressed are the post-translational regulation and the biochemical function

of this piece of Pho&1. Data from experiments done in vivo and in vitro point to

post-translational regulation of Pho&1 activity although it is not clear whether it

is Pho&1, PhoS0, or Pho&5 that is directly regulated. There could be another

protein or a metabolite of phosphate that is responsible for the direct regulation

of the Pho&1-PhoSO-Pho&5 complex. PhoS1 may inhibit Pho&O-Pho&5 by

preventing the association between Pho4 and Pho&0-Pho&5 or by directly

inhibiting the catalytic activity of the kinase.

If 80 amino acids are all that are required for inhibition of Pho&0-Pho&5,

what do the other 1099 amino acids in Pho&1 do? Pho&1 may perform other

functions in the cell. Overexpression of Pho&1 can suppress the temperature
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sensitive phenotype of a phospholipase C mutant”, suggesting Pho&1 may play

a role in lipid metabolism. Pho&1 localizes to the nucleus, cytoplasm and plasma

membrane (D. Jeffery and E. O'Shea unpublished observations). Localization to

the nucleus requires binding to Pho&0 while localization to the plasma

membrane is mediated by the first 200 amino acids of Pho&1. The only identified

phenotype exhibited by a pho&1 mutant is the uninducible PHO5 expression

phenotype, but these other experiments suggest quite strongly that Pho&1

performs some other function(s) in the cell and that the parts of Pho&1 that are

not required for binding to Pho&0-Pho&5 may be important for those functions.

Early work on Pho&1 identified dominant constitutive point mutations

that lead to inhibition of Pho&0-Pho&5 kinase activity in high phosphate and

inappropriate expression of PHO538.71. These mutations all clusted in the first

200 amino acids of the Pho81 protein. Paradoxically, this region does not seem to

be required for binding of Pho&1 to Pho&0-Pho&5 or inhibition of PhoS0-Pho&5

kinase activity in response to phosphate starvation (complex (S. Huang and E.

O'Shea unpublished observations) 38. While it is unclear why these point

mutations lead to misregulation of Pho&1, there are three explanations: first, the

point mutations disrupt the interaction with a negative regulator of Pho&1 in

high phosphate. Second, the point mutations mimic the effect of a positive

regulator of Pho&1 in low phosphate. Third, the point mutations result in a novel

inhibitory activity of Pho&1 that is different from its activity as a CKI in low

phosphate.

Phosphate Scavenging
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In response to phosphate starvation, yeast induce at least four intracellular

and three secreted phosphatases?" all of which could serve to increase the

concentration of inorganic phosphate for the cell to use under conditions of

phosphate starvation. PhoS is a vacuolar alkaline phosphatase.77, Phm5 may be

the major yeast polyphosphatase (see below), Hor2/GPP2 is DL-glycerol-3-

phosphase, which releases Pi from glycerolphosphate’8, and His1 can produce

Pi from ATP and phosphoribosylpyrophosphate. All four of these enzymes

could serve to increase the intracellular concentration of inorganic phosphate

through hydrolyzing specific and non-specific substrates. The three secreted

acid phosphatases, PhoS, Phol1, and Phol279, all serve to create Pi

extracellularly by the hydrolysis of non-specific organic phosphates.

Phosphate Uptake

It has been know for many years that yeast express three different types of

phosphate transporters - a derepressible, proton-dependent, high-affinity

transporter, a derepressible, sodium-dependent, high-affinity transporter, and a

constitutively expressed, proton-dependent, low affinity transporter&0. The

identity, structure, and function of each of these activities are discussed below.

The Major High-Affinity Transporter PhoS4

PHO84 encodes one of the two high-affinity inorganic phosphate

transporters in S. cerevisiae. It was identified in the original screen for Pho

mutants as a locus required for repression of PHO5 transcription when cells are

grown in high phosphate". Epistasis analysis showed that the constitutive
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PHO5 expression phenotype of pho&4 mutants requires the CDK inhibitor

PHO81, which places PHO84 at the top of the genetically defined Pho pathway9.

Transcription of PHO84 is induced during phosphate starvation in a Pho4

and Pho2 dependent manner, similar to PHO5 transcription40. This induction is

dependent on Pho4 and Pho2 binding sites in the PHO84 promoter&24.81.

The Pho&4 protein is predicted to be a 12 transmembrane domain protein

of the major facilitator superfamily of transporters32.83. It shows highest

homology to proteins that transport sugars, even though it is quite clear that it º
functions as a high-affinity inorganic phosphate transporter. The function of º
Pho&4 was first uncovered when it was shown that the original pho&4 mutation . º

was deficient in high-affinity transport. This, along with further analysis in

pho&4pho89 double mutants (see below), demonstrated that Pho&4 is responsible º

for the majority of high-affinity phosphate transport in yeast”0.84.

In some strain backgrounds, pho&4 mutant cells are unable to grow in

media containing low concentrations of phosphate because they cannot take up º

enough phosphate to survive with the remaining phosphate transporters (E.

O'Shea unpublished observations). Similarly, loss of function mutations in PHO4

and PHO81 are unable to grow in low phosphate media because they cannot

induce transcription of PHO84. The inability of pho4 and pho&1 mutants to grow

in low phosphate can be overcome by expressing PHO84 from a constitutive,

high-level promoter such as the ADH1 promoter. This suggests that under

laboratory conditions, PHO84 is the only PHO pathway gene that is essential for

growth in low phosphate.
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Pho&4 localizes to the plasma membrane when cells are grown in low

phosphate, indicating that it is in the right place in the cell to be directly

responsible for phosphate transport49.85.86. Studies using plasma membrane

vesicles derived from wild type and pho&4 cells showed that Pho&4 is necessary

for high-affinity phosphate transport in vitro in this crude system37. When

Pho&4 was expressed and purified from E. coli, it became clear that Pho&4 is

sufficient to transport phosphate into intact lipid vesicles38.89. Pho&4 is a

proton/phosphate symporter with a pH optimum of 4.0-4.599.91 and transport

of inorganic phosphate by Pho&4 into the cell relies on a lower pH outside the

cell than inside the cell. This proton gradient is maintained in large part by the

major proton/ATPase pump in yeast, PMA192. Mutations in PMA1 lead to

phosphate transport defects in vivo and these defects can be overcome by

lowering the pH of the medium”. Purified Pho&4 also requires a pH gradient to

transport phosphate into proteoliposomes. The KM for inorganic phosphate

exhibited by the high-affinity transport system measured using intact cells is

around 10 um 90.91 and the KM for purified Pho&4 is around 24 HM89. These

biochemical results with purified Pho&4 strongly suggest that the Pho&4 protein

alone is sufficient for high-affinity inorganic phosphate transport in the presence

of a pH gradient.

Since functional recombinant Pho84 can be expressed and purified,

further biochemical studies will undoubtedly dissect the structure and function

of the Pho&4 protein. Mutant analysis or crosslinking could uncover residues

that are important for binding and transporting phosphate. It may also be
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possible to identify proteins from yeast whole cell extracts that can bind to Pho&4

and modulate Pho84's transport activity in vitro.

Recent work has shed light on the biogenesis and post-translational

regulation of Pho&4. Studies using a functional fusion between Pho&4 and the

green fluorescent protein (GFP) showed that when cells are grown in high

phosphate, Pho&4 localizes predominantly to the vacuole, whereas during

phosphate starvation, Pho&4 localizes to the plasma membraneš5,86. When

phosphate starved cells are fed phosphate, PhoS4 is endocytosed in a Slaz

dependent manner and localizes to the vacuole in 30 minutes where it is

presumably degraded 85%. Sla2 is an actin-associated protein that is required

for endocytosis of a wide variety of plasma membrane proteins%5-97. Many

plasma membrane proteins are inactivated through a ubiquitin-dependent

endocytic pathway that targets them to the vacuole for degradation%. In a sla2

mutant in high phosphate, Pho84 accumulates at the plasma membrane, not in

the vacuole, demonstrating that Pho&4 is targeted first to the plasma membrane,

where it is then endocytosed and targeted to the vacuole. This result highlights a

paradox concerning Pho&4 function. Pho&4 is expressed at very low levels in

high phosphate and is localized predominantly to the vacuole, yet is still

required for repression of PHO5 transcription. Whatever Pho&4 does to repress

PHO5 transcription probably occurs at the plasma membrane. Even though

there is only a small amount of Pho&4, and it is not detectable at the plasma

membrane, Pho&4 clearly must spend enough time at the plasma membrane to

carry out its function in repressing PHO5 transcription.
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Internalization and degradation of Pho&4 also occurs when cells are º 1.

grown to saturation in low phosphate media that is also depleted of a carbon º
source&694. It is possible that endocytosis of Pho&4 under these conditions is not Z/
specific. Perhaps many plasma membrane proteins are endocytosed as the cells 7 l

arrest growth in response to nutrient deprivation. º

It is not clear what causes endocytosis of Pho&4. None of the other Pho
-

pathway gene products are required for endocytosis of Pho&48°. This does not *

rule out the possibility that the signal that leads to induction of PHO5 ~.
transcription in low phosphate is the same as the signal that leads to stabilization º:

- *
º º

of Pho&4 at the plasma membrane. Endocytosis could be triggered by the rate of º
-

.
º

º
transport of inorganic phosphate through the transporter - a high rate of º s

*** a -º

transport in high phosphate may trigger endocytosis, whereas a low rate of . . . . .” ~

transport in low phosphate may stabilize Pho&4 at the plasma membrane. It is
* **

s
also possible that the signal comes from inside the cell in response to the * º

intracellular levels of phosphate or a metabolite of phosphate. In cells lacking *:
º

the PHM1-4 gene products, where polyphosphate synthesis is abolished (see -- "T :
- -

Phosphate Storage below), there is a rapid inactivation of high-affinity transport º

after just 5–10 minutes of phosphate uptake, compared with wild-type cells

which exhibit linear uptake for up to 25 minutes?". These results suggest that ,
polyphosphate synthesis may remove intracellular phosphate or a metabolite of º
phosphate that could act as a signal for inactivation of Pho&4. * *

Like all plasma membrane proteins, Pho&4 must transit through the ~

endoplasmic reticulum (ER) and golgi apparatus on its way to the plasma º
membrane??-101. It was recently discovered that the Pho&6 protein is required :-

\!
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for packaging of Pho&4 into vesicles that transport proteins from the ER to the

golgië5. PHO86 was identified because a loss of function mutation in PHO86

leads to a defect in high-affinity phosphate transport and constitutive expression

of PHO5 in high phosphate%3,102. Interestingly, overexpression of PHO86 in

high phosphate also leads to a defect in phosphate transport and constitutive

expression of PHO5, demonstrating that Pho&6 must be maintained at wild-type

levels in the cell for it to function properly 103. PhoS6 localizes to the ER, and

when Pho&6 is missing from the ER or overexpressed, Pho&4 accumulates in the

ER85. This suggests that it is the inability to transport Pho&4 to the plasma

membrane that causes the phosphate uptake defect and constitutive PHO5

expression in pho&6 mutants, not that Pho&6 has a direct role in phosphate uptake

itself.

Pho&6 is also required in vitro to package Pho&4 into COPII vesicles, a

specific type of intracellular vesicle that transports proteins from the ER to the

golgië5. Since Pho&6 itself is not packaged into COPII vesicles, it was postulated

that Pho&6 belongs to a class of proteins called "outfitters," resident ER proteins

that facilitate the export of proteins from the ER.194. It is not yet known what

direct role PhoS6 plays in export of Pho&4 form the ER or even if the two proteins

bind one another. PhoS6 could facilitate folding or oligomerization of Pho&4, or

may target Pho&4 to COPII vesicles.

PhoS8 is another ER resident protein that can affect the biogenesis of

Pho&4 (W. Lau, R. Howson, and E. O'Shea unpublished observations).

Overexpression of PHO88 leads to a defect in high-affinity phosphate uptake and

º
-*-•2.!

–
Z

*

-

-

-
4.

º
*-

26 º



constitutive PHO5 expression 105 because Pho&4 remains in the ER, similar to the

phenotype of misexpression of PHO86. Deletion of PHO88 does not have an

effect on Pho&4 biogenesis or the Pho pathway, but pho&8 mutants are

temperature sensitive and pho&8pho86 double mutants are dead in some strain

backgrounds, indicating that Pho&8 plays an important role in the ER under

normal growth conditions.

Mutations in GTR1, which encodes a small GTP binding protein, have

been reported to cause constitutive PHO5 expression and defects in high-affinity

phosphate uptake106. In our laboratory we have not been able to reproduce the

phenotypes of the gtr.1 mutant (C. Hutton, B. O'Neill, and E. O'Shea unpublished

observations). Gtr1 has since been implicated in affecting nuclear transport

through an interaction with the GTPase Ran!07. The role of Gtr1 in phosphate

transport or signaling in the PHO pathway remains uncertain.

Finally, the role of Pho&4 in sensing phosphate levels and signaling

through the PHO pathway is unclear. Cells that lack Pho&4 express PHO5

constitutively, as if they are always starving for phosphate. There are three

explanations for this phenotype. The first is that Pho&4 is directly responsible for

sensing extracellular phosphate levels and signaling. The second is that PhoS4 is

responsible for generating an intracellular signal, perhaps by itself, or through

association with an activity at the plasma membrane which couples phosphate

transport with generation of the signal. Third, PhoS4 could be responsible for a

major portion of the phosphate transport in yeast, even in high phosphate when

it is inabundant, and when it is missing, intracellular levels of phosphate are low
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enough so that the cells sense that they are starving for phosphate. No studies

have been published to directly address these possibilities.

There are two precedents that suggest that it is possible that Pho&4 could

be a phosphate transporter and signaler. In E. coli the phosphate transporter

PstA is responsible for phosphate transport and signaling, and these two

activities can be uncoupled by mutations that block phosphate uptake but not

signaling'98. In yeast, two plasma membrane proteins, Snf3 and Rgt2, with high

homology to glucose transporters and to Pho&4, act as glucose sensors but cannot

transport glucose. Point mutations in the intracellular domain of Rgt2

constitutively signal even in the absence of the glucose inducer109,110.

However, there have been several proteins from other organisms that are able to

complement the constitutive PHO5 expression and phosphate uptake defect of

pho&4 mutants. Some of these are phosphate transporters with homology to

Pho&4!!!-113, while one is an apyrase that does not have homology to Pho&4 or

other phosphate transporters!!“. We have also seen that overexpression of

PHO87 (see below), which does not have significant homology to Pho&4, can

complement the constitutive PHO5 expression defect in pho&4 mutants (D. Jeffery

and E. O'Shea unpublished observations). The fact that these proteins can

complement the apparent signaling defect in the pho&4 mutant suggests that

Pho84 is more likely to be simply a phosphate transporter, and cells lacking

Pho&4 need simply to uptake more phosphate to repress PHO5 transcription. It

seems unlikely that all of these proteins share the ability to sense phosphate

levels and transduce the signal to the PHO pathway.
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Sodium-Dependent High-Affinity Transporter PhoS9

While the majority of high-affinity phosphate uptake in yeast is carried

out by the proton/phosphate symporter Pho&4, it has been known for some time

that yeast also contain a sodium dependent high-affinity phosphate uptake

activity!15. It has recently been proposed that this activity is encoded by PHO89

based on the homology between PhoS9 and a sodium/phosphate transporter

from N. crassa, Phoq116,117. PhoS9 is the only S. cerevisiae protein belonging to

the PiT family of inorganic phosphate transporters®.

-

PHO89 transcription is induced in low phosphate and in high phosphate

in cells that contain unregulated alleles of PHO4, indicating that it is subject to

the same transcriptional regulation as PHO551,117. There are three consensus

Pho4 binding sites in the PHO89 promoter but it is not yet known which are

important for transcriptional regulation of PHO89 or if Pho2 is also required for

transcription of PHO89.

The function and activity of PhoS9 is not as well characterized as those of

Pho&4 because they have only been studied using intact cells&4,117. Wild-type

cells contain a sodium-dependent high-affinity phosphate uptake activity with a

KM for inorganic phosphate of 0.5 p.M. In cells lacking PhoS9, this activity is

abolished. This activity has a pH optimum of 9.5, a sodium ion concentration

optimum of 25 mM, and most likely transfers two sodium ions per phosphate

ion. Further biochemical studies will be needed to show that PhoS9 is directly

responsible for this activity.

The role of Pho&9 in phosphate metabolism is not fully understood. As

mentioned previously, cells lacking Pho&4 are unable to grow in low phosphate
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media, suggesting that the remaining phosphate transporters, including Pho&9,

cannot transport enough phosphate to sustain growth when phosphate

concentrations are low outside the cell. While Pho&% has a low KM for phosphate,

it may not be expressed at high enough levels or have high enough rate of

transfer of phosphate to support the growth of the cell in the absence of Pho&4.

In fact, experiments using pho&4 and pho&9 mutant cells, demonstrated that the

Vmax of the sodium dependent activity is 200 times lower than that of the Pho&4

dependent activity. It is difficult to assay sodium dependent phosphate uptake

in wild-type cells because Pho&4 activity predominates even at alkaline pH117.

All these experiments were done under laboratory conditions, so it is difficult to

assess what impact Pho89 and the sodium dependent phosphate uptake activity

would have on phosphate metabolism when yeast are grown in their natural

environment.

Low-Affinity Phosphate Transport Activity

The identity of the low affinity phosphate transporter(s) in yeast is still

unknown. Three good candidates are PhoS7102 and its homologs, YJL198w and

YNR013c. These three proteins belong to the divalent anion:sodium symporter

class of transporters and are therefore predicted to be sodium dependent33.

Intact cells contain a low-affinity (0.7-1.0 mM) proton/phosphate symporter

activity and Pho&7 and one of its homologs may be responsible for this activity

even though sequence alignments classify them as sodium-dependent

transporters. There is no published evidence that Pho&7 or its homologs

significantly affect phosphate uptake in vivo, but we have seen that
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overexpression of Pho&7 from the highly inducible GAL1-10 promoter can

suppress the constitutive PHO5 expression defect of pho&4 mutant cells in high

phosphate and increase phosphate uptake in a whole cell assay (D. Jeffery, D.

Wyckoff, and E. O'Shea unpublished results). Further work with deletion

mutants is required to determine if Pho&7 or one of its homologs is responsible

for the low-affinity phosphate uptake activity.

Phosphate Storage

Yeast store phosphate in the form of long polymers (10s -100s of

phosphate residues) called polyphosphate 18-129. All organisms contain

polyphosphate, which can be broken down to form inorganic phosphate or can

be used directly by some enzymes to catalyze the transfer of phosphate to other

molecules. Polyphosphate metabolism has been studied most extensively in E.

coli where the enzymes that synthesize and breakdown polyphosphate have been

characterized. Polyphosphate is synthesized by polyphosphate kinase, which

uses ATP to add phosphate residues to the end of a polyphosphate chain!?!.

Polyphosphate is broken down by exopolyphosphatase, which removes

phosphate residues from the end of the polyphosphate chain!!9.

Until recently, the proteins responsible for polyphosphate synthesis and

breakdown in yeast were not known. A soluble cytoplasmic

exopolyphosphatase, Ppx1, was identified biochemically but it is not clear if this

enzyme plays a major role in polyphosphate metabolism in vivo!22.90% of the

polyphosphate in yeast is stored in the vacuole, accounting for up to 37% of total

cellular phosphate!”, so it seems likely that the enzymes responsible for

***

º

---
.

-*-
& ;

31 –



polyphosphate metabolism would also be localized to the vacuole. Ogawa and

colleagues have recently identified 5 gene products, Phm 1-5, which play an

important role in polyphosphate metabolism in yeast51.

As mentioned above, DNA microarrays were used to identify all the genes

in yeast that are transcriptionally induced during phosphate starvation51. Eight

of the genes identified were of unknown function and were named PHM1

PHM8. The protein products of these genes are not homologous to any proteins

of known function. Deletion of PHM1-PHM6 does not lead to any obvious

growth defects or misexpression of PHO5 in high or low phosphate. However,

deletion of PHM1-PHM5 leads to dramatic changes in the amounts and length of

polyphosphate chains in vivo. The phm1phm2 double mutant and the phm3 and

phm4 single mutants do not contain detectable amounts of polyphosphate. It was

shown that a functional Phm2-GFP fusion protein localizes to the vacuole, where

the majority of polyphosphate is stored. Further biochemical studies are needed

to discern whether Phm 1-Phm4 are directly responsible for polyphosphate

synthesis, but these gene products clearly play an important role in

polyphosphate metabolism (Figure 5). No obvious homolog of E. coli

polyphosphate kinase has been identified in any eukaryote to date, so it is very

possible that Phm1-Phm4 are the functional homologs of this activity in yeast.

Deletion of PHM5 does not lead to dramatically altered levels of

polyphosphate in vivo, but the polyphosphate chains are considerably longer

than in wild-type cells, an average length of 150 phosphate residues in phm5 cells

versus 60 residues in wild-type cells. Phm■ is homologous to sphingomyelinase,

an enzyme that hydrolyzes phosphate from sphingomyelin, so it is possible that
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Phm5 is an exopolyphosphatase. Deletion of an exopolyphosphatase could lead

to increased polyphosphatase chain length in vivo.

One clear conclusion from this study is that yeast do not need

polyphosphate to grow under nutrient rich conditions or in low phosphate

media. Polyphosphate is not required for sensing and responding to phosphate

levels or signaling through the PHO pathway. The role of polyphosphate in the

growth and metabolism of yeast is still unclear, but this study represents a major

advance in our understanding of the proteins responsible for polyphosphate **
º- -ºr 21
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metabolism in vivo. - **
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Conclusions and Future Directions ... . ."
* º -

e

The past several years have seen a dramatic increase in our understanding - - -

of the response to phosphate starvation in S. cerevisiae. Whole genome

expression analysis has begun to uncover all the genes that are regulated by the º
-

PHO pathway and additional experiments and analyses of these data could

broaden our understanding of the global response to phosphate starvation. ---

Biochemical studies have elucidated the molecular details of Pho4

phosphorylation and regulation, as well as the function of the high affinity

transporter Pho&4 and the mode of action of the CDK inhibitor Pho&1. Proteins

responsible for sodium-dependent, high-affinity phosphate uptake (Pho&9) and

polyphosphate metabolism (Phm1-Phm5) are newly discovered and future work

will uncover what role these activities play in phosphate acquisition and storage.

One of the largest outstanding questions in this field is how yeast sense

phosphate levels in the environment. Phosphate levels could be sensed outside

the cell by a plasma membrane or cell wall associated protein, or they could be
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sensed inside the cell. Phosphate levels inside the cell could be indicated by the

levels of free inorganic phosphate or a metabolite of phosphate. Elucidating the

sensing and signaling process will help to complete our understanding of signal

transduction and, if the signal is metabolite of phosphate, may shed light on how

yeast metabolize phosphate.

How this issue will be addressed is not clear. Many genetic studies have

been done to identify mutations that lead to misexpression of PHO59,1993, or

genes that lead to induction of PHO5 in high phosphate when overexpressed 105.

None of the genes identified in these experiments are obvious candidates for an

activity which is directly responsible for sensing phosphate levels, possibly

because the activity is essential for growth and must be maintained at

intermediate levels to function properly. Recent DNA microarray experiments

identified new proteins involved in polyphosphate metabolism” and it is

possible that one or more of the uncharacterized genes induced in response to

phosphate starvation is responsible for sensing phosphate.

In conclusion, yeast respond to phosphate starvation by inducing three

activities that scavenge, transport and store phosphate. The induction of these

proteins requires 5 proteins, Pho2, Pho4, Pho&0, Pho&5, and Pho&1 that are part

of a signal transduction pathway whose activity is somehow controlled by the

extracellular levels of inorganic phosphate. Studying these processes is

important for an understanding of how all cells response to changes in their

environment and respond to adverse environmental conditions.
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PHO5 UNINDUCIBLE secreted acid phosphatase

Figure 1 - Linear genetic representation of the PHO pathway
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Figure 2 - Linear representation of Pho4 and phosphorylation sites
SP1-SP6, and the way in which phosphorylation of the
different sites inhibits Phoº! activity. The sizes of the balls
representing SP1-SP6 correlate to the relative preference
for each site exhibited by Phob0-PhoS5 in vitro.
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Figure 4
Biogenesis and degradation of the high
affinity inorganic phosphate transporter
Pho&4. PhoS6 is required for exit of
PhoS4 from the ER. When PhoS4 is at

the plasma membrane it is responsible
for the majority of high-affinity
phosphate uptake. In response to an
unknown signal, PhoS4 is endocytosed
in high phosphate but maintained at
the plasma membrane in low phosphate.
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Figure 5 - The role of the Phm proteins in polyphosphate metabolism.
Cytoplasmic phosphate could be exchanged with vacuolar
phosphate through the action of an as yet unidentified
phosphate transporter in the vacuolar membrane or through
the activity of Phm 1-Phm4. Phm 1-Phm4 may be directly
responsible for the synthesis of poly-Pi from inorganic
phosphate. Phm 5 may act as polyphosphatase to break
down polyphosphate into inorganic phosphate that is then
used in the cytoplasm.
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As part of a nutrient responsive signaling pathway, the budding yeast

cyclin-CDK complex Pho&0-Pho&5 phosphorylates the transcription factor Pho4

on five sites and inactivates it. Here we describe the kinetic reaction between

PhoS0-Pho&5 and Pho4. Through experimentation and computer modeling we

have determined that PhoS0-Pho&5 phosphorylates Pho4 in a semi-processive

fashion that results from a balance between kai and kott. In addition, we show

that Pho&0-Pho&5 phosphorylates certain sites preferentially. Phosphorylation of * *

the site with the highest preference inhibits the transcriptional activity of Pho4 º

when it is in the nucleus, while phosphorylation of the lowest-preference sites is
-

required for export of PhoA from the nucleus. This method of phosphorylation

may allow Pho&0-Pho&5 to quickly inactivate Pho4 in the nucleus and efficiently

phosphorylate Pho4 to completion.
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Cyclin-dependent kinases (CDKs) are important regulators of cell growth

and metabolism (Moffat et al., 2000; Morgan, 1997). CDK monomers are inactive

and full activity requires binding of a protein partner, called a cyclin. Some

CDKs also require an activating phosphorylation on a serine or threonine residue

close to the active site (Morgan, 1997).

An important problem is how cyclin-CDK complexes bind and

phosphorylate their substrates. Substrate recognition occurs at two levels. First,

all CDKs require a proline residue immediately following the serine or threonine **

phosphoacceptor site. The CDK1 family of CDKs, which are responsible for cell

cycle regulation, also require a positively charged lysine or arginine at the third

position from the phosphoacceptor site, with the consensus site being S/TPXK/R

(Holmes & Solomon, 1996; Songyang et al., 1994). Crystallography has revealed

that these residues make critical contacts with residues in the active site cleft and

constrain the conformation of the peptide so it can be accommodated by the

kinase (Brown et al., 1999). Second, efficient phosphorylation of some

physiologically relevant substrates requires high-affinity binding between the see

cyclin subunit and regions of the protein substrate that are distinct from the

phosphorylation sites (Adams et al., 1999; Brown et al., 1999; schulman et al., 1998).

Few physiologically relevant substrates for CDKs have been identified so, as a

result, CDK activity has commonly been measured using general substrates such

as histone H1 or small peptides. Specific, full-length substrates are

phosphorylated with much greater efficiency than small peptides, most likely

because the peptides lack these high affinity interactions.
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Previously, we identified the transcription factor Pho4 as a physiologically

relevant substrate of the S. cerevisiae cyclin-CDK pair PhoS0-PhoS5 (Kaffman et al.,

1994). Pho&0-Pho&5 and Pho4 are critical components of a signal transduction

pathway that is required for yeast to respond to levels of inorganic phosphate in

the environment (Oshima, 1997). When phosphate is abundant, Pho&0-Pho&5

phosphorylates and inactivates Pho4, resulting in repression of phosphate

responsive genes. When phosphate levels are low, PhoS0-Pho&5 is inactivated

(Schneider et al., 1994), Pho4 is hypo-phosphorylated and it activates transcription sº

of a large number of phosphate-responsive genes (Ogawa et al., 2000).

Several studies suggest that Pho&0-Pho&5 targets Pho4 through a high

affinity interaction with the cyclin Pho&0. The interaction between Pho4 and

Pho&0-Pho&5 can be detected by co-immunoprecipitation (Kaffman et al., 1994).

Two-hybrid analysis has identified two regions of Pho4 that interact with Pho&0

(Jayaraman et al., 1994) and point mutations in Pho4 that abolish Pho4 regulation

in vivo can be suppressed by point mutations in Pho&0, suggesting that the two

proteins interact directly (Okada & Toh-e, 1992). Finally, Pho&5 in association

with a different cyclin partner does not phosphorylate Pho4 as well as does

Pho&0-Pho&5 (Huang et al., 1998), most likely because PhoS0 is better at recruiting

Pho4 to the active site than a different cyclin.

Phoa is phosphorylated on five serines by PhoS0-Pho&5 both in vivo and in

vitro, with a consensus phosphorylation site sequence SPXI/L (O'Neill et al.,

1996). We refer to the five sites as SP1, SP2, SP3, SP4, and SP6. Interestingly,

phosphorylation on the different SP sites inactivates Pho4 in distinct ways

(Komeili & O'Shea, 1999). Phosphorylation on SP2 and SP3 inactivates Pho4 by
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promoting its rapid export from the nucleus. Import of Pho4 into the nucleus is

blocked by phosphorylation of SP4. Finally, phosphorylation of SP6 prevents the

interaction of Pho4 with its transcriptional co-activator Pho2, leading to

repression of a subset of phosphate-responsive genes.

Although we know much about the effect of phosphorylation on

regulation of Pho4, we do not understand the kinetics of phosphorylation of

Phoq. In this study we use kinetic analysis and computer modeling to dissect the

reaction between Pho4 and Pho&0-Pho&5. **

Initial Characterization of the Kinase Reaction

We purified Pho&0-Pho&5 and Pho4 from E. coli and used standard kinetic

assays to determine the specific activity of the kinase. Like Pho&0-Pho&5 purified

from yeast (O'Neill et al., 1996), recombinant Pho&0-Pho&5 phosphorylated wild

type Pho4 but not Pho4lacking phosphorylation sites SP1-SP6. This

phosphorylation was dependent on Pho&0, as the Pho&5 monomer alone had no

activity (data not shown). We used Henri-Michaelis-Menten kinetic analysis to

measure the apparent kai and KM for the phosphorylation of Pho4 because this is

the standard in the field for evaluating the specific activity of an enzyme for a

substrate. These are the apparent kinetic constants because there are five

phosphorylation sites and this standard analysis cannot measure the true kai and

KM (see below). At physiological concentrations of ATP (900 um), the apparent

KM expressed in terms of Pho4 monomer is 420+ 80 nM and, since there are five

sites per monomer, 2.1 p.M in terms of phosphorylatable sites, while the apparent

kal of the reaction is 12.8 + 2 s” (k.u■ /KM = 6.0 x 10° M's'). We also measured KM
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for ATP to be 70 pm when full length Pho4 is the protein substrate. These kinetic

constants are comparable to those measured for the phosphorylation of Gsy2, a

physiological substrate of Pho&5, when Pho&5 is activated by a different cyclin,

Pcl10 (k.u■ /KM = 10.7 s”/3.0 puM = 2.6 x 10° M's") (Wilson et al., 1999), and for

human cyclin E-CDK2 phosphorylation of a specific substrate, the

Retinoblastoma gene product (pKB) (km/KM = 5.3 s”/2.2 pm = 2.4 x 10" M's")

(Xu et al., 1999). In contrast, phosphorylation of non-specific substrates, such as

histone H1, by human cyclin A-CDK2 (Kaldis et al., 2000), or peptide **

phosphorylation by PCl10-Pho&5 (Wilson et al., 1999), occurs with a ka/KM ratio

at least 1000-fold lower. We see similarly lower levels of Pho&0-Pho&5 specific

activity toward peptide substrates (see below) and towards casein, a non-specific

substrate (data not shown). Thus, the purified recombinant Pho&0-Pho&5 has a

high specific activity towards Pho4 that is similar to the activities of other

purified cyclin-CDK complexes.

Kinetic Model of Pho4 Phosphorylation
*

Analysis of Pho4 phosphorylation using SDS-PAGE gels and Henri

Michaelis-Menten kinetics cannot provide enough information to dissect the

complicated reaction between Pho&0-Pho&5 and Pho4. Partially phosphorylated

intermediates may accumulate during the kinase reaction, but these would all be

measured as a single band on SDS-PAGE gels. In fact, there could be 32 different

phosphorylated species of Pho+ that may follow 120 different paths when going

from unphosphorylated to completely phosphorylated (Fig. 1a). Throughout the

paper we shall call Pho4 that is phosphorylated once phosphoform 1, PhoA that is
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phosphorylated twice phosphoform 2, etc., without regard to which sites are

phosphorylated. It should be noted that there are actually five different species

of phosphoforms 1 and 4, and ten different species of phosphoforms 2 and 3 (Fig.

1a). A simple kinetic equation can be used to describe the reaction between

Pho&0-Pho&5 and each of the 32 species of Pho4(Fig. 1b). This means there are

32 potentially different kon and kot reaction constants and 80 different kal

constants that describe the complete reaction. The apparent kal and KM

measured in the previous section are actually composites of the subset of the 144 -*.

total constants that govern the initial rate of the reaction.

Phosphorylation of PhoA is Semi-Processive

As a first step toward dissecting the reaction between Pho4 and Pho&0-

PhoS5 we used one-dimensional isoelectric focusing (IEF) to separate the

different phosphoforms of Pho4 generated during a kinase reaction. Using

mutant Pho4 proteins lacking specific phosphorylation sites, we demonstrated

that it was possible to separate phosphoforms 1 through 5 (Fig. 2a). We used

Pho+ mutants that lacked other specific sites to show that the phosphoforms

migrate consistently to the same place in the IEF gel independently of which

specific sites are phosphorylated (data not shown).

We quantitated the rate of formation of the phosphoforms as the kinase

reaction proceeded to completion (Fig.2b and see Fig. 5a for quantitation). To

obtain the relative molar amounts of each phosphoform we divided the amount

of radioactivity in each band by the number of times the phosphoform had been

phosphorylated. At early time points phosphoform 1 and phosphoform 2

predominated, and as the reaction proceeded, the amounts of phosphoforms 1, 2,
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and 3 rose and fell until at the end of the reaction the majority of Pho.4 was in

phosphoforms 4 and 5 (Fig.2b and Fig. 5a).

We next investigated whether phosphorylation of Pho4 by Pho&0-Pho&5 is

processive or distributive. If the kinase is completely processive it will

phosphorylate Phoq on all five sites every time it is bound, and the

concentrations of phosphoforms 1-4 should never be higher than the

concentration of kinase in the reaction. The concentration of phosphoform 1

reached a level of 400 nM in a reaction with only 2 nM Pho&0-Pho&5 (Fig. 5a).

Therefore, PhoS0-Pho&5 does not phosphorylate Pho4 in a completely processive

manner. In contrast, if the kinase is distributive it will phosphorylate Pho4 on

only one site every time it is bound. Increasing the molar ratio of Pho4 to Pho&0-

PhoS5 should lead to an increase in the amount of phosphoform 1 relative to

phosphoform 2 and the other phosphoforms. In a distributive reaction,

phosphoform 2 is only generated by phosphorylation of phosphoform 1, and an

excess of unphosphorylated Pho4 will prevent Pho&0-Pho&5 from

phosphorylating phosphoform 1. When we varied the PhoA to Pho&0-PhoS5

ratio over a 100-fold range and stopped the reaction at an early time point we

saw no significant change in the relative amounts of the different phosphoforms

(Fig.2c). These data strongly suggest that phosphorylation of PhoA by Pho&0-

PhoS5 is not completely distributive. We calculated an average of 2.1

phosphorylation events per binding event by multiplying the percentage of each

phosphoform by the number of times it was phosphorylated. These data

demonstrate that the phosphorylation of Pho4 occurs through semi-processive

activity of Pho&0-Pho&5. While Pho&O-Pho&5 is bound to Pho4 it can

ar.
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phosphorylate more than one site but it does not phosphorylate all five sites

every time.

PhoS0-PhoS5 Exhibits Site Preference

To determine if there was an order in which the sites were phosphorylated

we did tryptic phosphopeptide mapping on each phosphoform purified from IEF

gels. Using mutants defective for specific phosphorylation sites, we showed that

we could separate the SP2-SP3, SP4, and SP6 phosphopeptides from each other

(data not shown) (O'Neill et al., 1996).

Surprisingly, when we quantitated which phosphopeptides were

phosphorylated in phosphoform 1 we found a marked preference for

phosphorylation of SP6. 60% of the radioactive signal was in the SP6

phosphopeptide versus 16% in the SP4 and 24% in the SP2-SP3 phosphopeptides

(Fig. 3b and 3g). As Pho4 was converted to phosphoforms 2, 3, and 4 the SP6

phosphopeptide predominated less and less until all 4 phosphopeptides were

represented fairly equally in phosphoform 5 (Fig. 3c-3g). Thus, SP6 has the

highest probability of being phosphorylated first, followed by SP4, and SP2 and

SP3 are most likely to be phosphorylated last.

We tested if site preference could be explained by the local amino acid

sequence around the phosphorylation sites by synthesizing peptides that

contained SP2, SP4, and SP6 and measuring how efficiently they were

phosphorylated by Pho&0-Pho&5. We found little difference in the specific

activity of PhoS0-Pho&5 towards these peptides. The k.u■ /KM ratios were; SP2

14.8 s”/4.8 mM = 3080 M*S*; SP4 - 18.4 s” / 8.0 mM = 2300 Mº sº; SP6 - 18.1 s”
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/ 5.3 mM = 3420 M's". Since Pho&O-Pho&5 has similar activity towards the SP2

and SP6 peptides site preference is not determined simply by the local amino

acid sequence around the phosphorylation site. The fact that these peptides are

phosphorylated with a higher kai and 1000-fold lower KM suggests that the low

apparent KM measured for the phosphorylation of full length Pho4 is due to high

affinity binding between Pho4 and Pho&0-Pho&5.

Computer Modeling of the Kinase Reaction

Due to the complexity of the system, we turned to computer modeling to

obtain numerical values for the kinetic constants that describe the reaction and to

make it possible to dissect the overall reaction. There are 65 different species in

the complete reaction: 32 species of Pho4 that can each be free or associated with

Pho&0-Pho&5, and free kinase (Fig. 1a, b). We generated differential equations to

describe the rate of change of the concentrations of all 65 species during the

course of the reaction (Fig. 4a and Methods).

To better describe binding and phosphorylation of Pho4 by Pho&O-Pho&5,

we made specific definitions for the kinetic constants that govern the reaction.

The association and dissociation rate constants, kon and kot, govern the high

affinity interaction between Pho4 and Pho&0-Pho&5. The rate constant governing

phosphorylation of Pho4 on a specific site is kat. The total kal, kaºro, for a Pho4

PhoSO-Pho&5 complex governs the rate at which Pho4 is phosphorylated on any

site, and is equal to kal times the sum of the probabilities of being

phosphorylated on the remaining sites (Fig. 4a and Methods).
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To help constrain the system, we made several simplifying assumptions

about the way that the reaction proceeds (Methods). Our first assumption was

that phosphorylation can affect the kinetic constants. Two models tested

whether phosphorylation of a single site could affect kon, kot, and kai for

subsequent phosphorylation of other sites. This effect of phosphorylation on the

kinetic constants could obey many mathematical relationships, but if one

assumes phosphorylation affects the free energy of the reaction, the effect should

be multiplicative (Fig. 4b, Synergistic model). We also tested whether the effect *:

could be additive (Fig. 4b, Additive model). In these two models, referred to as

the Synergistic kan and Additive kin models, all three constants, kon, kott, and kal

are allowed to change when a specific site is phosphorylated.

Our second assumption tested what the rate-limiting step in

phosphorylation was once Pho4 was stably bound to Pho&0-Pho&5. If the rate

limiting step is locating a phosphorylatable site, katrol for phosphorylation of

Pho4 should decrease once Pho4 is phosphorylated and locating an

unphosphorylated site is more difficult. This model also assumes that

phosphorylation of one site does not affect the site preference of another site. If

the rate-limiting step in catalysis is one of the other events that contribute to kai,

such as binding of ATP, release of ADP, or transfer of phosphate to a site when it

is in the catalytic cleft, then kaºro should remain constant since the concentration

of kinase is constant and the concentration of ATP is saturating and constant

throughout the reaction. We called these two models the Decreasing kai and

Constant kºal models (Fig. 4b).

Using a searching algorithm and least squared analysis, we fit all four

models to the rate of phosphoform production data (Fig.2b, Fig. 5a) and the site
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preference data in phosphoform 1 (Fig. 3g). We then asked how well the fit of

that data predicted the outcome of two other sets of experimental data: the

apparent kal/KM data from the initial characterization of the kinase reaction; and

the site preference in phosphoforms 2, 3, and 4, as well as the site preference in

phosphoform 1 produced from a reaction containing a sub-saturating

concentration of ATP. In a reaction with a low concentration of ATP, only

phosphoform 1 is produced and the site preference approximates the true site

preference of the kinase (data not shown). ºr –

We found that three of the four models could fit the rate of phosphoform

production and the site preference data in phosphoform 1 (Table 1, columns 1

and 2). Only one model then predicted the outcome of the other data sets to a

statistically significant degree (Table 1, columns 3 and 4). This model is a

combination of the Synergisticken and Decreasing kal models.

To further refine the Synergistick,n and Decreasing kai model, we fit the

data allowing only one of the kinetic constants to be affected by phosphorylation

while the other two remained unaffected (Table 1, bottom section). The

Synergistic kal model fit some of the data although it did not predict the site

preference data very well, and the Synergisticken model did not fit any of the

data. The Synergistic kot model predicted all our data as well as the Synergistic

kin model, suggesting that phosphorylation only affects kot.

Kinetic Constants for the Kinase Reaction

The fit of the Synergistickett and Decreasing kai model to the experimental

data and the predicted ranges for the kinetic constants are shown (Fig 5a-5c and

Table 2). Rather than show the kinetic constants for all 32 species of Pho4 we
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calculated the average constants for the five phosphoforms. This is justified

because only one or two species predominate in each phosphoform due to the

site preference. The model predicts a katrol of 24.7 - 26.5 s” for phosphorylation

of unphosphorylated Pho4 by Pho&0-Pho&5, and, when we simulated the Henri

Michaelis-Menten analysis it predicted an apparent kal of 12 - 14.1 s”, compared

with an experimentally measured value of 10.8 - 14.8 s” (Fig. 5b). The apparent

kai is Smaller than the predicted kal.To because the apparent kal is limited by kot

in the experimental reaction. ºf

The kaitot/ko■ t ratio predicts that Pho4 is phosphorylated at least once in

two-thirds of all binding events, and, when it does get phosphorylated, is

phosphorylated an average of two times. This prediction agrees with our

experimental data showing that Pho&0-Pho&5 phosphorylates Pho4 in a semi

processive fashion with an average of 2.1 phosphorylation events per binding

event (Fig.2). This means that when Pho4 is bound to Pho&0-Pho&5 there is a

chance that the complex will fall apart and a chance that Pho4 will get

phosphorylated. The probability of either event occurring before the other is

determined by the katrol/ko■ t ratio. Phosphorylation of specific sites on Pho4

leads to a slight decrease in kot of the kinase reaction and in Kp for binding of

Pho4 to PhoS0-PhO85.

Finally, katrol of the reaction decreases as Pho, becomes more

phosphorylated and finding an unphosphorylated site is more difficult. katrol for

any species of Pho4 can be calculated by multiplying the katrol of

unphosphorylated Pho4 (24.7-26.5 s”) by the sum of the site preferences of the

remaining unphosphorylated sites. This suggests that there is no direct effect of

phosphorylation of one site on phosphorylation of another. Instead, the chance
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of finding any particular site is always the same and is determined by the site

preference. The predicted site preferences are similar to what we measured

experimentally, except for SP1, which we can't detect, but is only predicted to

account for 4-5% of the total phosphorylation (Fig. 4c). It has been shown

previously that phosphorylation of SP1 is less efficient than phosphorylation of

SP2-SP6, perhaps because the sequence of the site does not conform to the

consensus sequence of the other sites (SPXT vs. SPXI/L) (O'Neill et al., 1996).

In summary, the computer modeling of the experimentally determined

rate of phosphoform production and site preference allowed us to determine

numerical values for the kinetic constants that describe the reaction between

Phoq and Pho&0-Pho&5. Importantly, the best-fitting model accurately predicts

the results of other experiments we performed. These results give us a more

detailed view of the reaction than we could have obtained from just

experimentation.

Discussion

We have shown that phosphorylation of Pho4 by PhoSO-Pho&5 is semi

processive due to a balance between the values of kot and katrol (Fig 2 and Table

2). This suggests that Pho4 remains bound to Pho&0-PhoS5 while multiple

phosphorylation site peptides are phosphorylated in the catalytic cleft. It seems

likely that high-affinity interaction between Pho&0 and Pho4allows

phosphorylation to proceed in this way. Another example of processive

substrate phosphorylation involves kinases that contain Src homology 2 (SH2)

domains. These SH2 domains are required for the kinases to bind substrates that
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contain phosphotyrosine and to carry out processive phosphorylation on

multiple sites (Duyster et al., 1995; Lewis et al., 1997; Mayer et al., 1995). This

reaction may be similar to the reaction between Pho4 and Pho&O-Pho&5 where

tight binding between the kinase and the substrate in regions that are distinct

from the catalytic cleft and the phosphorylation sites allows for processive

activity. In contrast, phosphorylation of two sites on MAPK, Tyr” and Thr”,

occurs through distributive activity of MAPKK (Burack & Sturgill, 1997; Ferrell &

Bhatt, 1997). In this reaction there may be a requisite release of the entire

substrate before ADP and ATP can exchange. Experiments using a peptide

derived from pKB and human cyclin D-CDK4 showed that the phosphorylated

substrate is released before the exchange of ADP for ATP (Konstantinidis et al.,

1998). It is possible that the interaction between MAPK and MAPKK is mediated

in large part through residues that are near to or part of the phosphorylation site

and the catalytic cleft of the kinase. Release of the phosphorylated residue, a

prerequisite for ADP and ATP exchange, would lead to release of the entire

substrate and force the reaction to be distributive.

Our data indicate that PhoS0-Pho&5 exhibits site preference when it

phosphorylates Pho4 (Fig. 3). This site preference has interesting consequences

for the regulation of Pho4 activity in vivo. Phosphorylation of Pho4 by Pho&0-

Pho&5 takes place in the nucleus (Kaffman et al., 1998) where partially

phosphorylated species of Pho4 may accumulate. Nuclear Pho4 will be rapidly

inactivated by phosphorylating SP6 first, resulting in immediate repression of

Pho4-Pho2 dependent genes (Komeili & O'Shea, 1999). Phosphorylation of both

SP2 and SP3 is required for export of Pho4 from the nucleus (Kaffman et al., 1998).
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Computer modeling predicts that 87-92% of the Pho4 molecules which are

phosphorylated on both SP2 and SP3 will also be phosphorylated on SP4 and

SP6, assuring that Pho4 is almost always completely phosphorylated on the

critical sites before it is exported. This helps to prevent a futile cycle where Pho4

that is not phosphorylated on SP4 is exported into the cytoplasm and then

quickly re-imported into the nucleus.

MAPKK also exhibits site preference, phosphorylating Tyr” before Thr”

in MAPK (Ferrell & Bhatt, 1997; Haystead et al., 1992; Robbins & Cobb, 1992), but it

is not clear how this preference is achieved. It seems unlikely that site preference

exhibited by Pho&0-Pho&5 is due simply to the local sequence surrounding the

phosphorylation site since Pho&0-Pho&5 phosphorylates SP2 and SP6 containing

peptides with equal efficiency. The Decreasing ka computer model predicts that

as Pho4 is phosphorylated the chance of another phosphorylation event

occurring decreases (Table 2), and that the decrease is proportional to the site

preference of the site that was phosphorylated. This leads us to propose that

when Pho4 is bound stably to Pho&0-Pho&5, the ability of the kinase to locate,

bind, and orient an SP site in the catalytic cleft is the rate-limiting step in

catalysis. The chance of finding and phosphorylating any particular site is

reflected in the site preference data-SP6 > SP4 - SP3, SP2 > SP1. The preference

for SP6 could be due to the fact that SP6 is an easier site to find, perhaps because

it is closer to the site of catalysis or is in a region of secondary or tertiary

structure that allows for more efficient phosphorylation than the other sites.

Our results provide an important step toward complete understanding of

how yeast respond to changing levels of phosphate in the environment and
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could serve as a model for the investigation of other kinase-substrate

interactions. Several interesting issues remain to be addressed. Pho&0-Pho&5 is

bound to the CDK inhibitor Pho&1 at all times in the cell (Schneider et al., 1994)

and it will be interesting to understand how Pho&1 inhibits Pho&0-Pho&5 activity.

We currently do not have a source of Pho&1 to study its effect on Pho&0-Pho&5

activity in vitro. It has been shown that binding of Pho&1 to Pho&0-PhoS5 in high

phosphate, when Pho81 is not an active inhibitor, does not cause a significant

decrease in kinase activity in vitro (Schneider et al., 1994). For this reason, we

believe that the activity of the recombinant Pho&0-Pho&5 that we are studying is

reflective of the activity of the endogenous kinase when cells are grown in high

phosphate. Additionally, the reaction of Pho4 with Pho&0-Pho&5 inside the cell is

much more dynamic than in the test tube. Pho4 is being transported in and out

of the nucleus, becoming dephosphorylated, and binding to other proteins and

DNA. Further investigation into these issues will lead to a more detailed

understanding of the complex regulation of signal transduction in vivo.
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Methods

Protein and Peptide Purification - Expression and purification of Pho4 wild

type and mutant proteins was as described (Kaffman et al., 1994). Co-expression

of Pho&5-His, in pCOE-60 (EB1164) (Qiagen) and PhoS0 in pSBETA (EB1076)

(Schenk et al., 1995) was done in BL21 (DE3) cells. Competent cells were co

transformed with plasmids EB1164 and EB1076 and transformants were plated

on LB plates with 50 ugml" carbenecillin and 70 pig ml" kanamycin. 50-200

freshly transformed colonies were inoculated into 1 liter of LB containing 50 pg

ml" carbenecillin and 70 pig ml" kanamycin, and grown at 37° C. Cells were

grown to an optical density 0.5-0.6 at 600 nm and induced with 200 piM

isopropyl-B-D-thiogalactopyraniside and allowed to grow for 6.5 hours at 24°C.

Cells were harvested at 4°C and pellets were stored at −20°C for up to one

month.

Purification of the Pho&0-Pho&5 complex was as follows: Cells were

resuspended in 20 ml of lysis buffer (10% (v/v) glycerol, 50 mM Tris-HCl pH 8.0,

0.25 MNaCl, 0.1% NP-40, 1 mM 3-mercaptoethanol, 60 mM imidazole, 1 mM

phenylmethylsulfonyl fluoride (PMSF), 2 mM benzamidine) per one liter of

induced culture. Lysozyme was added to 0.5-1.0 mg ml" and the cell suspension

was incubated for 5 minutes at 4°C with rotation. Cells were lysed by placing

the tube in an ice/salt/water bath and sonicating with a Branson sonicator

micro-tip on setting 4 for 3 x 60 seconds with 60 seconds in between pulses.

DNase I was added to 5 pig ml", RNase A was added to 10pg ml" and the lysate

was clarified by spinning in an SS34 rotor (Beckman) at 16,000 RPM for 20

minutes at 4°C. The clarified lysate was filtered using a 0.2 pm syringe filter and
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loaded onto a 1 ml Hi-Trap Chelating column (Pharmacia) loaded with NiSO,

equilibrated in lysis buffer and attached to a Biologic FPLC (Bio-Rad). After the

lysate was loaded, the column was washed with 6-8 ml of lysis buffer and 6-8 ml

of low imidazole buffer (same as lysis buffer except without NP-40 and

benzamidine). The protein was eluted with a 20 ml linear gradient from low

imidazole buffer to high imidazole buffer (same as low imidazole buffer except

with 750 mM imidazole). Fractions containing purified Pho&0-Pho&5 were

pooled. Purified kinase was either desalted with a 5 ml Hi-Trap desalting

column (Pharamacia) or dialyzed overnight into storage buffer (10% (v/v)

glycerol, 50 mM Tris-HCl pH 7.5,0.15 MNaCl, 1 mM 3-mercaptoethanol, 1 mM

PMSF).

Protein and peptide concentrations were measured using the absorbance

at 280 nm in 6 MGuHCl at pH 6.5 (Edelhoch, 1967). The purity of the Pho4

protein preparations and the Pho&0-Pho&5 complex was estimated to be >95% by

Coomassie staining and size exclusion chromatography. We used four different

preparations each of Pho&0-Pho&5 and Pho4 to do the experiments in this paper

and did not observe significant batch to batch variation.

Peptides were synthesized by FMOC (9-fluoroenylmethoxycarbonyl)

chemistry and were purified to >96% by reversed-phase HPLC. Sequences are:

SP2 peptide-TATIKPRLLYSPLIHTQSAVPVTR, SP4 peptide

SANKVTKNKSNSSPYLNKRKGKPGPDSATSLF, SP6 peptide

SAEGVVVASESPVIAPHGSTHARSY.
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Kinase Assays - All kinase assays were carried out at 30°C in kinase buffer (10%

(v/v) glycerol, 50 mM Tris-HCl pH 7.5,0.15 MNaCl, 0.01% (v/v) NP-40, 1 mM

dithiothreitol, 1 mM PMSF, 10 mM MgCl2, 0.1 mg ml" human insulin

(Boehringer Mannheim), 170 nM (Y-"P|ATP (Amersham, 6000 Cimmol")).

Kinase reactions to measure the apparent kal and KM were done with 0.1 nM

PhoS0-Pho&5,900 puM ATP, different concentrations of Pho4 and were

electrophoresed on 12% SDS polyacrylamide gels. We used 50 nM Pho&0-Pho&5

in the peptide kinase reactions which were quantitated by spotting on P81 paper

(Whatman), washing with 75 mM phosphoric acid and scintillation counting.

Reactions were stopped by the addition of an equal volume of 2x SDS-PAGE

sample buffer (full length Pho4) or the addition of ethylenediamine-tetraacetic

acid to 50 mM (peptide reactions). Kinase reactions to measure phosphoform

production and to do tryptic phosphopeptide mapping contained 2 nM Pho&0-

Pho&5, 3 HM Pho4,900 and 450 puM ATP, respectively. The tryptic

phosphopeptide mapping was done from a 5’ reaction. Reactions to be run on

IEF gels were stopped by the addition of EDTA to 50 mM and immediate

freezing in liquid nitrogen. Reactions where phosphorylation of Pho4 was

completely distributive contained 2 nM Pho&0-Pho&5, 6 um Pho4, 7 um ATP. All

quantitation was done using a Phosphorimager (Molecular Dynamics).

Apparent kal and KM measurements were made by plotting the initial rate of

phosphorylation data and the concentration of Pho4 or peptide on a Lineweaver

Burk plot. For phosphorylation of Pho4 and Gsy2 we calculated kal from VMax

assuming that 100% of the enzyme was active. Phoq is a homo-dimer in vitro

(our unpublished results) (Shao et al., 1998), but throughout this paper we
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assume that each half-dimer independently binds to and is phosphorylated by

one hetero-dimer of Pho&0-Pho&5 (Jayaraman et al., 1994).

Protein Gels - Isoelectric focusing (IEF) was carried out using a Hoefer SE250

mini-gel system cooled to 12°C using a circulating bath. IEF gels contained

3.15% (w/v) acrylamide, 0.19% (w/v) bis-acrylamide, 2% (w/v) BIG CHAP

(CalBiochem), 1% (w/v) Ampholine 3.5-10 ampholytes (Pharmacia), 1% (w/v)

Bio-Lyte 6/8 ampholytes (Bio-Rad), and 9.1 M urea. Samples were diluted in

loading buffer so that the final concentration of components was 4-6 Murea, 2%

BIG CHAP, 2% Ampholine 3.5-10 ampholytes, 50 mM DTT. Overlay buffer was

the same except it contained 2.3M urea and bromophenol blue. 10-20 pil of

sample containing 400-800 ng Pho4 was loaded into each well, overlaid with 5 pil

of overlay solution, and cold (10-12°C) upper buffer was layered over the top.

Upper buffer was 10 mM NaOH and lower buffer was 10 mM phosphoric acid.

Gels were electrophoresed at 200 volts at the start and limited at 500 volts.

Focusing was carried out for 2-3 hours. After electrophoresis, the gels were

soaked for 15 minutes in three changes of SDS-PAGE gel running buffer (for

tryptic phosphopeptide mapping) or 20% (w/v) tricholoroacetic acid (for

quantitation) and dried.

Tryptic Phosphopeptide Mapping-Tryptic phosphopeptide mapping was

carried out according to manufacturer's directions using an HTLE-7002 system

(CBS Scientific) and exactly as described (Kaffman et al., 1994). The fact that all of

the phosphopeptide spots are equally represented in phosphoform 5 indicates
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that there are no solubility differences between the phosphopeptides under these

conditions, except for phosphopeptides containing SP1 which we have never

been able to detect possibly because they are insoluble. Quantitation was done

using the Phosphorimager.

Computer Modeling - MacPerl 5 was used to write all sets of differential

equations. These were imported into Mathematica 4.0 (Wolfram Research, Inc.)

and solved using numeric integration. The entire code for both the MacPerl and

Mathematica simulations can be accessed at pho.ucsf.edu/intranet/jmb.html.

User name and password are "reviewer".

The events included in kai and kaero include: binding of Mgº" and ATP in

the catalytic cleft of Pho&5; locating, orienting, and binding a phosphorylation

site in the catalytic cleft; transfer of the gamma phosphate of ATP to the serine of

the phosphorylation site; and release of both the phosphorylated site and ADP

from the catalytic cleft. These definitions of kal and katrol are justified because

phosphorylation of Phoq is semi-processive. The enzyme can bind and release a

phosphorylated residue from the catalytic cleft without requiring disassociation

of the substrate-enzyme complex. It seems unlikely that binding of the

phosphorylation site in the catalytic cleft contributes significantly to kon and kot

because of the weak binding of the peptides to the kinase (see above). The rate of

turnover of the enzyme is not dependent simply on transfer of phosphate to the

phosphorylation site in the catalytic cleft, but also on the ability of the enzyme to

locate and bind that site in the first place.

The simplifying assumptions allowed us to test different effects of

phosphorylation on the reaction and reduced the number of variables in the rate
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equations so we could statistically evaluate the fit of the models to the

experimental data. The Additive kul and Synergistick,n models contain 19

variables – kon, kot, and kai for the reaction with unphosphorylated Pho4, the

separate effects of phosphorylating SP1, SP2, SP3, SP4, and SP6 on kon, kot, and

kcat, and a variable for the total concentration of kinase in the reaction. The

Decreasing ka model adds five variables for the site preferences of SP1-SP6

while the Constant kal model does not add any variables. The Synergistic kot

and Decreasing kal model, which fits the data the best, has 14 variables.

In our models we assumed the effect of phosphorylation was determined

by which combination of sites is phosphorylated. It is also possible that the total

number of sites phosphorylated affects the rate constants. Because of the strong

site preference for site 6 these two models turn out to be very similar. We

ignored the potential effect of phosphorylation on site preference because we did

not have enough data to constrain models that included such an effect. Our

model fits without having to invoke an effect, suggesting that the effect is minor

at best.

Models were compared to the experimental data by reduced chi-squared

analysis (Press, 1992). The variables were fit by taking a random step of random

length in variable space and comparing the chi-squared values (Bevington &

Robinson, 1992). If the new chi-squared value was lower, the new set of variables

was used as a new starting point for future steps. When this search became

inefficient (this only occurred with the models that did not fit well) a standard

grid search (Bevington & Robinson, 1992) of variable space was performed until

each variable was at a minimum (minimum step size of .1% of each variable).
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Predictions of composite ka/KM and site preference in phosphoforms 2, 3,

and 4 and phosphoform 1 phosphorylated at a sub-saturating concentration of

ATP were done by chi-squared analysis from the subset of variables which

should be indistinguishable statistically from the rate of phosphoform

production and site preference in phosphoform 1 data at least 99% of the time.
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Figure Legends

Fig. 1–Kinetic model of Pho4 phosphorylation. a, Representation of the 120

different paths Pho+ can take when going from unphosphorylated to completely

phosphorylated. The large black circle represents Pho4, and a ball and stick

projecting from Pho4 represents each of the phosphorylation sites. A filled circle

indicates the site is phosphorylated. Each of the 80 dashed lines between species

depicts a specific catalytic event. The dark black line is the path taken for the

detailed reaction in b. b, Kinetic equations showing one way in which Pho4 can

become completely phosphorylated. Phosphorylation sites are represented as in

a except that the number inside the darkened ball indicates which SP site has

been phosphorylated. The superscript ball and stick icons next to the kinetic

constants are to denote that each constant could have a different value because it

describes the reaction between PhoS0-Pho&5 and different species of Pho4. The

subscripts next to the kai constants indicate which SP site is being

phosphorylated.

Fig. 2.- Separation of Pho4 phosphoforms on IEF gels. a, Pho4 mutant proteins

containing serine to alanine mutations at the sites of phosphorylation were

phosphorylated to 50-100% of completion and run on an IEF gel to show where

the different Pho4 phosphoforms migrate: Lane 1 - SA1234; Lane 2-SA146; Lane

3-SA13; Lane 4-SA1; Lane 5-WT. The asterisks mark the completely

phosphorylated species in each lane. b, Time course of Pho4 phosphoform

production electrophoresed on an IEF gel. c, The molar ratio of Pho4:PhoS0

Pho85 was varied over a 100-fold range and the amount of each phosphoform as
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a percentage of the total phosphorylated Pho4 was quantitated. Reaction

components and time for different PhoA:Pho&0-Pho&5 ratios: 6 x 10':1-6 HM

Phoq, 100 pm Pho&O-Pho&5,0.5, 6 x 10':1-6 p.M Pho4, 10 pm Pho&O-Pho&5,5; 6 x

10°:1-6 um Pho4, 1 pm PhoSO-Pho&5, 50'. The total amount of phosphorylation

detected in each reaction was the same. Approximately 0.6% of the sites are

phosphorylated under these conditions. Error bars are the standard deviation

from three independent experiments.

Fig. 3 - Tryptic phosphopeptide mapping of Pho4 phosphoforms to determine

site preference. a, Schematic illustrating migration of the tryptic

phosphopeptides containing the SP phosphorylation sites (O'Neill et al., 1996). b,

Phosphoform 1. c, Phosphoform 2. d, Phosphoform 3. e, Phosphoform 4. f.

Phosphoform 5. g. Quantitation of the site preference. The amount of each

phosphopeptide as a percentage of the total phosphorylation was calculated.

Phosphopeptides phosphorylated on SP2 or SP3 alone or SP2 and SP3 together

are inseparable so we averaged the radioactive signal in those phosphopeptides.

We cannot detect phosphopeptides containing SP1 in this assay. Error bars

represent the standard deviation from three independent experiments.

Fig. 4.- Computer Modeling. a, Diagram of the kinetic equation showing the rate

of change of the concentration of Pho80-Pho&5 bound to Pho4 that is

phosphorylated on SP3 and SP6. "K" is Pho&O-Pho&5. Superscript ones and

zeroes represent the individual phosphorylation sites (SP1SP2SP3SP4SP6) in a

species, where a zero is unphosphorylated and a one is phosphorylated. b,
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Definitions of constants in a, c, and d. c. Differential equation that describes the

diagram in a in the computer modeling. d, Specific definitions of the constants in

the different models that were tested. In the Synergistic and Additive models the

effect of phosphorylation on the kinetic constants is calculated relative to the

kinetic constants for unphosphorylated Pho4.

Fig. 5 – Fit of the computer model to the experimental data. a, Quantitation of

the time course of phosphoform production in Fig.2b and fit of the best model –

the Synergisticket and Decreasing kai model. Points on the graph represent 3

experimental time courses of phosphoform production, two of which were run

twice on IEF gels for a total of 5 data sets. Error bars indicate the standard

deviation and are within 10–20% of the average. The lines through the points are

the predicted values from the model. b, Prediction of the apparent ka/KM data

by the best-fitting model, the Synergistic kot and Decreasing kai model. The

points represent the experimentally determined concentration of phosphate

transferred at different times and with different concentrations of Pho4. Error

bars represent standard deviation from 4 independent experiments and are

within 10-20% of the average. The lines through the points are the predicted

values from the model. c, Comparison of the experimentally determined site

preference and the predicted site preference from the Synergisticket and

Decreasing kal model. Note that the predicted data is normalized to make SP2-6

equal to 100 percent to match the experimental data where SP1 cannot be

detected.
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Table 1 - 'Numbers indicate the times out of 100 the model will be statistically

indistinguishable from the experimental data. “Site preference in phosphoform 1

only. Site preference in phosphoforms 2, 3, and 4, and phosphoform 1 in low

ATP.

Table 2- 'From the Synergisticket and Decreasing kal model. "Average for all

the different species present in phosphoform 1, 2, 3, and 4. ‘Calculated from kon

and kot.
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Table 1 Statistical Analysis of Computer Modeling'

Model Fit of phosphoform Prediction of Prediction of
and site preference apparent kcal/KM site preference
data” data data”

Additive kan 4
Constant kcal >99 2 <1

Synergistic kan 4.
Constant koal <1 <1 <1

Additive kan 4.
Decreasing kcal >99 2 2

Synergistic kan +
Decreasing kcal >99 >99 >99

Synergistic kon +
Decreasing kcal >99 >99 90

Synergistic keat +
Decreasing kea >99 >99 40

Synergistic kon +
Decreasing kcal 2 < 1 2

º

º
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Table 2 Kinetic Constants for the Kinase Reaction'

kon (M's')

Unphosphorylated 1.7-2.2 x 10'

Phosphoform 1

Phosphoform 2

Phosphoform 3

Phosphoform 4

Phosphoform 5

kara (s"):

24.7 - 26.5

15.6 - 17.2

9.6 - 10.7

5.1 - 5.8

1.8 - 2.1

O

Ko (nM)*

1.7 - 2.2 x 107

1.7 - 2.2 x 107

1.7 - 2.2 x 107

1.7-2.2 x 107

1.7-2.2 x 107

kom (s")

10.1 - 13.3

9.5 - 12.2

8.2 - 10.7

7.1 - 9.6

5.9 - 7.5

6.1 - 8.7

460 - 780

430 - 720

370 - 630

320 - 560

270 - 440

280 - 510
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The cyclin-dependent kinase inhibitor (CKI) Pho&1 binds and inhibits the

cyclin-cyclin-dependent kinase (CDK) Pho&0-Pho&5 when Saccharomyces

cerevisiae are grown in media containing low amounts of inorganic phosphate.

When cells are grown in high phosphate media, Pho&1 binds to Pho&0-Pho&5 but

does not inhibit its activity. We have attempted to elucidate both the mechanism

of inhibition of Pho&1 and the mechanism of regulation of Pho&1 and Pho&0-

PhoS5 in response to phosphate levels. Recombinant Pho&1 is partially active in

that it can bind tightly to recombinant Pho&0-Pho&5 but it has heterogeneous

activity as a CKI. We demonstrate that there are no other proteins bound

detectably to Pho&1, Pho&0 or Pho&5 even when there is a 5-fold difference in the

kinase activity of the complex purified from high and low phosphate. Pho&0 and

PhoS1 are stable enough in high and low phosphate to rule out proteolysis as a

means of regulating their activity. While the subcellular localizations of Pho&1,

PhoS0, and Pho&5 do not appear to change under high and low phosphate

conditions, localization of Pho&1 to the nucleus requires Pho&0, and Pho&1

localizes to parts of the cell other than the nucleus, suggesting that Pho&1 may

have a function in the cell that is separate from its function as a CKI.

;
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Introduction

Cyclin-dependent kinases (CDKs) regulate cell growth and metabolism

through phosphorylation of protein substrates. CDK activity is tightly controlled

to insure that the events of the eukaryotic cell cycle occur in the correct order and

at the proper time. There are three ways in which CDK activity is controlled!.

First, CDKs require binding of a cyclin partner to become active, and the

transcriptional induction and post-translational degradation of many cyclins

occur at specific times throughout the cell cycle. Second, phosphorylation of

CDKs on tyrosine and threonine by the Weel protein kinase inhibits CDK

activity during the G2 phase of the cell cycle. Third, CDK activity can be

inhibited through the action of proteins called CDK inhibitors (CKIs) that bind

directly to the CDK and the cyclin subunit and block substrate binding or inhibit

the catalytic activity of the CDK subunit. The majority of CKIs that have been

identified are important for the regulation of the G1 and S phases of the cell

cycle.

There are two families of CKIs in mammalian cells, the Cip/Kip family

and the INK4 family, and three CKIs that have been identified in the yeast S.

cerevisiae, Farl, Sic], and Pho&1. The Cip/Kip family of CKIs bind to cyclin A

Cdk2, and cyclin E-Cdk2 complexes and inhibit their ability to promote the

transition from the G1 phase of the cell cycle to S phase”. These CKIs make

extensive contacts with both the cyclin subunit, in the region where specific

substrate contacts are made, and the CDK subunit, making contacts with

residues required for catalysis”. Another member of this family, p21, can also

;
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prevent DNA replication through binding and inhibition of PCNA4. Members of

this family of CKIs are positively controlled by transcriptional and translational

induction in response to intracellular and extracellular cues, and are negatively

regulated through phosphorylation-induced ubiquitin-mediated proteolysis.

The INK4 family of CKIs bind exclusively to CDK4 and CDK6, altering

their conformation so that they are unable to bind to and be activated by their

partner, cyclin D3.5. INK4 proteins are also capable of inhibiting intact cyclin D

CDK4/CDK6 complexes although there do not seem to be any significant

contacts between cyclin D and the CKI. The four members of this family, p15,

p16, p18, and p19, all consist of four consensus repeats of the ankyrin repeat

domain, a ubiquitous protein-protein interaction domain present in a wide '-

variety of proteins with different functions%. Very little is known about the

regulation of these proteins except that p15 is transcriptionally induced in

response to treatment with TGF-B. Mutations in the p16 locus have been linked

to a wide variety of human cancers, underscoring the importance of this protein

in controlling cell growth.

In yeast, three CKIs have been identified’. Two of them, Far1 and Sic],

regulate Cdc28 activity and thereby influence the cell cycle, whereas the third,

Pho&1, regulates the activity of the CDK Pho&5 in response to extracellular levels

of inorganic phosphate. Farl is transcriptionally induced and activated through

phosphorylation by the map kinase Fus3 in response to mating pheremone.

Active Far1 binds to and inhibits the activity of Cln1/Cln2-Cdc28 complexes and

causes growth arrest in the G1 phase of the cell cycle. Phosphorylation of Farl

by Cln-Cdc28 kinases leads to ubiquitination and degradation by the 26S
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proteasome8. Interestingly, Farl also plays an important role in controlling

morphogenesis through its interaction with the guanine-nucleotide exchange

factor Cdc249-11. Cdc24 regulates the activity of the GTPase Cdc42 which is

required for bud site selection during vegatative growth and Schmoo formation

in reponse to mating pheromone12. Farl binds Cdc24 and sequesters it in the

nucleus away from its site of action at the plasma membrane. Degradation of

Far1 during the G1 phase of vegatative growth releases Cdc24 from the nucleus

and allows it to activate Cdc42 activity at the new bud site. Export of the Far1

Cdc24 complex from the nucleus in response to mating pheromone brings Cdc24

to the site of Schmoo formation because Far1 also interacts with Ste4, the beta

subunit of the trimeric G protein activated by mating pheromone, and Beml

which interacts with actin and Cdc42.

Sic1 is a CKI which inhibits Clb5/Clb6-Cdc28 complexes and prevents

them from activating S phase of the cell cycle. Sic1 is induced in the late mitotic

phase of the cell cycle and persists in the cell until the G1-S phase transition.

Phosphorylation of Sic1 by Cln-Cdc28 complexes at the G1-S phase transition

leads to its ubiquitination and degradation by the 26S proteasome.

PhoS1 is the only CKI identified which does not play a known role in

regulation of the cell cycle (see Introduction for a review of Pho&1 function).

PhoS1 binds to the cyclin-CDK complex Pho&0-Pho&5 and prevents it from

phosphorylating and inactivating the transcription factor Pho4 when cells are

grown in media containing low amounts of inorganic phosphate”. When Phoq

is hypo-phosphorylated it activates the transcription of a large number of

phosphate responsive genes including the gene encoding the secreted acid
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phosphatatse PhoS14. When cells are grown in high phosphate media, Pho&1

binds to but does not inhibit the activity of Pho&0-Pho&5. Under these

conditions, Pho&O-Pho&5 phosphorylates and inactivates Pho4, leading to

repression of transcription of PHO5 and other phosphate responsive genes!?!6.

Loss of function mutations in PHO81 lead to a PhoS uninducible phenotype

because PhoSO-Pho&5 is constitutively active and inhibits PhoA by

phosphorylation even in low phosphate. Pho&1 can bind directly to the cyclin

PhoS0 in a co-immunoprecipitation experiment from yeast whole cell extracts,

but it does not bind to the CDK Pho&5 in the absence of Pho&0. These results

suggest that the interaction between Pho&1 and Pho&0-Pho&5 is mediated in large

part through the cyclin subunit not the CDK.

PhoS1 contains 6 consensus ankyrin repeats in the middle of the protein

that are homologous to the INK4 family of mammalian CDK inhibitors. It was

originally postulated that the ankyrin repeats in Pho&1 could function as a CKI in

a manner similar to the INK4 ankyrin repeats!3. However, recent evidence has

identified an 80 amino acid piece of Pho&1 that does not contain the ankyrin

repeats which is necessary and sufficient to bind and inhibit Pho&0-Pho&5 in vivo

(S. Huang and E. O'Shea, unpublished observations). Furthermore, Pho&1 most

likely binds directly to the cyclin Pho&0 whereas the INK4 proteins bind directly

to CDK4/CDK6 and do not make direct contact with the cyclin. These data

suggest that Pho&1 acts differently from the INK4 proteins, perhaps binding to

Pho&0 and inhibiting the ability of Pho&0 to recruit Pho4 to the site of

phosphorylation.
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One of the most important outstanding questions regarding Pho&1 is how

its activity is regulated in response to extracellular levels of inorganic phosphate.

Inhibition of PhoSO-Pho&5 by Pho&1 in low phosphate leads to nuclear

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

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

cycloheximide17.18. Furthermore, overexpression of Pho&1 from the GAL1-10

promoter or on a high copy plasmid does not lead to induction of PHO5 in high

phosphate. These data point strongly to a post-translational mechanism of

regulation of Pho&1 in response to phosphate starvation. Several possibilities

exist for the way in which PhoS1 is regulated. Pho&1 could be covalently

modified in response to phosphate levels by, for example, phosphorylation,

acetylation, or ubiquitination, or it could be bound by another protein or a

metabolite of phosphate that affects its activity. The subcellular localization of

Pho&1 could also be affected by phosphate levels, similar to the way in which

Pho4 is regulated. It is also possible that Pho&0 or Pho&5 could be covalently

modified or bound by a protein or metabolite affecting the ability of Pho&1 to

inhibit kinase activity in response to phosphate starvation. It is known that

PhoS0 and Pho&5 localization do not change in response to extracellular

phosphate levels (S. Greene, D. Jeffery, E. O'Shea unpublished observations). In

this chapter we will discuss our attempts to uncover the mode of action and

regulation of Pho&1 in response to phosphate levels in the environment.

Results

Activity of Recombinant Pho&1
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We expressed and purified full length PhoS1 and active PhoSO-PhoS5

from E. coli, reasoning that we could use them as a source of material to

understand the mechanism of inhibition of Pho&1 and to identify an activity in

yeast whole cell extracts that could regulate Pho&1 activity in vitro. Purified

PhoS0-GST-Pho&5 has high specific activity toward recombinant Pho4, similar to

the activity of purified Pho&0-Pho&5. His (Chapter 2, data not shown). Purified

PhoS1 was able to bind to purified Pho&0-Pho&5, as was the Pho&1 ankyrin

repeat domain which was previously shown to be capable of inhibiting Pho&0-

PhoS5 activity in vitro (Figure 1)13. This portion of Pho&1 also contains the 80

amino acids that have been shown to be sufficient for binding to Pho&0-Pho&5 in

vitro. However, full length Pho&1 purified from E. coli has heterogeneous activity

as a CKI. Some preparations of Pho&1 caused a 5-10 fold reduction in PhoS0

Pho&5 activity toward Pho4 while others caused little or no change in the activity

(data not shown). It is possible that the 6 histidine tag used to purify Pho&1

inteferes with its ability to inhibit but not its ability to bind to Pho&O-PhoS5. The

heterogeneity of this reagent prevented us from using it to determine the

mechanism of inhibition of PhO31.

It has been shown previously that Pho&1 in crude yeast extracts can bind

to Pho&0 in the absence of PhoS5, but not to Pho&5 in the absence of Pho&013.

We were able to reproduce this result using purified proteins from E. coli (Figure

2). PhoS1 bound to MBP-Pho&O alone (top panel) but not GST-PhoS5 alone

(bottom panel). Both MBP-Pho&O and GST-Pho&5 were able to function in vivo,

and formed an active kinase when mixed together in vitro, indicating that both

fusion proteins are functional (data not shown). This demonstrates that the
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interaction between PhoS1 and Pho&O-PhoS5 is maintained through PhoS0.

Interestingly, the purified ankyrin repeat domain of Pho&1 also showed specific

binding to Pho&0 but not PhoS5 (Figure 2), providing further evidence that

inhibition of Pho&O-Pho&5 may only involve contacts between Pho&1 and Pho&0.

No Other Proteins Bind to the PhoS0-Pho&1-PhoS5 Complex

In order to elucidate how Pho&1 is regulated post-translationally in

response to phosphate levels, we attempted to identify other proteins that were

bound to the Pho&1-Pho&0-Pho&5 complex in high or low phosphate. We

immunoprecipitated an epitope tagged version of Pho80 from cells grown in

high or low phosphate and confirmed that there was 5-fold less activity

associated with the kinase purified from low phosphate (Figure 3)13. When we

silver-stained the gels that contained the regulated kinases we saw only three

specific bands, Pho&1, Pho&0, and Pho&5 (Figure 3). It is possible that some

proteins are difficult to detect because they do not stain well with silver, they

might be present at substochiometric amounts, or they may be obscured by the

heavy and light chain IgG that come from the immunopreciptation. To address

these concerns, we labeled cells in vivo with [*S]-methionine, grew them in high

and low phosphate, and repeated the immunoprecipitation, Again we only saw

three specific bands in each lane (Figure 4), and the regions that were obscured

by the antibodies in the silver stain (Figure 3) were devoid of contaminating

bands under these conditions. We also performed a two-hybrid selection using

full length Pho&1 as bait to try and identify proteins that could bind to Pho&1 in

vivo. This did not identify any proteins that could interact with Pho&1 (data not
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shown). While negative results from these experiments are uninformative, we

can conclude that no other proteins are detectably bound to PhoS1 or to the

PhoS1-Pho&O-Pho&5 complex even when there is a 5-fold difference in kinase

activity.

The Stability of PhoS1 and PhoS0 is the Same in High and Low Phosphate

Since other CKIs such as Far 1, Sic1, and p27 are regulated by ubiquitin

mediated proteolysis, we measured the half-life of Pho&1 and Pho&0 in cells

grown in high and low phosphate. Using a pulse-chase analysis and

immunoprecipitating Pho&0 and Pho&1 from whole cell extracts, we measured

the half-life of Pho&1 to be over 90 minutes and the half-life of Pho&0 to between

30 and 90 minutes (Figure 5) in both high and low phosphate. Changes in Pho4

localization can occur in 5-15 minutes!819 and in the absence of new protein

synthesis 17, so it is not surprising that the stabilities of these two proteins are not

dramatically affected by extracellular phosphate levels.

Subcellular Localization of Pho81

Many proteins are regulated through differential subcellular

localization20, including the CKI Farl. We tagged Pho&1 with the green

fluorescent protein (GFP) to follow Pho&1's localization in live cells grown in

high and low phosphate. This Pho&1-GFP fusion complemented the PhoS

uninducible phenotype of a pho&1 mutant in low phosphate (data not shown).

PhoSl-GFP localized to the nucleus in both high and low phosphate and to the

plasma membrane and cytoplasm in low phosphate (Figure 6). The plasma
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membrane localization appears punctate in low phosphate, and there is a small

amount of punctate fluorescence in cells grown in high phosphate. The levels of

Pho&1-GFP are higher in low phosphate because Pho&1 transcription is induced

by Pho4, and it is difficult to detect Pho&1-GFP in high phosphate. We cannot

conclusively say whether Pho&1 localizes to the plasma membrane in high

phosphate as well as low phosphate. Localization of Pho&1 to the plasma

membrane does not require the phosphate transporter Pho&4 (data not shown).

It is not surprising that Pho&1-GFP localizes to the nucleus in high and low

phosphate because that is where PhoS0-PhoS5 localizes also]9.

We wondered whether Pho&1's localization to the nucleus depended on

PhoS0 or Pho&5. Pho&1-GFP is strongly induced in pho&0 and pho&5 mutants

because Pho4 is constitutively active. When Pho&1-GFP was under the control of

the PHO81 promoter, pho&0 and pho&5 mutant cells were brightly green and

PhoS1-GFP looked completely cytoplasmic in high and low phosphate (data not

shown). We worried that the high level of expression of Pho&1-GFP under these

conditions could obscure our ability to detect Pho&1-GFP in different parts of the

cell, so we expressed Pho&1-GFP from the constitutive PHO4 promoter.

Expression of PhoS1-GFP from this promoter results in levels of fluorescence

midway between the levels seen in high and low phosphate when Pho&1-GFP

was expressed from the PHO81 promoter, but expression was high enough to

almost completely complement the pho&1 mutant phenoype (data not shown).

Surprisingly, Pho81-GFP expressed under these conditions is nuclear and

cytoplasmic in wild-type cells and excluded from the nucleus in pho&0 and pho&5

mutant cells (Figure 7), suggesting that Pho&0 and/or Pho&5 are necessary for
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nuclear localization of Pho&1–GFP. The subcellular localization of Pho&1-GFP

expressed under these conditions appears similar when cells are grown in high

and low phosphate (data not shown). The localization of Pho&1-GFP was not

affected by deletion of the endogenous PHO81 gene or deletion PHO4 or PHO84

(Figure 7 and data not shown). Because Pho&1 binds predominantly to Pho&0

and not Pho&5, we suspected that localization of Pho&1-GFP to the nucleus might

only require Pho&0. The lack of nuclear localization of PhoS1-GFP in a pho&5

mutant could be because we have seen markedly lower levels of Pho&0 in pho&5

mutant cells (data not shown). To address this issue, we overexpressed Pho&0 in

cells that contained Pho&1-GFP expressed from the high level ADH1 promoter

(Figure 8). When we expressed high levels of Pho&1-GFP in wild-type or pho&5

mutant cells we saw predominantly cytoplasmic fluorescence. When we

overexpressed PhoS0 in these same cells, all of the Pho&1-GFP was nuclear,

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

the nucleus. This does not rule out the possibility that another protein is also

required for the Pho&0-dependent nuclear localization of PhoS1, but it does

demonstrate that localization of Pho&1 to the nucleus does not require Pho&5. In

contrast, Pho&0-GFP localized to the nucleus in wild-type, pho&1, and pho&5

mutant cells (data not shown). These data suggest that Pho&0 has a nuclear

localization signal (NLS) which targets it to the nucleus, and that Pho&1 is

imported into the nucleus in association with Pho&0 but does not have an NLS of

its own.

To assess any misregulation of Pho&0-Pho&5 when Pho&1 is targeted to the

nucleus independently of Pho&0, we attached the SV40 NLS to the c-terminus of

PhoS1 or Pho&1-GFP and assayed PhoS production in high phosphate. When
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Pho&1-NLS was expressed from the PHO81 promoter there was no detectable

change in PhoS production in high or low phosphate (data not shown). When

we expressed Pho&1-GFP-NLS from the ADH1 promoter, all of the GFP

fluorescence was in the nucleus and Phot was expressed in high phosphate

(Figure 9). This indicates that having too much Pho&1-GFP in the nucleus leads

to inappropriate inhibition of Pho&0-Pho&5 and may explain part of the reason

why PhoS1 does not have an NLS of its own.

Discussion

In this chapter we have attempted to understand how the CKIPho81

binds to and inhibits the cyclin-CDK complex Pho&0-Pho&5, and how this

inhibition is regulated in response to extracellular levels of inorganic phosphate.

An interesting issue is how binding of Pho&1 leads to inhibition of PhoS0

Pho&5 activity toward Pho4. Pho&1 could block binding of Pho4 or ATP to the

kinase or it could prevent catalysis when both substrates are bound. We

attempted to address this issue by purifying Pho&1 and PhoS0-Pho&5 fom E. coli.

The purified Pho&0-Pho&5 has high specific activity toward Pho4 and purified

PhoS1 can bind to Pho&0-Pho&5 (Figure 1, data not shown). However, there was

significant batch to batch variation in the CKI activity of the purified PhoS1, so

we were not able to do any kinetic experiments to try and discern what type of

inhibitor that it is. Another source of Pho&1 will be required to address this

issue, most likely requiring the use of an affinity tag other than a 6 histidine tag

for purification.

Binding of Pho&1 to PhoS0-Pho&5 occurs primarily, if not exclusively,

through an interaction with Pho&0. Both full length Pho&1 and the Pho&1
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ankyrin repeats can bind to purified Pho&0 in the absence of Pho&5 but not Pho&5

in the absence of Pho&0 (Figure 1 and 2). Recent work in our laboratory has

narrowed the region of Pho&1 that interacts with Pho&0-Pho&5 to an 80 amino

acid region c-terminal to the ankyrin repeats (S. Huang and E. O'Shea

unpublished observations). This region binds to Pho&0-Pho&5 in vitro and is

sufficient to inhibit PhoS0-Pho85 in response to phosphate starvation in vivo.

Remarkably, this region does not contain any part of the the consensus ankyrin

repeat region of Pho&1. A piece of Pho&1 which contains the ankyrin repeats but

not the 80 amino acid region does not bind to Pho&0-Pho&5 and cannot

complement a pho&1 mutant. Alanine scanning of this region indentified 9

residues which are required for binding to Pho&0-Pho&5 in vitro and inhibition of

the kinase in vivo. Mutation of these residues in full length Pho&1 abolishes its

activity in vivo demonstrating that this region is necessary for Pho&1 activity.

These data strongly suggest that the way(s) in which Pho&1 binds to and inhibits

the activity of PhoS0-Pho&5 are different from the way the INK4 proteins bind

and inhibit CDK4 and CDK6. Furthermore, these results identify a new type of

CKI with no obvious homology to previously identified CKIs.

We were not able to detect any other proteins bound to Pho&1 or the

PhoS1-PhoS0-Pho&5 complex using silver staining and metabolic labeling of

proteins with [*-S]-methionine (Figure 3 and 4). It is still possible that there is

another protein that binds to the complex but does not stain well with silver and

is not radioactively labeled under the conditions that we used. These techniques,

along with the two-hybrid screen, which was also unsuccessful at identifying

proteins that interact with Pho&1, are standard techniques used to detect protein

protein interactions. Other techniques, such as looking for a change in the
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apparent molecular weight of the proteins by glycerol gradients or size exclusion

chromatography, are difficult because the size of the Pho&1-Pho&0-Pho&5

complex is 200 kD.

While it is clear that regulation of Pho&1 and Pho&0 does not occur

through differential protein stability in high and low phosphate (Figure 5), it is

possible that regulation of the Pho&1-Pho&0-Pho&5 complex occurs through

binding of a small molecule, such as a metabolite of phosphate, or through

covalent modification of one of the three proteins. One way to identify a small

molecule regulator of Pho&1-Pho&0-Pho&5 would be to set up an in vitro assay

using recombinant proteins and assay yeast whole cell extracts for an activity

that can regulate Pho&0-Pho&5 activity in a Pho&1 and phosphate dependent

manner. This will require a more reliable source of Pho&1. Analyzing the mass

of Pho&1, Pho&0, or PhoS5 purified from yeast grown in high and low phosphate

could be accomplished using mass spectrometry after immunoprecipitating the

proteins from yeast whole cell extracts. Alternatively, isoelectric focusing gels

could be used to identify any charge differences on Pho&1, Pho&0, or Pho&5

purified from high and low phosphate. A difference in charge could indicate a

covalent modification such as phosphorylation or acetylation.

Another way to identify regulators of Pho&1 is to perform genetic screens

to search for loci which can affect Pho&1 activity in vivo. Extensive screens have

been done already to look for loss of function mutations that lead to constitutive

expression of PHO5 in high phosphate or an inability to induce PHO5 in low

phosphate”1-23, as well as to look for genes whose overexpression leads to

changes in PhoS1 activity (see appendix 1)24. None of these screens or selections
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have identified good candidates for a regulator of Pho&1 or Pho&0-Pho&5. While

it is difficult to say that these approaches will never identify such a locus, it is

clear that the standard genetic approaches used so far have not been fruitful.

Pho&0-Pho&5 and PhoS1 all localize to the nucleus in high and low

phosphate (Figure 5)19. It is not surprising that Pho&1 localizes to the nucleus

because Pho&1 binds to Pho&0-PhoS5 all the time and must be present in the

same subcellular compartment as PhoS0-Pho&5 to insure proper regulation of

kinase activity. Quite surprisingly, localization of Pho&1 to the nucleus requires

Pho&0, and expression of Pho&0 is sufficient to localize Pho&1 to the nucleus

(Figure 7 and Figure 8), while Pho&0 is able to localize to the nucleus in the

absence of Pho&1 and Pho&5. This suggests that the complex between Pho&0,

PhoS5 and Pho&1 forms in the cytoplasm and that all three proteins are then

imported into the nucleus through an unidentified NLS on Pho&0.

The absence of an NLS on Pho&1 could be due to the fact that Pho&1

performs another function in the cell. Consistent with this hypothesis, Pho&1

localizes to the cytoplasm and the plasma membrane (Figure 6). Furthermore, as

mentioned above, an 80 amino acid piece of Pho&1 is necessary and sufficient to

bind and inhibit Pho&0-Pho&5. There are 1100 more amino acids in Pho&1 which

could serve other functions of Pho&1. Ankyrin repeats are present in many

proteins of diverse function and generally serve to mediate protein-protein

interactions. It is not clear what these other functions may be since the only

known phenotype of a pho&1 mutant is the inability to induce PHO5 in response

to phosphate starvation. Overexpression of Pho&1 has been shown to suppress
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the temperature sensitive growth defect of a mutation in PLC1, so it is possible

that PhoS1 plays a role in lipid metabolism25.

Another reason PhoS1 may not have its own NLS is to insure that its

concentration in the nucleus is maintained at the same level as Pho&0-Pho&5.

Consistent with this hypothesis, overexpression of Pho&1 in the nucleus leads to

misexpression of PHO5 in high phosphate (Figure 9). However, at physiological

levels, mislocalization of Pho&1 to the nucleus does not have an adverse affect on

regulation of PhoS0-Pho&5. One way to elaborate on these results would be to

test the kinase activity of Pho&0-Pho&5 purified from high phosphate in the

presence and absence of high levels of nuclear Pho&1. If inhibition of Pho&0-

PhoS5 by nuclear Pho&1 is similar to inhibition of PhoS0-Pho&5 in low phosphate,

there will be a decrease in the PhoS0-Pho&5 activity when it is purified from the

strain expressing high levels of nuclear Pho&1. If the inhibition of Pho&0-Pho&5

by high levels of nuclear Pho&1 is an artifact of having a high concentration of

Pho&1 in the nucleus, there should be no difference in the activity of Pho&O-

PhoS5 purified under the two conditions once the excess Pho&1 has been purified

away.

In conclusion, the mechanism of inhibition of Pho&1 and the regulation of

Pho&1 and Pho&0-Pho&5 in response to extracellular phosphate levels is still a

mystery. Despite our best efforts we have not been able to shed any light on this

important issue. Many approaches are still available, most of them biochemical,

and it is likely that this interesting biological question will be answered in due

time.
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Methods

Strains and Plasmids - Yeast strains (K699 background) used are listed in the

figure legends and are described in the O'Shea lab yeast strain database. Bacteria

used were DH5-alpha, and BL21(DE3) and SG13 (Qiagen) for protein expression.

Plasmid construction and maps are available in the O'Shea lab bacterial database.

Purification of Recombinant Proteins - Pho&1-6His was expressed from plasmid

EB1080 in E. coli strain SG-13 (Qiagen). Cells were grown to ODoo of 0.4–0.6 in 6

liters of LB+50 ugml" carbenecillin and 25 pig ml" kanamycin at 37°C and

induced for 16–18 hours at 22-24°C with 200 puM IPTG. Cells were harvested at

4°C, frozen in liquid nitrogen, thawed at 4°C, and were resuspended in 30 ml of

lysis buffer (10% glycerol (v/v), 0.1 M NaCl, 50 mM NaPi-pH 8.0, 0.01% NP-40

(v/v), 10 mM 3-mercaptoethanol, 1 mM PMSF, 2 mM benzamidine) per liter of

culture. Lysozyme was added to 1 mg ml" and the cell suspension was rotated

for 45 minutes at 4°C. Fresh 1 mM PMSF was added and the concentration of

NaCl was brought to 0.5 M and NP-40 to 0.1%. The cell suspension was

sonicated for 2 pulses of 60 seconds each using a Branson sonicator with a

microtip on setting 4. 100 pig DNase I and 200 pig RNase A were added and the

lysate was rotated at 4°C for 15 minutes, then spun for 20 minutes in an SS34

rotor at 16,000 RPM, 4°C. Imidazole was added to 50 mM final concentration,

the lysate was filtered with a 0.2 pm filter and loaded onto a 1 ml Hi-Trap

chelating column (Pharmacia) charged with NiSO, and equilibrated in column

buffer A (same as lysis buffer except with 0.5 M NaCl, 0.1% NP-40, 1mM 3

mercaptoethanol and 50 mM imidazole). After the lysate was loaded, the

column was washed with 6–8 mls of column buffer then 6–8 mls of low imidazole
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buffer (same as column buffer except with no NP-40), and eluted with a 20 ml

gradient from low imidazole buffer to high imidazole buffer (same as low

imidazole buffer except with 1 M imidazole). Fractions containing purified

PhoS1 were pooled and dialyzed into storage buffer (10% glycerol (v/v), 50 mM

Tris-HCl-pH 7.5,0.15 M NaCl, 1 mM 3-mercaptoethanol, 1 mM PMSF). Yield

was between 50-100 pig per liter. - 95% of the PhoS1 flows through the column

as judged by western blotting. Breakdown products that lack the N-terminus of

PhoS1 are almost completely depleted from extracts (D. Wyckoff, E. O'Shea

unpublished observations), suggesting that the N-terminus may block the

interaction between the 6 histidine tag on Pho&1 and the column. It is possible

that the 35% of the Pho&1 that does bind to the Niº column is able to bind

because it is not folded properly. This may explain the batch to batch

heterogeneity seen in the CKI activity of the purfiied Pho&1 (see results).

GST-Pho&5 (EB036) was expressed alone or co-expressed with Pho&0

(EB1076) in BL21(DE3). Cells were grown in 2 liters of LB+ 50 pg ml."

carbenecillin and 70 pig ml" kanamycin (Pho&0 co-expression only) to an ODoo of

0.4–0.6 and induced for 18 hours at 24°C with 40 puM IPTG. Cells were

harvested at 4°C, frozen, and thawed at 4°C. Cells were resuspended in 30 ml

of lysis buffer (10% (v/v) glycerol,50 mM Tris-HCl-pH 7.5,0.3 MNaCl, 0.1%

NP-40, 1mM EDTA, 1mM EGTA, 1 mM DTT, 1 mM PMSF, 2 mM benzamidine)

per 1 liter of culture. Lysozyme was added to 0.5 mg ml", the suspension was

rotated for 5 minutes at 4°C, and then sonicated for 3 pulses of 45 seconds using

a Branson Sonicator with a micro-tip on setting 4.50 pig DNase I and 100 pig

RNase A were added per 1 liter of culture, and the lysate was spun for 15
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minutes at 16,000 RPM in an SS34 rotor at 4°C. DTT was added to 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 4°C. Resin was spun down

for 5 minutes in an IEC clinical centrifuge for 5 minutes, the flowthrough 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 MNaCl, 1 mM DTT, 1mM EDTA, 1 mM PMSF, 2 mM

benzamidine), and bound protein was eluted with 1 ml aliquots of wash buffer

plus 5 mM glutathione. Fractions containing purified Pho&5 or Pho&5-Pho&0

were pooled and dialyzed into storage buffer (10% glycerol, 50 mM Tris-HCl-pH

7.5,0.15 MNaCl, 1 mM 3-mercaptoethanol, 1 mM PMSF, 2 mM benzamidine).

Yield was > 5 mg of purfied protein per liter.

MBP-Pho&0 (EB1078) was expressed in BL21(DE3) cells. Cells were grown

in 6 liters of LB + 70 pig ml" of kanamycin to an ODoo of 0.8-1.0 at 37° C and

induced for 2 hours with 1 mM IPTG. Cells were spun down and resuspended

in 50 ml buffer (10% glycerol, 50 mM Tris-HCl-pH7.5,0.2M NaCl, 1 mM EDTA,

1 mM DTT, 1 mM PMSF, 2 mM benzamadine) then frozen in liquid nitrogen.

The frozen suspension was thawed at 4°C, 50 ml of lysis buffer was added along

with 50 mg of lysozyme, the suspension was rotated at 4°C for 5 minutes and

lysed with a Bronson Sonicator with a micro-tip for 4 x 45 seconds on setting 4.

PMSF was added fresh to 0.5 mM along with 50 pg of DNAse I and 200 pig of

RNAse A. The lysate was clarified by spinning for 15 minutes in an SS34 rotor at

15,000 RPM at 4°C. The lysate was passed over a 1 ml amylose-agarose column

(NEB), flowthrough was collected and passed over the column again. The flow
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rate was approximately 1-2 ml min". The column was washed with 15 ml of

wash buffer (10% glycerol, 50 mM Tris-HCl-pH 7.5, 1 mM EDTA, 1 mM B-ME,

0.2M NaCl, 1 mM PMSF, 2 mM benzamadine) and eluted with wash buffer plus

10 mM maltose. 250 pil fraction were collected, and those that contained purified

protein were pooled.

The PhoS1 ankyrin repeats were purified as described 13.

Protein Binding Assays - Binding of GST-PhoS5-PhoS0 and GST-Pho&5 to PhoS1

and Pho&1-ankyrin was done by mixing 5 ug of GST-Pho&5 or GST-Pho&5-Pho&0

with 30 pg of Pho&1 or 20 ug of Pho&1-ankyrin in 100 pil at room temperature for

30 minutes. Binding buffer was 10% glycerol, 50 mM Tris-HCl-pH 7.5, 0.15 M

NaCl, 1 mM DTT, 1 mM PMSF, 2 mM benzamadine, .01% NP-40, 0.1 mg ml."

BSA. The reactions were then spun for 10 minutes at top speed in a microfuge

and the supernatant was added to a new tube containing 10 pil of GSH-Agarose

(Sigma) equilibrated in wash buffer (same as binding buffer except with 0.1 mg

ml" human insulin (Boehrenger-Mannheim) in place of BSA, except for the

binding reaction between GST-Pho&5 and Pho&1 which had 0.1 mg ml"BSA in

the wash buffer). This reaction was incubated at room temperature for one hour,

washed quickly with 2 x 0.5 ml of wash buffer, then incubated with 0.5 ml of

wash buffer for 5 minutes at room temperature with rotation, then washed once

more with 0.5 ml of wash buffer. Pellets were resuspended in 20 pil of SDS-PAGE

sample buffer and loaded on gels as described in the figure legends.

For binding of MBP-Pho&O to Pho&1 and Pho&1-ankyrin, 7 ug of MBP

Pho&0 was mixed with 5 pig of Pho&1 or 7 pg of Pho&1-ankyrin in the same buffer

as for the GST-Pho&5-Pho&0 binding reaction. After a 30 minute incubation at
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room temperature, the reactions were spun for 10 minutes at top speed in a

microfuge and the supernatant was transferred to a new tube containing 10 pil of

anti-Pho&0 antibody beads (see below). The binding reaction was allowed to

proceed for one hour and was then washed exactly as for the GST-Pho&5-Pho&0

pulldown above. The final bead pellet was resuspended in 20 pil of wash buffer

plus 2 mg ml’ Pho&0 peptide (see below) and incubated for 20 minutes at room

temperature. The beads were spun down and the supernatant was removed and

electrophoresed on SDS-PAGE as indicated in the figure legends.

Metabolic labeling and Pulse Chase Analysis - Wild-type (EY0057) or pho&1A

(EY519) yeast, and pho&0A yeast (EY134) containing a plasmid expressing Pho&0

with three copies of the HA tag at the c-terminus (EB484) were grown overnight

in 100 ml of SD-Met or SD-Ura-Met, respectively. At an ODoo of 0.6-0.7 the

cells were harvested, washed 2 times with 50 ml of water and resuspended in 200

ml of high phosphate (11 mM) media at an ODoo of 0.05, or 200 ml of low

phosphate media (55 um) at an ODoo of 0.075. After 5 hours of growth at 30°C,

induction of Phos was checked by liquid phosphatase assay. 0.5 mCi of [*-S]-

Methionine was added to each culture. For the experiment in Figure 4, the cells

were labeled for 30 minutes and then harvested at 4°C. For the pulse chase

analysis, cells were labeled for 10 minutes, and then a 1000-fold excess of cold

methionine (2 mM) was added. Samples were removed at the times indicated

and harvested at 4°C.

Immunoprecipitations and kinase assays - Lysates and immunoprecipitations

of Pho&0-HAs were done exactly as described 13. Kinase assays contained 10%

glycerol, 50 mM Tris-HCl-pH 7.5,0.15 MNaCl, 0.01% NP-40, 1 mM DTT, 10 mM
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NaF, 10 mM 3-glycerophosphate, 1 mM PMSF, 1 mM benzamadine, 0.1 mg ml."

BSA, 10 mM MgCl, and 3 um rPho4. Immunoprecipitation of Pho&1 was done

with 2 pig of affinity purified anti-Pho&1 antibodies, and dilution of the lysates to

5 mg ml" was done with low salt buffer (10% glycerol, 0.25 M Hepes-NaOH-pH

7.5, 0.1 M NaCl, .01% NP-40, 1 mM EDTA, 1 mM PMSF, 2 mM benzamadine, 10

mM NaF, 80 mM 3-glycerophosphate, 10 nM calyculin A).

Preparation of Pho&0 and Pho&1 Antibodies - Peptide antibodies were made

against peptides from the last 11 amino acids of Pho&0 (CAHIYNKRSKPD) and

PhoS1 (CELLFENNIDM). Peptides were coupled to keyhole limpets

hemocyanin and injected into rabbits (BabCo). Rabbit serum was affinity

purified by binding to a peptide-agarose column (Affigel) and eluted with

glycine, pH 2.0.

Microscopy - Strains with plasmids are indicated in the figure legend. Cells

were grown in liquid SD media containing the correct mixtures of amino acids to

an ODoo of 0.5-1.0 and pictures of fluorescence were taken using a CCD camera

and IP Lab Spectrum P software. Growth in low phosphate was done in the

same manner as for the metabolic labeling.
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Figure 1 - Recombinant Pho&1 and the Phob1-ankyrin repeats bind to
recombinant Pho&0-PhoS5. Purified recombinant proteins
were incubated at room temperature and the complexes
were immunoprecipitated with antibodies against Phob0,
run on an SDS-PAGE gel and silver stained.
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Figure 2 - Recombinant Phobºl and Pho&1-ankyrin repeats bind to
recombinant Phob0 alone but not to recombinant PhoS5

alone. Purified recombinant proteins were incubated
at room temperature and complexes were precipitated
with antibodies against Pho&O (top panel) or GSH-agarose
(bottom panel). Precipitated complexes were run on
SDS-PAGE gels and silver stained.
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Kinase Activity º -

Figure 3 - Silver stain of PhoS0-Phob5-Phoël
complex immunoprecipitated from
extracts of yeast grown in high and low
phosphate. Asterisks indicate heavy
and light chain IgG.
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Figure 4 - Autoradiograph of metabolically
labeled proteins that coimmuno
precipitate with Phob0 purified from
high and low phosphate.
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Figure 5 - Pulse-chase analysis to measure the half-life of Phoë1 and
PhoS0 in high and low phosphate. Proteins were immuno
precipitated from metabolically labeled whole cell extracts
with antibodies against Pho&1 (top panel) or with 12CA5
(bottom panels). Samples were run on SDS-PAGE gels that
were dried and radiaoctive signal was detected using a
phosphorimager.
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High

Phosphate

Low Phosphate

Figure 6 - Localization of Phob1-GFP in live cells. Yeast strain EY313 was

grown in high or low phosphate. Note the plasma membrane localization of

PhO81-GFP.
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Figure 7 (next page)- Localization of Phob1-GFP in different strain

backgrounds. PhoS1-GFP was expressed form the PHO4 promoter

(EB1339). Cells were grown in high phosphate media. Note the nuclear

exclusion of Pho&1-GFP in phoö0A cells.
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Figure.7
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Figure 8 (next page) – Pho&1-GFP is completely nuclear in cells

overexpressing Phoë0. PhoS1-GFP was expressed from the high-level

ADH1 promoter (EB1343), and Pho&0 was expressed from the high-level

GPD1 promoter (EB049). Cells were grown in high phosphate media.
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Figure 9 (next page) – Overexpression of Phob1-GFP in the nucleus leads

to inappropriate expression of PHO5 in high phosphate. Darker cells are

expressing PhoS. A phoö0A is shown as a reference for the fully induced

State.
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GFP Fluorescence DAPI Staining
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Figure 9
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Appendix: Identification of Phosphate Transporters as High Copy Suppressors

of a Dominant Constitutive Mutant of PHO81.
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The cyclin-dependent kinase inhibitor (CKI) Pho&1 is active when

Saccharomyces cerevisiae are grown under conditions limiting for inorganic

phosphate and inactive when cells are grown under phosphate rich conditions.

Pho&1 binds and inhibits the cyclin-cyclin-dependent kinase (CDK) complex

Pho80-Pho&5, regulating its ability to control phosphate responsive gene

transcription through phosphorylation and inactivation of the transcription

factor Pho4. Several point mutations have been identified in PhoS1 which result

in dominant constitutive inhibition of Pho&O-PhoS5 in vivol-3. These mutations

could prevent the interaction between PhoS1 and a negative regulator of Pho&1

in high phosphate, or could mimic positive regulation of Pho&1 that occurs when

cells are grown in low phosphate. To address the first possibility, we performed

a selection to identify genes whose overexpression suppresses the constitutive

PHO5 induction phenotype of a PHO81° mutant. This selection identified the

putative low affinity inorganic phosphate transporter Pho&7. Overexpression of

the high-affinity inorganic phosphate transporter, Pho&4, also suppresses

PHO81°, indicating that Pho&1 function is affected by the amount of phosphate

that cells take up. Overexpression of Pho&7 partially complements the

constitutive PHO5 induction phenotype and the phosphate uptake defect of a

mutant lacking Pho&4, suggesting that Pho&7 is a bona fide phosphate

transporter and that pho&4 mutants behave as if they are starving for phosphate

because they cannot take up enough phosphate from the medium.
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Material and Methods

Yeast strains and plasmids - The yeast strains (K699 background) in this study

were EY440 (Mata, ade2-1, trpl-1, can1-100, leu2-3, 112, his3-11, 15, ura■ , ppHO5

CAN1), EY438 (same genotype as EY440 except PHO81°-WK38), EY696 (same

genotype as EY440 except also 80°, pho&1A::HIS3), and EY306 (same as EY438

except without the reporter ppHO5-CAN1). Plasmids used in this study were

pRS316 (EB009), p.GAL1-10-PHO80 (EB608), p.GAL1-10-PHO87 (EB650), and

pRS424-pâDH-PHO84-GFP (EB819). A yeast cDNA library4in pRS316 was used

to identify high copy suppressors of PHO81°-WK38.

Selection for High Copy Suppressors of PHO81* - EY438 were grown overnight

in YPD to an ODoo of 0.5-1.0 and were transformed with a standard lithium

acetate procedure. Transformed cells were allowed to recover for 2.5 hours in

liquid YEP media + 2% galactose at 30°C. Transformants were plated on SGal, -

Ura, -Arg, +50 pig ml" canavanine. Colonies that grew were restreaked on the

same plates, and on SD, -Ura, -Arg, +50 ugml" to check sugar dependence of the

phenotype. Plasmids were rescued from colonies that displayed galactose

dependent canavanine resistance and sequenced.

Results

A genetic selection was previously performed to identify mutations that

lead to constitutive expression of PHO5 in high phosphate”. Dominant

mutations were identified and those that were linked to PHO81 were identified

by genetic crossing (T. Shroyer and E. O'Shea unpublished observations). One

mutant, originally named WK38, was selected and backcrossed to a wild-type
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strain three times to eliminate any potential extra mutations. The 5' end of

PHO81, from nucleotides-125 to 909, was rescued from this strain by gap repair

and shown to contain the mutation that conferred the PHO81% phenotype (data

not shown). A single mutation was found in this region, C to T at nucleotide 482,

that results in mutation of serine 161 to phenylalanine. This is the fifth point

mutation identified in PHO81 which leads to a dominant constitutive

phenotype12.

This strain (EY306) was crossed to EY440 (see methods) to create a strain

that contained PHO81° and the ppHO5-CAN1 reporter in the same strain. This

reporter has the PHO5 promoter controlling the expression of CAN1, which

encodes an arginine transporter. Can1 also transports the toxic arginine analog

canvanine, and cells that express Can1 are unable to grow on plates containing

canavanine. EY440, a wild-type strain containing the reporter, is able to grow on

high phosphate plates containing up to 300 pig ml" canavanine, similar to cells

that have a loss of function mutation in CAN1. On low phosphate plates, EY440

was unable to grow on plates containing as little as 1 pig ml" canavanine (data

not shown). These data demonstrate that this reporter leads to regulation of

CAN1 in response to phosphate levels in the media, similar to the expression of

PHO5. A strain which contains the PHO81° mutation and the ppHO5-CAN1

reporter (EY438), is unable to grow on high phosphate plates containing as little

as 1 ug ml" canavanine (data not shown).

Using a plasmid which expresses PHO80 from the GAL1-10 promoter

(EB608), we showed that overexpression of PHO80 on galactose containing plates

suppresses the canavanine sensitivity phenotype of EY438 (Figure 1). When
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PhoS0 is overexpressed, presumably there is not enough PhoS1 to inhibit all the

PhoS0-Pho&5 in the cell, which leads to phosphorylation of Pho4, repression of

the ppHO5-CAN1 reporter and canvanine resistance.

We transformed the PHO81, ppHO5-CAN1 strain with a plasmid library

containing yeast cDNAs under the control of the GAL1-10 promoter and plated

the cells on SGal, -Ura, -Arg, +50 mg ml" canavanine. We screened between

60,000 and 100,000 total transformants and retrieved 4 plasmids that expressed

genes that suppressed the canavanine sensitivity of the PHO81° strain. The

number of colonies screened should be sufficient to recover an inabundant

transcript such as the HIS3 transcript (1-2 copies per cell), assuming the library

has not lost significant complexity upon amplification4. One of the plasmids

contained a cDNA expressing PHO80, two expressed PHO87, and one expressed

YFLO10c. All showed galactose dependent suppression of the PHO81°

canavanine sensitivity (Figure 1 and data not shown). Overexpression of PHO87

and YFLO10c did not strongly suppress the constitutive PHO5 expression

phenotype of the PHO81° mutant, suggesting that they only weakly affect the

function of Pho&1, and that the canvanine sensitivity of the PHO81° strain is

more sensitive to small changes in Pho&1 activity than is the constitutive PHO5

expression phenotype (data not shown).

Suppression of the canvanine sensitivity of the PHO81° mutant could

occur through many different mechanisms, both upstream and downstream of

Pho&1 in the signal transduction pathway. We were interested in those

suppressors that functioned to inactivate the Pho&1 mutant protein in high

phosphate. In order to rule out suppressors that did not function through
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Pho&1°, we tested whether the suppressors also affected the growth of a pho&0°,

pho&14, ppHO5-CAN1 strain (EY696) on canvanine containing plates. This strain

exhibits canavanine sensitivity at 30°C but not 25°C. We streaked this strain

containing the different suppressing plasmids on SDex and SGal plates

containing canavanine at 25°C and 30°C. The plasmids expressing PHO80 and

YFLO10c were able to suppress the canavanine sensitivity of the pho&0” strain

while the plasmid expressing PHO87 was not (Figure 2 and data not shown).

The pho&0° pho&1A strain expresses less PHO5 at 30°C then does the PHO81* as

judged by acid phosphatase plate assay. Therefore, lack of suppression of the

pho&0° pho&1A by overexpression of PHO87 cannot be due to the fact that there is

more CAN1 expressed in that strain. These data demonstrate that suppression of

the canvanine sensitivity of PHO81% by overexpression of PHO87 occurs

upstream of PHO81.

Because Pho&7 is a putative low affinity phosphate transporter

(Introduction and see below), we wondered if overexpression of the high-affinity

phosphate transporter PhoS4 could also suppress the canvanine sensitivity of the

PHO81% strain. This indeed was the case (Figure 1), indicating that suppression

of PHO81* may occur through increasing phosphate transport into the cell not

through any specific affect of Pho&7 or Pho&4 themselves. Furthermore, we

discovered that overexpression of PHO87 can partially suppress the constitutive

PHO5 expression phenotype of a pho&4A (Figure 3). Overexpression of PHO87

also partially suppresses the phosphate uptake defect of a pho&4A and the

inability of a pho&4A to grow on low phosphate plates (W. Lau and E. O'Shea

unpublished observations and data not shown). This suggests that the inability
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of a pho&4A to repress PHO5 expression in high phosphate may be due to a defect

in phosphate uptake as opposed to a defect in directly regulating the signal

transduction pathway that responds to phosphate levels.

Conclusions

We have identified the putative phosphate transporter Pho&7 and the

high-affinity phosphate transporter Pho&4 as high copy suppressors of the

canavanine sensitivity of a strain containing appHO5-CAN1 promoter and a

dominant PHO81° mutation. Overexpression of PHO87 also partially suppresses

the constitutive PHO5 expression and phosphate uptake defects of a pho&4A, as

well as the inability of a pho&4A to grow on low phosphate plates. These results

suggest that the constitutive PHO5 expression phenotype of both the PHO81°

and pho&4A can be suppressed by increasing the amount of phosphate taken up

by the cell. Since expression of PHO5 in a pho&4A requires PHO81, these results

also suggest that PHO81 activity itself can, either directly or indirectly, be

affected by the amount of phosphate taken up by the cell. This affect on PHO81

activity could occur through a signaling function carried out by both PHO87 and

PHO84, or could be the result of a signal generated by the intracellular

concentration of inorganic phosphate or a metabolite of phosphate. We favor the

second model because other experiments have shown that the constitutive PHO5

expression phenotype of a pho&4A can be suppressed by expression of phosphate

transporters from other organisms and a completely unrelated pea apyraseº. It

seems unlikely that all of these proteins can function as signalers, whereas it is

quite clear that they all lead to an increase in phosphate uptake, suggesting that
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the constitutive expression of PHO5 in a pho&4A is due to a defect in phosphate

uptake and a low level of intracellular phosphate or a metabolite of phosphate.

The selection we performed did not identify other candidates for

regulators of PHO81". Suppression of PHO81° by overexpressing PHO87 and

PHO84 is weak, and we postulate that suppression works indirectly through

increasing the intracellular concentration of inorganic phosphate, so it may be

that whatever directly regulates Pho&1 activity may be difficult to identify

through genetic means. If inorganic phosphate or a metabolite of phosphate is

directly responsible for affecting Pho&1 activity, a biochemical assay to regulate

PhoS1 is more likely to be fruitful. It is also possible that the PHO81° mutant

mimcs a low phosphate activation of PHO81 in high phosphate. If this is true,

one would predict that whatever is responsible for activation of PHO81 would be

required for induction of PHO5 and would have been identified in the original

screen looking for mutants that are uninducible”. However, if the activity is

essential for growth or is redundant with another activity, the uninducible screen

that was performed would not identify it.
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SD - Ura SG-Ura SD - Ura + SG - Ura +

50 pig ml–1 50 pig ml–1
canavanine canavanine

Figure 1 - Suppression of the canavanine sensitivity
phenotype of the PHO810 strain containing
the ppHO5-CAN1 reporter (EY438).
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SD - Ura + SG - Ura + SD - Ura + SG - Ura +

50 pig ml-1 50 pig ml-1 50 pig ml-1 50 pig ml-1
canavanine canavanine canavanine canavanine

Figure 2 - High level expression of Phob7 does not suppress
the canavanine sensitivity of a phoö0's phoö1A strain (EY696).
Low level expression of PHO80 from the GAL1-10 promoter
on dextrose leads to suppression of the canavanine
sensitivity at 30, C.
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Plasmid Empty Gal-PhO87 Empty
Vector Vector

rz sº º: *:
tº . Fº

--
º *

-
*

Galactose

º

Dextrose * -

*

Strain WT phoö4A phoö4A

Figure 3- High level expression of Phob7 partially suppresses
the constitutive expression of PhoS in a phoö4A.
Phosphatase plate assay to measure PhoS expression
using the strains and plasmids indicated. Plates //
contain high concentrations of phosphate. Darker

-

cells are expressing PhoS. * -
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All cells must respond to changing environmental conditions. Single cell

animals face the constant challenge of obtaining sufficient energy for growth and

therefore must be able to adapt to the presence or absence of essential nutrients

in their environment. The study of how microorganisms respond to changing

levels of nutrients in their environment helps us understand many aspects of

basic cellular biology.

The ways in which the budding yeast Saccharomyces cerevisiae responds to

the presence or absence of inorganic phosphate in the media has taught us many

things about signal transduction, intracellular protein transport, transcription,

and nutrient metabolism. Recent advances have begun to elucidate the global

cellular response to phosphate starvation and refined our view of the specific

protein-protein interactions that form the signal transduction pathway

responsible for adapting to changing extracellular phosphate levels.

The work in this thesis was aimed at understanding the function and

regulation of four proteins that play critical roles in the response to phosphate

starvation: the transcription factor Pho4, the cyclin-CDK complex Pho&0-Pho&5,

and the CDK inhibitor PhoS1. The work has helped us understand how Pho&0-

PhoS5 phosphorylates Pho4 on a detailed level and ruled out a number of ways

in which Pho&1 activity could be regulated in response to phosphate levels.

There are many interesting questions that remain to be answered and several

useful reagents and techniques have been generated during this work that

hopefully will help find the answers.

Phosphorylation of Pho4 by Pho&0-PhoS5 is semi-processive and the

kinase exhibits site preference, phosphorylating se SP6 first more than 50% of

the time, and phosphorylating site SP2 or SP3 last 90% of the time. The
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implications for the regulation of Pho4 in vivo are clear, namely that site

preference would help to quickly inactivate Pho4 even when it is in the nucleus

and lead to export of Pho4 only when it completely phosphorylated.

Several new questions arise from the conclusions of the kinetic analysis of

Phoq phosphorylation. Most importantly, we must determine whether Pho&0-

Pho&5 phosphorylates Pho4 the same way in vivo as it does in vitro. Only then

will we be able to say what effect the phosphorylation mechanism has on

regulation and activity of Pho4. One way to do this would be to inhibit a Pho&5

mutant kinase in vivo with specific chemical inhibitors (the Shokat method),

radioactively label the cells with inorganic phosphate, then remove the inhibitor

and follow Pho4 phosphorylation using immunoprecipitation and isoelectric

focusing. The goal of this experiment would be to see if the kinetics of Pho4

phosphorylation in vivo are similar to the kinetics in vitro. Tryptic

phosphopeptide mapping of the phosphoforms generated in vivo could

determine if site preference also exists in vivo. Another way to determine if site

preference exists in vivo is to make phosphopeptide antibodies which will

specifically recognize SP1, SP2, SP3, SP4, and SP6. This experimental approach

has the advantage that wild-type cells can be grown in high and low phosphate

without the inconvenience of using mutants and radioactive label. These

antibodies could also assess the site preference in vivo and in vitro for SP1 and

separate SP2 and SP3, things which cannot be done using the current tryptic

phosphopeptide mapping technique.

The issue of how site preference is achieved could be addressed through

crystallization of Pho&0-Pho&5 and Pho4. While this experiment is easy to

propose, it may be difficult to get it to work. The purity and quantity of the
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recombinant proteins are not an issue, and only time will tell if these proteins are

amenable to crystallization.

While it seems unlikely that the local sequence around the

phosphorylation sites affects site preference, the peptide experiments could be

misleading since the peptides are such poor substrates. Changing the local

sequence around the sites in the context of the full length protein could shed

light on this issue. A related issue is how binding of Pho4 to Pho&0-Pho&5 leads

to semi-processive activity and site preference. If the high-affinity binding site(s)

on Pho4 and Pho&0 were identified, they could be removed and placed in

different regions of the proteins. If the high-affinity binding sites can be

transferred without significant effects on the semi-processive activity and site

preference of Pho&0-PhoS5, it would suggest that there is no specific orientation

in which Phoa must bind, and that a high local concentration effect is largely

responsible for the way in which Pho4 is phosphorylated.

One outcome of this thesis is that it generated reagents and techniques

that can be useful for studying other protein kinases and their substrates. The

realization that we can make large quantities of active recombinant Pel-Pho&5

kinases in E. coli has changed the types and number of experiments we can do.

Efforts are underway to produce all ten of the Pel-Pho&5 kinases. These purified

proteins can be used to look for specific substrates, for crystallography, and for

elucidating how the cyclin subunit determines specificity for substrates and

inhibitors. Once specific substrates have been identified, IEF gels and tryptic

phosphopeptide mapping can be used to analyze how they are phosphorylated.

Not many CDK substrates have been identified, let alone analyzed in the detail

that Pho4 has been analyzed. The work in this thesis builds upon and pushes
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forward our understanding of how a cyclin-CDK complex phosphorylates a

specific substrate.

The function and regulation of the CDK inhibitor Pho&1 remains one of

the biggest problems to be solved. Our work here has ruled out several simple

possibilities that could have explained why Pho&1 only inhibits Pho&0-Pho&5

when cells are starved for phosphate. We cannot detect any other proteins

bound to kinase complexes that have a 5-fold difference in Pho4 kinase activity.

While this does not rule out the possibility that another protein is involved in the

regulation of the PhoS0-Pho&1-Pho&5 complex, more complicated experiments

will have to be done to address this issue. Pho&1 does not seem to be regulated

by proteolysis or subcellular localization. The purified recombinant proteins that

were used in this thesis have been useful reagents for determining how Pho81

binds to Pho&0-Pho&5 and could help determine the mechanism of inhibition of

PhO81.

Pho81 localizes to the nucleus, cytoplasm, and plasma membrane.

Interestingly, localization of Pho&1 to the nucleus requires Pho&0. We

demonstrated that Pho&0 probably has an NLS of its own which targets it to the

nucleus whereas Pho&1 must bind to Pho&0 before it can be imported into the

nucleus. It may be interesting in the future to identify the NLS on Pho&0 and the

importin family member that is requires to import Pho&0 into the nucleus. It will

be interesting to test the effect of targeting PhoS0 to the cytoplasm on regulation

of Pho4 activity.

Two reasons this mode of Pho&1 import into the nucleus may be

important are that PhoS1 may have other functions in the cytoplasm and at the

plasma membrane and therefore cannot all be targeted to the nucleus, and that
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localization of too much PhoS1 to the nucleus leads to inappropriate expression

of PHO5, and by inference inhibition of Pho&O-Pho&5, in high phosphate. Future

experiments could be aimed at understanding what the other potential functions

of Pho&1 are, perhaps through identifying what proteins or lipids Pho&1 interacts

with at the plasma membrane.

There are many experimental approaches that could be used to try and

understand the function and regulation of Pho&1. 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 Pho&0-Pho&5

activity in a PhoS1 dependent manner. This assay has the advantage that the

activity can be redundant with another activity or non-proteinaceous and the

assay could still identify it. Identifying covalent modifications on Pho&1, Pho&0,

or Pho&5 would be a big step toward understanding which protein is regulated

and how. Mass spectrometry and IEF gels could address this issue. Many

genetic screens have been done and more complicated approaches are going to

have to be used if genetic experiments are going to shed light on this issue.

In summary, the work we have done helps us understand in more detail

how yeast sense and respond to inorganic phosphate in the environment. There

is much more that is unknown. Hopefully, the results, reagents, and techniques

generated in this thesis will provide a springboard for future experiments and

discovery.
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