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Regulation of the yeast high-affinity phosphate transporter

Pho&4p

Walter Lau

Abstract

All cells must respond appropriately to changes in their environment. When

budding yeast S. cerevisiae is starved for phosphate, it increases its chance of survival by

upregulating the activity of a high-affinity phosphate transporter, Pho&4p, to increase its

capacity to extract phosphate from the environment. PHO84 is among the phosphate

reponsive genes whose expression is regulated by a signal transduction cascade, the PHO

pathway, in response to extracellular phosphate levels. Interestingly, PHO84 is the most

upstream gene in the PHO pathway and is required for repression of other phosphate

responsive genes such as PhoSp, the secreted acid phosphatase.

This thesis has focused on the study of the regulation of Pho&4p and its function

in the PHO pathway. We seek to understand how the activity of Pho&4p is regulated in

response to phosphate levels and to identify factors that are involved in signaling

transcriptional repression of phosphate-responsive genes. We have demonstrated that the

intracellular localization of Pho&4p is directly regulated in response to extracellular

phosphate levels. It is localized to the plasma membrane in low-phosphate medium and

to the vacuole in phosphate-rich medium. We have determined that this post

translational regulation of Pho&4p is a consequence of regulated endocytosis, and is

independent of the genes required for PHO84 transcription. We have also identified
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novel factors that are required for repression of the phosphate-responsive gene, PHO5,

and among them, we have discovered that Pmalp and Pho86p are also required for the

function of Pho&4p in vivo. Pmalp is required to provide a proton gradient for phosphate

uptake activity of Pho84p at the plasma membrane, whereas Pho&6p is required for the

exit of Pho&4p from the endoplasmic reticulum (ER). Vesicle packaging experiments in

vitro demonstrate that Pho&6p is an ER resident protein that is required for packaging of

Pho84p into COPII vesicles.
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Chapter 1

Introduction



One of the most fundamental questions in cell biology is how cells sense

and respond to extracellular signals. Cells may respond by increasing the rate of

transcription of specific genes, by regulating the activity of specific proteins, or

by controlling the specific localization of proteins to destined intracellular

compartments. We have used the baker's yeast S. cerevisiae as a model system to

study different aspects of cellular response to signals from environment. We

have investigated a signal transduction cascade (the PHO pathway) that is

important for regulating gene expression in response to changes in the levels of

extracellular inorganic phosphate. This dissertation focuses on the study of a

high-affinity phosphate transporter, Pho&4p, and its function in the PHO

pathway. It attempts to address three questions:

1) How is Pho&4p activity regulated in response to extracellular phosphate

levels?

2) How is Pho&4p targeted to the plasma membrane?

3) What is the role of Pho&4p in the PHO pathway in regulating expression

of phosphate-responsive genes, particularly its role in phosphate sensing

and signal transduction?

The Phosphate-Responsive Signal Transduction Pathway in S. cerevisiae (the

PHO Pathway)

Phosphate is the third most abundant nutrient required for cells, only

behind carbon and nitrogen, and it is involved in innumerable cellular processes.

Phosphate compounds serve as major building blocks of cellular structures. For

instance, nucleotides are joined together by phosphodiester linkages to form

nucleic acids, and phospholipids are the major constituents of cell membranes.



Phosphorylation is the predominant strategy used to control the activity of

proteins and signal transduction cascades in eucaryotic cells. Moreover,

hydrolysis of the high-energy phosphoanhydride bonds of nucleotides provides

the energy needed to drive many important cellular reactions.

Phosphate metabolism involves numerous metabolic pathways. These

pathways are interdependent, and yet, some will become more important to cells

under different growth conditions. For example, some pathways of phosphate

metabolism may be of importance for scavenging or transporting phosphate

from the environment for survival under conditions of phosphate starvation,

whereas others may be important for biosynthesis under nutrient rich conditions.

Under conditions of excess carbon or limiting biosynthetic capacity, storage of

high-energy phosphate compounds becomes a priority. Cells are able to detect

changes in the environment and adapt their internal machinery accordingly. As

a result, some pathways may assume more active roles than others in response to

environmental changes.

It was discovered that a specific set of genes are regulated

transcriptionally by changes in the extracellular levels of inorganic phosphate

(Oshima, 1997). Genes in this pathway are induced when inorganic phosphate is

limiting and repressed when phosphate is abundant. One of these genes encodes

a secreted acid phosphatase, PhoSp. Through genetic screens assaying PhoSp

activity, Oshima and colleagues identified many factors that regulate the

expression of the phosphate-responsive genes (Bun-ya et al., 1996; Toh-e et al.,

1973; Ueda et al., 1975). PHO2, PHO4, and PHO81 are required to induce

expression of PHO5 in response to phosphate starvation, whereas PHO80,

PHO85, PHO84, and PHO86 are required for repression of PHO5 transcription in



high-phosphate conditions. These genes were ordered into a genetic signal

transduction pathway, the PHO pathway, by epistatic analysis. In recent years,

progress has been made in developing a detailed molecular understanding of the

signal transduction pathway (Kaffman et al., 1994; O'Neill et al., 1996). The

transcriptional regulation of phosphate-responsive genes is achieved by the

controlling of the activity of a transcription factor, Pho4p. When yeast cells are

grown in phosphate-rich medium, Pho4p is phosphorylated by a cyclin/cyclin

dependent kinase (CDK) complex, Pho&0p-Pho&5p. Phosphorylation of Pho4p

results in its localization to the cytoplasm, and transcription of phosphate

responsive genes is repressed. When yeast cells are starved for phosphate, the

Pho&Op-Pho&5p cyclin-CDK complex is inactivated by the CDK inhibitor Pho&1p.

Under these conditions, unphosphorylated Pho4 accumulates in the nucleus,

where it activates transcription of phosphate-responsive genes together with

another transcription factor, Pho2p. However, it is still not known where the

phosphate signal is generated, nor how the signal results in regulation of the

activity of the Pho&Op-Pho&5p cyclin-CDK complex.

The Phosphate Uptake System in S. cerevisiae

In the late 70s and early 80s, kinetic studies of phosphate uptake on live

yeast cells identified two different phosphate transport processes in yeast S.

cerevisiae: the high-affinity system and the low-affinity system. The high-affinity

system consists of at least two high-affinity phosphate transporters, and their

activities are induced in the presence of low extracellular phosphate levels. The

activities of the two high-affinity transporters can be separated kinetically

because they demonstrate very different properties (Borst-Pauwels, 1981). One



high-affinity transporter is a proton-phosphate symporter that reaches maximum

activity at pH 4.5 with a Km of 10 M, whereas another transporter is a sodium

phosphate symporter that reaches maximum activity at pH 9.5 with a Km of 1

_M. In contrast, the low-affinity system was observed to be constitutively

active, independent of extracellular phosphate levels. The low-affinity

phosphate transporter is a proton-phosphate symporter with a Km of

approximately 1 mM.

The phosphate uptake system in yeast displays great functional similarity

to those of other microorganisms such as other fungi and bacteria. Kinetic

studies in the fungi Neurospora crassa and Candida tropicalis (Borst-Pauwels, 1981)

and in the bacterium Escherichia coli (Wanner, 1996) indicate that there are two

modes of phosphate uptake; a high-affinity system that is regulated in response

to extracellular phosphate levels, and a low-affinity system that acts

constitutively. This similarity is remarkable considering that the phosphate

transporters in fungi do not share sequence homology to bacterial transporters.

The phosphate uptake systems in these microorganisms were identified because

of their ability to transport phosphate analogs. The phosphate transporter, the

pit system in E. coli, for example, was identified by its ability to transport

arsenate, a phosphate analog. E. coli strains lacking the pit system are resistant to

arsenate (Elvin et al., 1986; Willsky and Malamy, 1980). The high-affinity

phosphate transporter in the fungus Neurospora crassa was identified because of

its ability to transport vanadate, which is a potent inhibitor of the plasma

membrane ATPase in alkaline media (Bowman et al., 1983). Mutations in the

high affinity transporter cause resistance to vanadate in the medium.



Interestingly, the transporters in the high-affinity phosphate uptake

system of S. cerevisiae were not identified this way. Similar screens in S. cerevisae

did not result in identification of phosphate transporters. PHO84, the gene

encoding the proton phosphate symporter, was cloned because it is required for

the transcriptional repression of PHO5 (Bun-Ya et al., 1991). Recently, thanks to

the development of the S. cerevisiae genome database, PHO89 was cloned based

on its homology to PHO-4, the gene encoding the high-affinity sodium

phosphate symporter in N. crassa (Martinez and Persson, 1998). The gene(s)

responsible for the low-affinity phosphate uptake system in S. cerevisiae or N.

crassa have yet to be identified.

Transcription of the High-Affinity Phosphate Transporters Is Regulated by the

PHO Pathway

Expression of both PHO84 and PHO89 are regulated in response to

extracellular phosphate levels (Bun-Ya et al., 1991; Martinez and Persson, 1998).

Inspection of the promoters of both PHO84 and PHO89 reveals that they contain

multiple binding sites for the transcription factor Pho4p. Transcription of PHO84

is defective in pho24, pho4A and pho&1A strains, but is constitutively turned on in

a strain lacking PHO80, indicating that transcription of PHO84 is under the

control of the PHO pathway (Bun-Ya et al., 1991). Whether transcription of

PHO89 is also under the control of the PHO pathway remains to be clarified.

Pho&4p: Function, Regulation and Secretion

Pho&4p is widely conserved in fungi and higher plants, such as N.

crassa(Versaw, 1995), the mycorrhizal fungus Glomus versiforme (Harrison and



van Buuren, 1995) and the higher plant Arabidopsis thaliana (Mitsukawa et al.,

1997; Muchhal et al., 1996). Pho&4p is a well-characterized proton phosphate

symporter that mediates accumulation of phosphate in response to the

electrochemical gradient of protons. When purified from E. coli and

reconstituted into proteoliposomes, Pho&4p displays kinetic properties and

catalytic activity similar to the high-affinity phosphate transporter observed in

intact yeast cells (Berhe et al., 1995). The activity of recombinant Pho&4p requires

a proton gradient and is inhibited by an energy uncoupler CCCP, which can

prevent the buildup of a pH gradient. The activity of Pho&4p also depends on

pH in vivo. We have isolated a mutation in PMA1, which encodes a plasma

membrane ATPase, in which the high affinity phosphate transport is impaired,

suggesting that Pma1p may be required for Pho&4p function in vivo (Chapter 2).

Pho84p belongs to a family of sugar transporters that display a similar

predicted secondary structure (Bisson et al., 1993). Members of this family

contain twelve putative membrane-spanning regions with several conserved

motifs. Studies of these homologues may provide some insight into Pho&4p

function and regulation. One of the most studied examples is a human

erythrocyte sugar transporter, GLUT1. Mechanistic studies of GLUT1 suggest

that the glucose transporter is a GLUT1 homotetramer (Zottola et al., 1995).

Whether the in vivo function of Pho&4p requires oligomerization remains to be

studied.

The regulation of a number of yeast nutrient transporters that are similar

to Pho&4p has been studied. Some transporters, such as Itrip (Lai et al., 1995),

Hxtóp and Hxt7p (Krampe et al., 1998), undergo substrate-induced inactivation

whereas others, such as a galactose transporter Gal2p (Horak and Wolf, 1997)



and a maltose transporter Maló1p (Medintz et al., 1996), undergo glucose

induced inactivation. Detailed studies reveal that both processes are due to

ligand-induced endocytosis, followed by degradation in the vacuole. In some

cases ubiquitination is reported to be required for transporter endocytosis. We

have studied the post-translational regulation of Ph34p by extracellular

phosphate levels. We have observed that Pho&4p is endocyosed to the vacuole

from the plasma membrane in the presence of high levels of inorganic phosphate

in the medium (Chapter 3). This observation has been confirmed by

independent studies in other labratories (Petersson et al., 1999).

It has been observed that derepression of some of the high affinity

nutrient transporters requires a functional secretory pathway. For example
temperature sensitive mutations in the secretory pathway result in loss of high

affinity glucose transport activity at the restrictive temperature. Moreover,

accessory proteins have been identified that target transporters to the plasma

membrane or that function in an early stage of the secretory pathway. For

example, Gsf2p is required for the exit of the glucose transporter Hxt1p from the

endoplasmic reticulum (ER) (Sherwood and Carlson, 1999). We have studied the

movement of Pho&4p through the secretory pathway, and we have demonstrated

that Pho&6p, previously thought to be a phosphate transporter, belongs to a class

of resident ER proteins. We have shown that Pho&6p facilitates the loading of

Pho&4p into transport vesicles (Chapter 3). It is possible that there exist

mechanisms to ensure efficient ER exit of different cargoes under certain

physiological conditions and that the sorting of cargoes may be regulated by

nutritional conditions.



Other Genes Function in the PHO Pathway

It has been proposed that the high-affinity phosphate transport system in

yeast may consist of a complex of proteins in vivo that includes Pho&4p, Pho&6p,

PhoS7p and PhoS8p. This model was based on the observation that both deletion

and overexpression of PHO86 and PHO88 were shown to result in defects in

high-affinity phosphate uptake. Both PHO86 and PHO87 were identified in a

screen for arsenate resistant mutants that were also defective in PHO5 repression

(Yompakdee et al., 1996a). PHO88 was identified in a screen for genes that could

turn on PHO5 constitutively when overexpressed in a strain containing

overexpressed Pho&1p. Deletion of PHO87 does not result in obvious

phenotypes, probably because of the functional redundancy of the two Pho&7p

homologues in yeast. Both Pho&6p and PhoS8p are novel proteins, and are

shown to be associated with membranes, probably through their two predicted

transmembrane domains. Pho87p is also predicted to be a membrane protein,

with twelve transmembrane domains.

Our studies indicate that both Pho&6p and PhoS8p are localized to the ER

and overexpression of either gene also results in the retention of Pho&4p in the

ER, suggesting that PhoS8p may have a function similar to that of Pho&6p. The

function of Pho&7p has not been identified.

Phosphate sensing and phosphate signaling

In high-phosphate medium, transcriptional repression of phosphate

responsive genes requires activation of the kinase activity of the Pho&0p-Pho&5p

cyclin-CDK complex. However, it is not known how phosphate levels are sensed

and subsequently transduced to activate the Pho&0p-Pho&5p complex. PHO84 is



at the top of the PHO pathway, and it is required for the transcriptional

repression of phosphate-responsive genes; pho&4 mutants express phosphate

responsive genes constitutively. It is not known whether Pho&4p itself is a

phosphate sensor.

In yeast, it has been suggested that proteins from the same family of sugar

transporters could act as sensors. In the pathway of glucose metabolism, Snf3p

senses low extracellular glucose levels whereas Rgt2p senses high concentration

of glucose (Ozcan et al., 1996). However, Pho&4p lacks C-terminal cytosolic

domain found in Snf3p and Rgt2p, and this C-terminal domain appears to be

able to stimulate glucose signaling without being tethered to the membrane.

Recent reports have also implicated two amino acid permeases, Mep2p and

Ssy1p, in signal transduction and sensing (Klasson et al., 1999; Lorenz and

Heitman, 1998). Mep2p was proposed to be involved in the signal transduction

pathway that regulates pseudohyphal growth in response to ammonium

starvation, and Ssy1p was proposed to be able to sense external levels of amino

acids. Ssy1p also has a long N-terminal extension. In E. coli it has been

demonstrated that a phosphate transporter also functions as a phosphate sensor.

The E. coli PstA protein, a component of the phosphate transporter, is thought to

play a role in signaling as well as in transport, since a mutation in PstA results in

a defective phosphate uptake system but is able to appropriately regulate

expression of phosphate-responsive genes (Cox et al., 1988). The role of the yeast

high-affinity phosphate transporter Pho&4p in phosphate sensing still needs to be

resolved.
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ABSTRACT

In the yeast Saccharomyces cerevisiae transcription of a secreted acid

phosphatase, PHO5, is repressed in response to high concentrations of

extracellular inorganic phosphate. To investigate the signal transduction

pathway leading to transcriptional regulation of PHO5, we carried out a genetic

selection for mutants that express PHO5 constitutively. We then screened for

mutants whose phenotypes are also dependent on the function of PHO81, which

encodes an inhibitor of the Pho&0p-Pho&5p cyclin-cyclin dependent kinase

complex. These mutants are therefore likely to impair upstream functions in the

signaling pathway, and they define five complementation groups. Mutations

were found in a gene encoding a plasma membrane ATPase (PMA1), in genes

required for the in vivo function of the phosphate transport system (PHO84 and

PHO86), in a gene involved in the fatty acid synthesis pathway (ACC1), and in a

novel, non-essential gene (PHO23). These mutants can be classified into two

groups; pho&4, pho&6 and pma1 are defective in high affinity phosphate uptake,

whereas acc1 and pho23 are not, indicating that these two groups of mutants

cause PHO5 constitutive expression by distinct mechanisms. Our observations

suggest that these gene products affect different aspects of the signal

transduction pathway for PHO5 repression.
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All cells must respond appropriately to changes in their environment.

When microorganisms are limited for nutrients, they respond by regulating
expression of genes important for survival. In the yeast Saccharomyces cerevisiae,

transcription of a secreted acid phosphatase, PHO5, is regulated in response to

changes in the extracellular concentration of inorganic phosphate. PHO5

transcription is repressed in high phosphate medium and derepressed in low

phosphate medium.

A genetic pathway for PHO5 regulation has been established by Oshima

and colleagues (Oshima, 1982). PHO2, PHO4 and PHO81 are positive regulators

of PHO5; deletion of these genes results in an inability to induce PHO5 upon

phosphate starvation (Toh-e et al., 1973). Another set of genes, including PHO80,

PHO85 and PHO84, are required for PHO5 repression, and loss of function

mutations in these genes result in constitutive expression of PHO5 even in high

phosphate medium (Phoc phenotype) (Ueda et al., 1975).

In recent years, progress has been made in elucidating the molecular

mechanism of a signal transduction pathway leading to the transcriptional

regulation of PHO5 (Lenburg and O'Shea, 1996). PHO4 encodes a transcription

factor that is required for PHO5 expression (Toh-e et al., 1973). When yeast cells

are grown in high phosphate medium, Pho4p is phosphorylated by the Pho&Op

PhoS5p cyclin-cyclin dependent kinase (CDK) complex (Kaffman et al., 1994).

Phosphorylated Pho4p is localized predominantly to the cytoplasm (O'Neill et

al., 1996) and PHO5 transcription is repressed. When yeast cells are starved for

phosphate, the activity of the Pho&Op-Pho&5p cyclin-CDK complex is inhibited

by the CDK inhibitor (CKI) Pho&1p (Ogawa et al., 1995; Schneider et al., 1994).
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Under these conditions, Pho4p is unphosphorylated and localized to the nucleus

where it activates PHO5 transcription.

In high phosphate medium, repression of PHO5 transcription requires

inactivation of the CKI activity of Pho&1p. However, it is still not known where

the signal to repress PHO5 transcription is generated, nor how the signal results

in activation of the kinase activity of the Pho&Op-Pho&5p cyclin-CDK complex.

Loss of function mutations in PHO81 are epistatic to mutations in PHO84 in the

signal transduction pathway, suggesting that PHO84 functions upstream of

PHO81. Biochemical data are consistent with this model - Pho&4p is a

transmembrane protein required in vivo for high affinity phosphate uptake (Bun

Ya et al., 1991; Tamai et al., 1985) and recombinant Pho&4p expressed in E. coli is

capable of transporting phosphate in vitro when assembled into synthetic

phospholipid vesicles (Berhe et al., 1995). Whether Pho&4p is directly involved

in the signaling that leads to PHO5 repression is currently unclear.

In an effort to understand the signaling process for PHO5 repression, we

designed a genetic selection utilizing a PHO5-HIS3 reporter to identify genes that

function upstream of PHO81 and are required for PHO5 repression. Our strategy

was to isolate mutants which exhibit a Phoc phenotype that is also PHO81

dependent. Our goal was to identify components of the signal transduction

pathway required to prevent inhibition of the Pho&0p-Pho&5p complex by

Pho&1p in high phosphate medium. Loss of function mutations in these genes

should cause accumulation of unphosphorylated Pho4p in the nucleus in high

phosphate medium as a result of inhibition of Pho&Op-Pho&5p kinase activity by

Pho&1p. We have determined that mutations in five genes (PHO84, PHO86,
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PMA1, ACC1 and PHO23) result in constitutive PHO5 expression in a PHO81

dependent manner. Mutations in PMA1, ACC1 and PHO23 have not been

reported previously to confer a Phoc phenotype. Analysis of these mutants

indicates that these genes are likely to affect different aspects of the signaling

pathway. Possible mechanisms for the action of these gene products in the

phosphate repression signaling pathway are discussed.

MATERIALS AND METHODS

Yeast strains, plasmids, media and genetic methods: Yeast strains used in this

study are described in Table 1. Our yeast strains are derived from K699 or have

been crossed into the K699 genetic background (Schwob and Nasmyth, 1993).

Plasmids are listed in Table 2. Standard yeast media are as described (Ausubel et

al., 1993). Low phosphate medium is phosphate depleted medium (O'Connell

and Baker, 1992). No phosphate medium is synthetic medium consisting of yeast

nitrogen base lacking inorganic phosphate. Yeast nitrogen base lacking

inorganic phosphate is made with components described in the DIFCO Manual,

except that potassium phosphate is substituted with the same amount of

potassium chloride. Uptake medium consists of no phosphate medium

containing 10 mM potassium acetate to buffer it to pH 4.2, or 10 mM potassium

citrate to buffer it to pH 3.0. Media supplemented with fatty acids were

prepared by adding 1% Tween 40 (v/v) with 0.05% (w/v) of palmitic acid.

Crossing, sporulation, and tetrad analysis were done by standard genetic

methods (Sherman et al., 1978). Yeast cells were transformed by the lithium
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acetate method (Ito et al., 1983) or by electroporation (Becker and Guarente,

1991).

Mutagenesis and isolation of novel PHO81-dependent Phoc mutants: The

PHO5-HIS3 reporter fusion was constructed as follows. The PHO5 promoter was

amplified using the polymerase chain reaction (PCR) from plasmid pm H313

(Han and Grunstein, 1988) with the following two primers: 5'-

G C G G A A TT C G A T C C G A A A G T T G CA - 3 ' a n d 5'-

TTAAGCTCTAATGGTTACCCTAGGGCG-3. The amplified product contains

nucleotides -550 to -1 of the PHO5 promoter, which includes the Phoqp and
Pho2p binding sites, and sites for three of four positioned nucleosomes that

undergo transitions in low phosphate medium (Almer and Horz, 1986). This

PCR fragment was cut with EcoRI and BamhI and subcloned into pKS314

(Sikorski and Hieter, 1989) to create pKS314-PHO5. The HIS3 open reading

frame and 3' untranslated region, a total of 1100 base pairs (bp), was amplified

using PCR from plasmid p)]217 (Jones and Prakash, 1990) with primers: 5'-

G C G G G A T C C A C A G A G C A G A A A G C C - 3 a n d 5'-

TCCCCGCGGATCACCACAACTAAC-3'. This amplified product was cut with

BamhI and SacII and cloned into pKS314-PHO5 to create plasmid pPHO5-HIS3.

Finally, nucleotides -460 to -110 of the 5' untranslated region of HIS3 were

amplified from plasmid p■ ]217 by PCR, with the following primers: 5'-

G C G G G G C C C C T G C A C G G T C C T G T T – 3 a n d 5'-

GCGGAATTCGAGTCATCCGCTAGG-3. This amplified product was cut with

ApaI and EcoRI and cloned into plasmid pPHO5-HIS3 to create plasmid pPHO5
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HIS3int. To integrate this fusion construct into the yeast genome, plasmid

pPHO5-HIS3int was cut with ApaI and SacII and the liberated 1.9 kilobase pairs

(kb) piece was gel-purified and transformed into a pho&0A strain (EY0486). The

net result of the targeted integration at the HIS3 locus was to delete most of the

HIS3 promoter and replace it with 525 bp of the PHO5 promoter. After selection

for stable transformants on SD -His, individual colonies were tested for the

integration of the construct at the HIS3 locus by colony PCR using primers 5'-

TTA A G CTCTA A T G GTT ACC CT AGGGCG-3' and 5'-

TTTAGCTTCTCGACGTGGGCCTTT-3'. A 950 bp product was produced from

cells that had undergone the integration event, but not from cells that contained

random insertions. The resulting strain was crossed to a wild-type strain

(EY0091). The heterozygous diploid was sporulated to generate the starting

strain for the selection, EYO100.

A logarithmically growing culture of strain EY0100 in YPD was washed

and resuspended in distilled water, mutagenized with UV to 33% survival, and

plated onto SD -His with the addition of 2 mM 3-amino-1,2,4-triazole. These

plates were incubated for four days at 25° in the dark. Colonies were picked and

patched onto YPD plates. The Phoc mutants were identified by assaying the

histidine prototrophs for constitutive PHO5 expression using acid phosphatase

plate assays (Toh-e et al., 1973) on rich medium. Recessive mutants were isolated

by mating the Phoº mutants to a wild-type strain (EY0183) and assaying the

resulting diploid strains for constitutive PHO5 expression. Mutations in genes

that were previously known to be required for PHO5 repression (i.e., PHO80,

PHO85, or PHO84) were identified by crossing the recessive mutants to a pho&0A
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pho&5A double mutant (EY0179) or a pho&4A mutant (EY0221) and analyzing the

resulting diploids for the Phoc phenotype using acid phosphatase plate assays.

Complementation tests among the remaining non-pho&0, non-phoö5 and non

pho&4 recessive Phoc mutants were performed by mating them to each other after

backcrossing. PHO5 expression was examined in these diploids by acid

phosphatase plate assays.

To test whether these novel recessive mutants are PHO81-dependent, we

crossed one mutant from each group to EYO150 (pho&1A::TRP1). The resulting

diploid cells were sporulated and the double mutant haploid cells were

identified from the non-parental ditype tetrads by examining PHO5 expression

in low phosphate medium.

Plasmid cloning: Each novel recessive PHO81-dependent Phoc mutant was

backcrossed at least three times to a wild-type strain. The Phoc phenotype

segregated 2:2 for each class, suggesting that the mutation resides in a single

gene. The wild-type versions of the genes containing the novel PHO81

dependent Phoc mutations were cloned by screening a centromere-based

(YCp50) yeast genomic library (a gift from A. MURRAY and K. HARDWICK) for

plasmids that were able to complement the Phoº mutant phenotype in acid

phosphatase plate assays. Since we found that the lithium acetate transformation

method was somewhat mutagenic and that our PHO81-dependent Phoc mutants

picked up suppressors or reverted at a fairly high rate, we transformed the DNA

library primarily by electroporation. Transformants were streaked to isolate

single colonies, which were patched and tested for plasmid dependence on 5
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FOA plates. Plasmids were then isolated from these transformants and

retransformed into the original mutant strains to test complementation.

Phosphate uptake assays: Phosphate uptake assays were performed with a

modification of a previously described procedure (Tamai et al., 1985). Phosphate

uptake was measured on whole cells. Yeast strains grown to log phase in

synthetic high phosphate medium were inoculated into no phosphate medium at

an optical density at 600 nm (OD600) of 0.1-0.2 and grown for 4-6 hours at 30°.

Cells were washed and resuspended in uptake medium at pH 4.5 or pH 3.0 to a

final OD600 of approximately 0.5-0.8, and incubated at 30° for 20 min before

uptake experiments were performed. The final external inorganic phosphate

concentration was adjusted to 10 HM and an appropriate amount of H33°PO4

(Dupont NEN Research Product) was added as radioactive label. The labeled

substrate was added to pre-warmed cells and samples were withdrawn at

different time intervals. Samples were filtered immediately through 0.8 pm

nitrocellulose membrane filters (Millipore) and washed twice with 5 ml of 100

mM KH2PO4. The amount of phosphate taken up by yeast cells was determined

by scintillation counting.

Quantitative studies of PHO5-GFP expression: Log phase yeast strains

harboring ppHO5-GFP (EB0180) were inoculated into SD -Ura or SD Low

Phosphate -Ura medium. The ppHO5-GFP plasmid was made by fusing the

PHO5 promoter (nucleotides -550 to -1 upstream of the ATG) in frame to the N

terminus of green florescent protein (GFP) (Chalfie et al., 1994), cloned into the
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URA3-marked vector pKS316 (Sikorski and Hieter, 1989). Emission at 510 nm

was measured following excitation at 395 nm of whole cells using a fluorometer

(Photon Technology International, Inc). The final emission was normalized to

the cell density as measured by OD600. Background fluorescence was

determined by using wild-type cells transformed with pKS316.

Pho4-GFP localization: paCPHO4-GFP (EB0347) consists of the PHO4 promoter

(nucleotides -323 to -1 upstream of the ATG) and the entire PHO4 coding region

fused in frame to the N-terminus of a GFP mutant (S65T) (Heim et al., 1995),

cloned into the UIRA3-marked vector prS316. p.ACPHO4-GFP was used to

transform different yeast strains. Localization of the fusion protein was

examined by direct fluorescence of live yeast grown in SD -Ura using an

Olympus BX60 microscope.

RESULTS

A genetic selection to isolate mutants that express PHO5 constitutively: To

identify novel factors that signal PHO5 repression, we designed a selection to

isolate mutants which express PHO5 constitutively (Fig. 1). Our starting strain

for this selection was his3::PHO5-HIS3 (EY0100), in which the promoter of the

HIS3 gene was replaced by the PHO5 promoter (see MATERIALS AND

METHODS). We demonstrated that HIS3 gene expression is subject to the same

regulatory control as the PHO5 gene in three ways. First, in high phosphate

medium this strain was a histidine auxotroph, whereas in low phosphate
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medium it was a histidine prototroph. Second, in high phosphate medium, a

his3::PHO5-HIS3 pho&0A strain was a histidine prototroph. Third, a his3::PHO5

HIS3 pho2A strain was a histidine auxotroph (data not shown). Thus, the ability

to grow in the absence of histidine reflects PHO5 expression in the strain

his3::PHO5-HIS3.

To carry out the selection for Phoº mutants, we plated approximately one

million live, mutagenized yeast cells on SD-His plates containing aminotriazole.

A total of 420 colonies of heterogenous sizes grew and 167 of 420 conferred

unambiguously the constitutive PHO5 expression phenotype. The Phoe

phenotype was scored by the acid phosphatase assay in which a chromagenic

phosphatase substrate, -naphthylphosphate, was applied in an agar overlay;

yeast strains expressing PHO5 turn red by these assays (Toh-e et al., 1973). We

determined that 81 mutants contain dominant Phoc mutations. Among the

remaining 86 recessive mutants, we recovered 24 alleles of either PHO80 or

PHO85, 44 alleles of PHO84, and 18 alleles of mutations in genes not previously

identified in the screen of Ueda et al. (Ueda et al., 1975). These 18 novel PhoS

mutants fall into eight complementation groups. Mutants in four of these

complementation groups also had a slow growth phenotype at 16°. Genetic

analysis has revealed that the mutation that causes the cold sensitive (cs)

phenotype is in each case tightly linked to the Phoc mutation.

Four novel recessive Phoc mutant groups are PHO81-dependent: To

distinguish genes involved in the signaling process from those affecting other

aspects of PHO5 regulation (e.g., transcriptional repression), we analyzed the
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epistatic relationship between pho&1 and the novel Phoc mutant classes. We

reasoned that a pho&1 mutant should be epistatic to mutants defective in the

signaling process (see also DISCUSSION); in these mutant strains deletion of the

PHO81 gene should result in Pho4p being localized to the cytoplasm and an

uninducible PHO5 expression phenotype. Double mutants of pho&1 and novel

Phoc mutants were generated (see MATERIALS AND METHODS) and

examined for PHO5 expression and Pho4-GFP localization. Four

complementation groups showed a PHO81 dependence for PHO5 expression and

Pho4-GFP localization. Each of the four groups contains only one mutant allele,

namely wk29, whl53, wk196 and wk383. Mutants whº 9, wk153 and wk196 also

have a slow growth phenotype at 16°.

We measured PHO5 expression in these four PHO81-dependent mutants

in high phosphate medium in two ways. We first used acid phosphatase plate

assays and the color intensity of different Phoc mutant strains as an indicator of

the level of PHO5 activity (Fig. 2A and 2C) (Toh-e et al., 1973). Then, to better

quantitate PHO5 expression, we measured PHO5 promoter activity using a

ppHO5-GFP construct in which the PHO5 promoter was fused to the green

fluorescent protein (GFP) (EB0180) (Fig. 2B and 2D). The strength of the PHO5

promoter was measured by GFP fluorescence at 510 nm (see MATERIALS AND

METHODS).

Results from these two methodologies show strong correlation; mutants

with a stronger PhoS phenotype (darker color) have a higher fluorescent

emission at 510 nm. Figures 2A and 2B demonstrate that the four novel PHO81

dependent mutants express PHO5 constitutively, but to different degrees.
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Among the four PHO81-dependent complementation groups harboring ppHO5

GFP, whl53, which confers the strongest Phoc phenotype, emits a GFP

fluorescence at 510 nm approximately 5- to 8-fold above that of a wild-type

strain. whºl96 and wk29 are of an intermediate Phoc phenotype and emit GFP

fluorescence approximately 3-fold above wild type whereas wk383, which

confers the weakest Phoc phenotype, emits GFP fluorescence approximately 2

fold above wild type (Fig. 2B).

To examine PHO5 expression in double mutants of pho&1A and the novel

recessive Phoc mutants, we performed acid phosphatase plate assays and GFP

fluorescence assays in low phosphate medium, as shown in Figures 2C and 2D

respectively. Only the results of the PHO81-dependent mutants are shown. A

pho&0A pho&1A double mutant strain was included as a control for PHO5

expression in low phosphate medium, since PHO80 is a gene known to function

downstream of PHO81. Similarly, a pho&4A pho&1A double mutant strain was

also included as a control because pho&1 is epistatic to pho&4. The four mutant

groups show a phenotype similar to that of pho&4A pho&1A, indicating that pho&1

is epistatic to these novel Phoc mutants and that they are likely to define genes

that function upstream of PHO81. The four complementation groups whose

Phoc phenotype is independent of PHO81 were not analyzed further in this

study.

We next used the localization of Pho4-GFP in high phosphate medium to

monitor the PHO81-dependence of our Phoc mutants. The localization of Pho4p

has been characterized previously (O'Neill et al., 1996). In both wild-type and

pho&1A strains, Pho4-GFP is localized to the cytoplasm in high phosphate
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medium. In mutants that express PHO5 constitutively, such as pho&4A, Pho4

GFP is localized exclusively to the nucleus. However, in the double mutant

pho&4A pho&1A, Pho4-GFP is again localized to the cytoplasm because pho&1 is

epistatic to pho&4. In contrast, in a pho&0A pho&1A strain, Pho4-GFP is localized to

the nucleus because pho&0 is epistatic to pho&1. Thus, the epistatic relationship

between the PhoS mutants and pho&1 can be easily studied using this assay. In

the mutant wk153, Pho4-GFP is localized exclusively to the nucleus, while in

wk29, Pho4-GFP is localized both to the nucleus and to the cytoplasm. It should

be noted that this result is correlated with the observation that wklä3 expresses

more GFP when harboring the ppHO5-GFP construct and has higher acid

phosphatase activity in high phosphate medium than wk29, consistent with the

model that the concentration of nuclear Pho4p modulates the level of PHO5

expression. In contrast, in the double mutants whl53 pho&1A and wk29 pho&1A,

Pho4-GFP is predominantly cytoplasmic, indicating that pho&1 is epistatic to

wk153 and wk29. Thus, the Pho4-GFP localization is consistent with both the

results from acid phosphatase plate assays for PHO5 expression and the PHO5

GFP fluorescence assays, and confirms that pho&1 is epistatic to wk153 and wk29.

The Pho4-GFP localization analysis in wk196 and wk383 is very similar to that of

wk29 (data not shown).

The novel PHO81-dependent Phoc mutations represent alleles of PHO86,

PMA1, ACC1 and PHO23: During our mutant characterization, Yompakdee et

al. (1996) reported the isolation of a novel mutant that expresses PHO5

constitutively, pho&6-1, based on a screen for arsenate resistant mutants. Pho&6p
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is a membrane protein with two putative transmembrane domains (Yompakdee

et al., 1996) and has no homology to other proteins. Based on the following

observations we conclude that wk153 is an allele of PHO86. First, wk153 failed to

complement the Phoc phenotype of a pho&6A:TRP1 strain (EY0404). Second,

after the diploid resulting from the cross of wk153 and EY0404 was sporulated,

the mutation that caused the 16° slow growth phenotype segregated away from

Trpit spores, indicating that this mutation in wk153 was tightly linked to the

PHO86 locus. Third, a low copy plasmid expressing PHO86 (a gift from NOBUO

OGAWA) was able to complement both the PHO5 constitutive phenotype and the

16° slow growth phenotype of wklä3. We therefore referred to wk153 as pho&6-

153.

To clone the remaining PHO81-dependent genes, we determined which

genes could complement the PHO5 constitutive expression phenotype of each

mutant by screening a low copy yeast genomic library (see MATERIALS AND

METHODS). Both the Phoc and the slow growth phenotype at 16° of the wklS6

mutant were complemented by two plasmids. The overlapping region of the

insert fragments in these two plasmids contains two intact ORFs, PMA1 and

YGL007w. Subsequent subcloning localized the complementing region to a

HindIII-XhoI genomic fragment (EB0658), which contains only one complete

ORF, PMA1, encoding a p-type plasma membrane ATPase (Yompakdee et al.,

1996).

To confirm that the mutation responsible for the Phoc phenotype in wklºé

was tightly linked to the PMA1 locus, we subcloned the Pst■ /XhoI fragment of

the PMA1 ORF into a LEU2-marked integrating vector, pKS305 (Sikorski and
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Hieter, 1989). This plasmid (EB0657) was linearized with HindIII, a unique site

within the PMA1 open reading frame, and targeted to the genomic site via

homologous recombination in a wild-type strain (EY0183). The integration of

this vector at the PMA1 locus was confirmed by Southern blotting (data not

shown). The resulting strain (EY0469), was crossed to a wk196 strain, and the

diploid was sporulated. All 31 tetrads examined were of the parental ditype (i.e.,

the mutation that caused the Phoc phenotype segregated away from the Leut

spores), indicating that this mutation in wk196 was tightly linked to the PMA1

locus. Based on our complementation and linkage analysis, wk196 was named

pma1-196.

One plasmid (EB0657) complementing the Phoc phenotype of the wk29

mutant strain was isolated and it contained only one intact ORF, ACC1, which

encodes acetyl-CoA carboxylase. This plasmid also rescues the slow growth

phenotype of wk29 at 16°. To demonstrate that ACC1 corresponded to the wk29

locus, a HindIII fragment that contained part of the ACC1 gene was subcloned

into pKS306, a UIRA3-marked integrating vector. The plasmid (EB0658) was

linearized with Nar■ and targeted to the genomic site by homologous

recombination. Southern blotting confirmed the integration of the vector at the

ACC1 locus (data not shown). The resulting strain (EY0468) was crossed to the

wk29 strain, and the diploid was sporulated. All 28 tetrads examined were of the

parental ditype, demonstrating linkage of ACC1 to wk29. We then referred to

wk29 as acc1-29.

The mutant phenotype of wkä83 was complemented by three identical

plasmids isolated from independent clones. Further subcloning localized the
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complementing region to a Pst■ -Spe■ genomic fragment, which was subcloned

into the Pst■ and Spel sites of pKS314. The resulting plasmid (EB0659) contains

only one ORF, YNL097c, which we named PHO23, and wk383 was named pho23

1. The wkä83 mutation was shown to be linked to the RAS2 gene that is adjacent

to YNL097c by mating wk+83 to a ras2A::LEU2 strain (a gift from J. WHISTLER and

J. RINE) and analyzing the resulting tetrads.

To confirm that the YNL097c ORF corresponds to the wk383 locus, we

constructed a disruption vector. An EcoRI-Sph■ fragment containing the HIS3

gene (from p■ ]215, EB0098) was inserted into the NcoI-Sph■ fragment of EB659,

with EcoRI and NcoI ends blunted by treatment with Klenow. The TATA box

and approximately half of the YNL097c ORF, including the ATG start codon,

were deleted in the resulting plasmid (EB0662). EB0662 was then cut with EcoRI

and Not■ , and transformed into a diploid wild-type cell so that one of the

endogenous YNL097c copies in the yeast genome was replaced by one-step gene

replacement (Rothstein, 1983). Hist transformants were selected and sporulated.

All Hist haploid cells also exhibited a Phoc phenotype in over 20 tetrads

analyzed. The disruption of YNL097c was confirmed by Southern blotting (data

not shown). The resulting strain has no growth defect on either YPD or synthetic

media with high or low phosphate at a variety of temperatures, indicating that

PHO23 is non-essential for cell viability. The Phoc phenotype of the

pho23A::HIS3 strain is similar to that of pho23-1.

PHO23 encodes a putative 330 amino acid polypeptide and the

hydropathy profile of this protein suggests that it has no transmembrane

domains. It has weak homology with two hypothetical yeast proteins, Yhr090p
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and Ymr075p, according to a search of the yeast genome data base using the

BLAST program (Altschul et al., 1990). Moreover, Pho23p is homologous to a

human protein p33ING1, a tumor suppressor functioning in the p53 signaling

pathway (Yompakdee et al., 1996). Interestingly, Pho23p shares significant

homology with p33ING1 at the C-terminus, with 61% identity over 52 residues

using the BLAST program.

Enhanced Phoc phenotype in double mutants between acc1, p.ma1 and pho23:

To test whether the ACC1, PMA1 and PHO23 genes function in a common

pathway in PHO5 regulation, we examined the constitutive PHO5 expression

phenotype in the double mutants acc1-29 pma1-196 (EY0464), acc1-29 pho23A

(EY0465) and pma1-196 pho23A (EY0466). We examined the expression of PHO5

in high phosphate medium using acid phosphatase plate assays. Each of the

double mutants displayed a stronger Phoc phenotype than either parent strain

(data not shown). Normally, the synergy in phenotypes in a double mutant

resulting from two total loss of function mutations implies that the two genes do

not function in a linear pathway. However, in our case, the interpretation is

complicated because ACC1 and PMA1 are essential genes, and we isolated only

partial loss of function alleles of these two genes. Thus, the enhanced PhoS

phenotype in these double mutants is either because these novel Phoc genes do

not function in a linear pathway signaling PHO5 repression, or because acc1-29

or pma1-196 are only partial loss of function alleles.
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Phosphate uptake analysis defines two classes of mutants: Since PHO84

encodes a high affinity phosphate transporter and PHO86 is implicated to

function in the phosphate transport system (Yompakdee et al., 1996), we

performed phosphate uptake assays to test whether the remaining genes that we

identified are also involved in the high affinity phosphate transport system.

Figure 4 documents the results of phosphate uptake experiments. The pho&4A,

pho&6A, and pma1 strains have a clear defect in phosphate uptake. This result is

consistent with the function of Prma1p as a proton pump, and the fact that pH is

able to affect phosphate uptake kinetics in yeast (Nieuwenhuis and Borst

Pauwels, 1984; Tamai et al., 1985). In contrast, acc1-29 and pho23-1 are able to

take up phosphate as well as a wild-type strain. Moreover, the acc1-29 pho23A

(EY0465) double mutant does not have a phosphate uptake defect (data not

shown), confirming that neither ACC1 nor PHO23 are involved in high affinity

phosphate transport.

The phosphate uptake defect of pma1-196 can be rescued by lowering the pH:

To determine which aspects of Prma1p function are required for constitutive

PHO5 expression, we obtained several pma1 mutant strains from other labs and

assayed them for PHO5 expression. The strains we obtained have mutations in

residues required for ATPase activity (A608T, (van Dyck et al., 1990)), H285Q,

(Wach et al., 1996) and A135V, (Na et al., 1993)), for membrane targeting (P434A

and G789S, (Chang and Fink, 1995)), and for proton pumping activity (I183A,

(Wang et al., 1996) and S368F, (Perlin et al., 1989)). Only one of the mutants

expressed PHO5 constitutively; I183A conferred a weak Phoc phenotype. This
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mutant has decreased proton pumping ability, although its ATPase activity is

comparable to that of wild type (Wang et al., 1996), raising the possibility that an

impaired proton pump causes poor phosphate uptake, which in turn results in

constitutive PHO5 expression by an unknown mechanism.

To determine if the proton pumping defect in pma1-196 is indeed the

reason for poor phosphate uptake, we examined if the phosphate uptake defect

of pma1-196 could be rescued by providing a more acidic extracellular

environment to restore the proton gradient across the plasma membrane. We

measured phosphate uptake in a wild-type strain and pma1-196 at pH 4.5 and pH

3.0, as shown in Figure 5. At pH 3.0, pma1-196 could take up phosphate at about

the same rate as a wild-type strain, whereas at pH 4.5, it had a phosphate uptake

defect (Fig. 4 and Fig. 5). We noticed that the wild-type strain could take up

phosphate at a higher rate at pH 4.5 than at pH 3.0, consistent with the

observation that the optimum pH for the high affinity phosphate transport

system is between pH 4 and pH 5 (Nieuwenhuis and Borst-Pauwels, 1984; Tamai

et al., 1985). We were not able to investigate whether lowering the pH would

rescue the PhoS phenotype in pnal-196 because pma1-196 would not grow in low

pH medium. These data suggest that the proton pumping defect in pma1-196 is

the reason for its poor uptake of phosphate and the resulting Phoc phenotype.

The PHO5 constitutive expression phenotype of acc1-29 can be rescued by

supplementation of fatty acids: The PhoS phenotype of acc1 indicates a possible

connection between fatty acid synthesis and PHO5 regulation. Recently, several

acc1 alleles have been isolated which confer novel phenotypes, leading to the
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proposal that Acc1p performs a function in addition to its role as an acetyl-CoA

carboxylase (Schneiter and Kohlwein, 1997). To determine if the effect of the

accl mutation on PHO5 regulation was allele specific, we examined PHO5

expression in various acc1 mutants in high phosphate medium, including acc1

2150 (a temperature sensitive fatty acid auxotroph (Mishina et al., 1980)), acc1-7-1

(defective in mRNA export, (Schneiter et al., 1996)), and acc1cs (synthetic lethal

with hpr1, (Guerra and Klein, 1995)). Constitutive PHO5 expression was

observed in all acc1 alleles tested using acid phosphatase plate assays, indicating

that the Phoc phenotype is not allele specific, but can be attributed to a general

defect in acc1 mutants. To investigate if this general defect is due to the

inefficient synthesis of long chain fatty acids, we supplemented the medium with

palmitic acid and examined PHO5 expression in acc1-29. The Phoc phenotype of

acc1-29 is rescued by the supplementation of palmitic acid (Fig. 6), suggesting

that inefficient fatty acid synthesis causes constitutive PHO5 expression in acc1

nutants.

DISCUSSION

Isolation of mutants defective in signaling PHO5 repression: In this study, we

have described a genetic selection for mutants that express PHO5 constitutively

in high phosphate medium. Since we are interested in how the high phosphate

signal is generated and transduced, we have focused on mutants whose

phenotype is dependent on the function of the CDK inhibitor, PHO81.

Repression of the phosphate response pathway by a high concentration of
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extracellular phosphate is a complex process, consisting of successful detection

and generation of the phosphate signal, proper activation of the kinase activity of

the Pho&0p-Pho&5p cyclin-CDK complex, appropriate localization of Pho4p to

the cytoplasm, and correct establishment of transcriptional repression (e.g.,

repressive chromatin structure). Many mutations could interfere with these

processes and cause inappropriate expression of PHO5 in high phosphate

medium. Molecules that are involved in transducing a high phosphate signal

should be specifically required to prevent inhibition of the Pho&0p-Pho&5p

complex by PhoS1p; the pho&1 mutant will be epistatic to mutations in these

signaling molecules. We isolated five mutant classes whose phenotypes are

PHO81-dependent.

Two of the five mutant classes were previously known to confer a Phoe

phenotype; PHO84 encodes a high affinity phosphate transporter and PHO86 is

required in vivo for high affinity phosphate uptake (Yompakdee et al., 1996). It is

unclear if PHO86 is a positive regulator of PHO84 or if it is directly involved in

signal transduction.

We isolated additional mutations in genes previously unknown to be

involved in PHO5 regulation. PMA1 encodes a plasma membrane ATPase,

which is required for the in vivo function of several transporters, including the

high affinity phosphate transport system (Kotyk, 1994; Vallejo and Serrano,

1989). PMA1 is likely to be a positive regulator of PHO84 because Prma1p

functions as a proton pump and Pho&4p is a proton- phosphate symporter

(Borst-Pauwels, 1981).
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Two other classes of PHO81-dependent Phoc mutants include ACC1 and a

new gene, PHO23. Mutations in these two genes do not cause high affinity

phosphate uptake defects, suggesting that they cause the PhoS phenotype by

mechanisms distinct from those of PHO86 and PMA1. ACC1 encodes an acetyl

CoA carboxylase, which catalyzes the rate limiting step in the de novo synthesis of

fatty acids. Mutant alleles of ACC1 were initially isolated as fatty acid

auxotrophs. The ACC1 gene is essential for cell viability and is evolutionally

conserved. Its role in the phosphate metabolism pathway is unclear (see next

section). Null alleles of PHO23 result in only a partial Phoc phenotype, which

argues against Pho23p being a direct inhibitor of Pho&1p function because

hyperactive alleles of PHO81 confer a much more severe Phoc phenotype (data

not shown). Alternatively, Pho23p may play a role in inhibiting Pho&1p if there

exist additional genes, possibly the two homologues, with redundant function.

In summary, these genes are likely to affect different aspects of the transduction

of the phosphate signal.

Constitutive PHO5 expression in acc1 mutants: In our screen for constitutive

PHO5 expression mutants, we isolated an allele of ACC1. We have shown that

the Phoc phenotype is not allele specific. Moreover, the Phoc defect can be

rescued by supplementing exogenous palmitic acid (Fig. 6). These results

suggest that the defect in PHO5 repression in an acc1 mutant is due to the

inefficient synthesis of fatty acids and suggests that there may exist crosstalk

between the fatty acid biosynthesis and phosphate metabolism pathways. What

is the mechanism of action of ACC1 in the signal transduction pathway for PHO5
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repression? If ACC1 functions upstream of PHO81, it is possible that some

metabolite(s) of fatty acids may serve as a second messenger to signal PHO5

repression. In acc1 mutants this metabolite would be absent, resulting in

constitutive expression of PHO5. Another possibility is that a protein involved in

PHO5 regulation requires specific fatty acylation for its in vivo function. The

intracellular level of the required fatty acid in acc1 mutants would be so low that

fatty acylation is impaired, leading to the constitutive expression of PHO5.

Recently, some acc1 mutants have been isolated which have defects in

nuclear morphology (Schneiter and Kohlwein, 1997), leading to the speculation

that ACC1 is directly involved in maintaining membrane structure. acc1-7-1 was

isolated as a mutant defective in mRNA export, and further analysis revealed a

defect in the nuclear envelope of the mutant yeast strain (Schneiter et al., 1996).

Whether the membrane structure of organelles in acc1-29-1 is defective has not

been investigated. The fact that the high affinity phosphate transport system is

intact in the acc1-29-1 mutant suggests that there is no general defect in plasma

membrane structure in this mutant strain.

Is the high affinity transport system directly involved in signaling? Since

PHO84, PHO86 and PMA1 are required for PHO5 repression, one intriguing

possibility is that the high affinity phosphate transport system is directly

involved in signaling repression of PHO5 transcription. There are two models

that could explain the constitutive PHO5 expression in pho&4 or pho&6 mutants. It

is possible that in addition to their phosphate transport functions, Pho&4p and

Pho&6p may also act as sensor proteins for the levels of extracellular phosphate

and transduce a repression signal when phosphate levels are high. Alternatively,
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the phosphate transport function of the high affinity phosphate uptake system

may be only indirectly involved in the signaling process. In pho&4 or pho&6
mutants, defects in phosphate uptake might result in a low level of intracellular

phosphate (or some metabolite), which serves as a messenger; a lack of this

messenger may cause a defect in the production of a repression signal.

The first model, in which the phosphate transporter is also the phosphate

sensor, has a precedent in bacteria. The Pho regulon of E. coli is also regulated by

extracellular phosphate levels; its transcription is repressed when phosphate

levels are high and is induced when phosphate levels are low (Wanner, 1996). In

the E. coli system, the phosphate signal is transduced by a two-component

regulator complex, consisting of phoR and phoB. Repression of the Pho regulon

also requires an intact Pst phosphate transport system and a protein called PhoU.

PhoR senses phosphate starvation signals and activates phoB, which is a

transcription factor required for transcription of the Pho regulon (Wanner, 1996).

Mutations in the Pst transport complex have been isolated which separate the

transport and repression functions, suggesting that the phosphate transporter is

able to sense directly changes in the extracellular concentration of phosphate

(Cox et al., 1988).

In yeast, there are also examples of transporters serving as sensors. It has

been proposed that some glucose transporters act as receptors for sensing

glucose levels. Dominant gain of function mutations in two yeast genes, SNF3

and RGT2, encoding glucose transporters, have been isolated (Ozcan et al., 1996).

These mutants cause induction of the expression of the glucose regulated gene

HXT2 in the absence of glucose, suggesting that the glucose signal is transmitted

into the cell by glucose transporters which also act as glucose receptors that sense
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extracellular glucose levels (Ozcan et al., 1996). Interestingly, both Snf3p and

Rgt2p belong to the same family of 12-transmembrane domain transporters as

Pho84p (Bun-Ya et al., 1991). Recently, an ammonium permease, Mep2p, was

also proposed to be involved in a signal transduction pathway that regulates

pseudohyphal growth in response to ammonium starvation (Lorenz and

Heitman, 1998).

There are also examples of intracellular metabolites serving as signals to

control gene expression. For example, intracellular concentrations of glutamine

are able to regulate gene expression. In yeast, the expression of GLN1, encoding

a glutamine synthetase, is inactivated by an increase in the intracellular

glutamine concentration (Magasanik, 1991). Similarly, the expression of glná,

the structural gene for bacterial glutamine synthetase, is also inactivated by high

levels of intracellular glutamine. This process depends on the regulation of

another two-component complex, NRII being the sensor and NRI being the

effector (Parkinson, 1993).

Previous studies on the yeast phosphate transport system suggest that in

addition to the high affinity uptake system, there exists a constitutive low affinity

phosphate transport system, with a proposed Km of 1 mM (Nieuwenhuis and

Borst-Pauwels, 1984; Tamai et al., 1985). We supplied the medium with external

phosphate up to 100 mM to saturate the low affinity transport system, and

examined PHO5 expression in pho&44 and pho&6A strains. The Phoc phenotype

of pho&4A and pho&6A strains cannot be suppressed at phosphate levels 100-fold

above the Km of the low affinity phosphate uptake system, suggesting that these

mutants may be defective in transducing a repression signal downstream, rather
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than simply in phosphate uptake. However, whether the high affinity phosphate

uptake system can directly sense changes in extracellular phosphate levels

remains to be determined.
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TABLE 1

Yeast strains
-

Strain Relavant genotype Source or reference

EYO100 a MAT his3::ppHO5-HIS3 This work

EYO183 MATa lys2A99 This work

EYO134 MAT pho&0A::HIS3 EKO Collection

EYO211 MATalys2A99 pho&4A::HIS3 This work

EYO179 MATa lys2A99 pho&0A::HIS3 pho&5A::LEU2 This work
EYO150 MATa pho&1A::TRP1 EKO Collection

EYO174 MAT pho&0A::HIS3 pho&1A::TRP1 This work

EYO152 MATa pho&4A::HIS3 pho&1A::TRP1 This work

EY0404 MATa pho&6A::TRP1 EKO Collection

EY0452 MAT acc1-29 This work

EYO453 MAT pho&6-153 This work

EY0454 MAT pma1-196 This work

EYO455 MAT pho23-1 This work

EY0456 MATa lys2A99 pho23A::HIS3 This work

EYO457 MATa lys2A99 accl-29 pho&1A::TRP1 This work

EY0458 MATa lys2A99 pho&6-153 pho&1A::TRP1 This work

EYO459 MATalys2A99pma1-196 pho&1A::TRP1 This work

EY0460 MATa lys2A99 pho23-1 pho&1A::TRP1 This work

EY0464 MATa lys2A99 acc1-29 pma1-196 This work

EY0465 MATa lys2A99 accl-29 pho23A::HIS3 This work

EY0466 MATa lys2A99pma1-196 pho23A::HIS3 This work

EY0468 MATa lys2A99 ACC1::acc1-URA3 This work

EY0469 MATa lys2A99 PMA1::PMA1-LEU2 This work

EY0486 MATa pho&0A::TRP1 E.K.O collection

* All strains from this lab are K699 ade2-1 trp 1-1 can 1-100 leu2-3, 112 his3-11, 15 uraj GAL+.
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HKY479

2A

YRXS11

acc 1-2150

acc2-3826

JWY270

AAH285Q

MAT ade2-1 trp 1-1 can 1-100 leu.2-3, 112 GUERRA and KLEIN
his3-11, 15 uraj accles 1995

MATa adez-201 leu2-A1 uraj-52 GAL. SchNETER, et al.
lys2801 accl-7-1 1996

MAT accl-2150 MISHINA, et al. 1980

MATa acc2-3826 MISHINA, et al. 1980

MAT ras2A::LEU2 WHISTLER and RINE

MAT_pma1A::HIS3 pma2A::TRP1 lys2-801 WACH, et al. 1996
ade2-101 uraj-52

[ppmal-H285Q LEU2 CEN6 ARSH4]
MG2129

II.83A

S368F

A 1.35 V

ACY 7

MAT pma1-A608T VAN D Y CK, et al.
1990

Y55 HOpmal-II83A WANG, et al. 1996

Y55 HOpmal-S368F PERLIN, et al. 1989

Y55 HOpmal-A135W NA, et al. 1993

pma1-7 (P434A and G789S) CHANG and FINK,
1995
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TABLE 2

Plasmids

Plasmid Description Source

EB0654 ACC1 ORF in YCp50; isolated from a genomic This work

library

EB0655 XhoI/HindIII fragment from PMA1 in the This work

Sall/HindIII sites of YCp50

EB0656 Pstl/Spel fragment from PHO23 (YNL097c) in This work

pRS314

EB0657 Pstl/XhoI fragment from PMA1 in pRS305 This work

EB0658 HindIII fragment from ACC1 in pRS306 This work

EB0659 Disruption vector for PHO23 marked with HIS3 This work

EB0180 PHO5 promoter fused in frame to the N- EKO

terminus of GFP in pRS316 collection

EB0347 PHO4 promoter and the entire PHO4 ORF fused EKO

in frame to N-terminus of GFP in pRS316 collection

pMB220 PHO86 in YCp50 YOMPAKDEE,

et al. 1996

pjL428 LYS2 disruption vector Gift from

JOACHIM LI
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FIGURE LEGENDS

Figure 1. -- Selection strategy for novel PHO81-dependent Phoc mutants. The

starting strain for the selection was his3::ppHO5-HIS3 (EY0100), in which the

promoter of the HIS3 gene was replaced by the PHO5 promoter; it is a histidine

auxotroph in high phosphate media. The mutant screen included two parts. In

the first step, histidine prototrophs were selected on phosphate rich media

lacking histidine. In the second step, these mutants were screened for PHO81

dependence.

Figure 2. -- Analysis of PHO5 expression in novel PHO81-dependent Phoe

mutants in the presence (A and B) and absence (C and D) of PHO81. (A), (C)

Endogenous PHO5 expression was determined by acid phosphatase plate assays

in high (left column) and low (right column) phosphate synthetic media. (B), (D)

Quantitation of the expression of PHO5 in high and low phosphate media,

respectively. Expression of GFP driven by the PHO5 promoter in various strains

was determined by GFP emission at 510nm. Data are reported as mean values of

three independent experiments, and the error bars indicate the standard

deviation.

Figure 3. -- Studies of the subcellular localization of Pho■ -GFP in mutant strains.
Direct fluorescence was used to determine the localization of Pho4-GFP in live

yeast cells grown in phosphate rich media. wk29 and wk153 were renamed acc1

29 and pho&6-153, respectively.
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Figure 4. -- Analysis of phosphate uptake in different mutants. Phosphate

uptake was measured as described in MATERIALS AND METHODS. Uptake

rates (nmol min-1 ml-1. OD600-1) were determined at a phosphate concentration

of 10 p.M. – , EY0183 (wild-type strain), 2.17+0.073; , EY0452 (acc1–29),

1.88+0.044; , EY0454 (pma1-196), 0.11+0.008; , EY0455 (pho23-1), 1.64+0.016;

A, EY0453 (pho&6-153), 0.03+0.05; ", EY0211 (pho&4A), not distinguishable from

background noise.

Figure 5. -- The phosphate uptake defect of pma1-196 is rescued by lowering the

pH. Phosphate uptake was measured as described in MATERIALS AND

METHODS. Uptake rates were determined at a phosphate concentration of 10

H.M. Data are reported as mean values of three independent experiments, and

the error bars represent the standard deviation.

Figure 6. -- The PHO5 constitutive phenotype of acc1-29 can be rescued by

supplementation with palmitic acid. PHO5 expression was determined by acid

phosphatase plate assays in the absence (left column) and presence (right

column) of palmitic acid (PA).
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Figure 2C
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Figure 3
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Figure 6
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ABSTRACT

In the budding yeast S. cerevisiae, PHO84 and PHO86 are among the genes

that are most highly induced in response to phosphate starvation. They are

essential for growth when phosphate is limiting, and function in the high-affinity

phosphate uptake system. PHO84 encodes a high affinity phosphate

transporter, and mutations in PHO86 cause many of the same phenotypes as

mutations in PHO84, including a phosphate uptake defect and constitutive

expression of the secreted acid phosphatase, PhoSp. Here we show that the

subcellular localization of Pho&4p is regulated in response to extracellullar

phosphate levels; it is localized to the plasma membrane in low-phosphate

medium but quickly endocytosed and transported to the vacuole upon addition

of phosphate to the medium. Moreover, Pho&4p is localized to the ER and fails

to be targeted to the plasma membrane in the absence of Pho&6p. Utilizing an in

vitro vesicle budding assay, we demonstrate that Pho86p is required for

packaging of Pho&4p into COPII vesicles. Pho&6p is an ER resident protein

which is itself not transported out of the ER. Interestingly, the requirement of

Pho&6p for ER exit is specific to Pho&4p, because other members of the hexose

transporter family to which Pho&4 belongs are not mislocalized in the absence of

PhoS6p.
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Yeast cells respond to phosphate starvation by upregulating the activity of

a high-affinity phosphate uptake system (1). Pho&4p and Pho&6p function in

this phosphate transport system. Both PHO84 and PHO86 are regulated

transcriptionally in response to extracellular phosphate levels by a phosphate

responsive signal transduction pathway (the PHO pathway) (2). Expression of

these genes is greatly induced in low-phosphate medium (3, 4). PHO84 and

PHO86 are essential for growth under low-phosphate conditions and are

required for the transcriptional repression of PHO5, which encodes a secreted

acid phosphatase, in high-phosphate medium.

Strains containing loss-of-function mutations in PHO84 and PHO86

exhibit similar phenotypes, e.g., phosphate uptake defects. PHO84 was

identified in a screen for mutants that express PHO5 constitutively (Pho) (5).

PHO84 encodes a member of hexose transporter family that contains 12

transmembrane domains. Biochemical experiments demonstrate that Pho&4p is a

high-affinity phosphate transporter (6) that is conserved in plants and fungi (7-

11). PHO86 was also identified in a genetic selection for mutants that exhibit the

Phot phenotype (12) and in a screen for mutants that confer arsenate resistance

(13). PHO86 encodes a novel protein that associates with membranes,

presumably through its two predicted transmembrane domains (4).

PHO86 is not required for transcriptional activation of PHO84 (13), raising

the possibility that Pho&6p is directly involved in the high-affinity phosphate

uptake system. Pho&6p could be a phosphate transporter that associates with

Pho&4p at the plasma membrane for phosphate uptake. Alternatively, Pho&6p

might be required for proper localization of Pho&4p to the plasma membrane.

Proteins destined for the plasma membrane are synthesized, processed and
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folded in the endoplasmic reticulum (ER), and once folded they are packaged

into ER-derived COPII vesicles for transport to the Golgi apparatus and then to

the plasma membrane (14, 15). Accessory proteins have been identified that

assist the transport of secretory proteins through the secretory pathway. For

example, Vps10p is required for the sorting of the soluble vacuolar protein

carboxypeptidase Y (CPY) from the Golgi to the vacuole (16), whereas Ast1p

ensures efficient transport the plasma membrane ATPase (Pnna1p) from the

Golgi to the plasma membrane (17). Some accessory proteins function in an early

stage of the secretory pathway. One such example is Shr3p, which is required for

the ER exit of the general amino acid permease (Gap1p) (18, 19). Because of the

physiological importance of Pho&4p in low-phosphate conditions, Pho&6p may

function exclusively to ensure rapid and faithful transport of the permease to the

cell surface.

In this paper, we report that Pho&6p is required for specific packaging of

Pho&4p into COPII vesicles from ER membranes, but itself is not packaged into

COPII vesicles, indicating that Pho&6p belongs to a class of “outfitters" (20),

resident ER proteins that facilitate the loading of cargo into transport vesicles.

MATERIALS AND METHODS

Media, Genetic Methods and Strains

Standard yeast media are as described (21) and media contained 2%

glucose unless otherwise specified. No-phosphate medium is as described (12).

Crosses, sporulation, and tetrad analysis were performed by standard genetic
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methods (22). S. cerevisiae strains used in this study were EYO664 (MAT_ ura■ -52

leu2-3, isogenic to RSY255) and its derivatives, EY0665 (pho&6A::LEU2), EY0666

(phos4::PHO84-GFP), EY0667 (phog 4::PHO84-HA), EY0668 (pho&6A:LEu2

pho&4::PHO84-HA) and EY0669 (pho&6A::LEu2pho&4::PHO84–GFP). EY0665 was

constructed by transforming EY0664 with EB1123 partially digested with KpnI

and SacI, and selecting on synthetic medium lacking leucine. EY0666 and

EY0667 were constructed by transforming EY0664 respectively with EB1124 and

EB1125 that were partially digested with XhoI, and selecting on minimal medium

lacking uracil; the resulting strains were streaked for single colonies on 5-FOA

plates. EY0666 was obtained by screening for Pho&4-GFP by direct fluorescence,

whereas EY0667 was obtained by screening for Pho&4p-HA by immunoblotting.

EY0668 and EY0669 were constructed by disrupting PHO86 in EY0666 and

EY0667 respectively with EB1123 partially digested with KpnI and SacI. Other

yeast strains were EYO687 (MATa end4” his 4 leu2 uraš, isogenic to RSY1580),

EY0688 (MATa pma1::HA-PMA1::LEu2 ade2-101c his3-A200 leu2-A1 lys2-801am

trp1-A63 ura■ -52, isogenic to RSY1578) and its derivative EYO689 (pho&6A:TRP1).

To construct EY0689, EB0477 was digested with KpnI and SacI, transformed into

EY0688 and transformants were selected on synthetic medium lacking

tryptophan.

Plasmids

Plasmids ppHO84-GFP (EB0666) and pPHO86-GFP (EB0667) were

constructed by fusing PCR-generated XhoI/EcoRI fragments of PHO84 and

PHO86, respectively, with their native promoters in-frame to the N-terminus of

the green fluorescent protein (GFP) in pRS316. A disruption vector that replaces
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the entire ORF of PHO86 with TRP1 (EB0477) was constructed as follows. A 450

bp KpnI/EcoRI fragment derived from the 5' non-coding region of PHO86 and a

580-bp BamhI/Xbal fragment from the 3' non-coding region of PHO86 were

generated by PCR and inserted into the Bluescript plasmid to create p■ s-PHO86.

An EcoRI/BglII fragment containing the TRP1 gene from plasmid p■ ]248 (23) was

inserted into the EcoRI/BamHIp■ S-PHO86 to create EB0477. Another disruption

vector (EB1123) for PHO86 was constructed by ligating a 4-kb Pst1/BamHI

fragment from EB0477 to a Pst■ /BamHI fragment containing the LEU2 gene from

p]J252 (23). To replace the chromosomal copy of PHO84 with PHO84-HA, we

constructed an integration vector (EB1124) in three steps. First, an XhoI/SacI

PCR product containing PHO84 was cloned into pKS306 digested with XhoI and

SacI to create pKS306-PHO84. In this step, a polylinker containing a Not■ site was

added in-frame to the C-terminal coding region of PHO84 immediately

preceding the stop codon. Second, a Not■ fragment containing three tandem

copies of the hemagglutinin epitope (HA) was inserted into the Not■ site of

pRS306-PHO84 to create pKS306-PHO84-HA. Third, a 0.5 kb EcoRI/SacI PCR

product derived from the 3' non-coding region of PHO84 was cloned into the

EcoRI/SacI sites of pKS306-PHO84-HA to create EB1124. To integrate PHO84

GFP into the yeast genome, we constructed the integration vector EB1125 by first

cloning an XhoI/SacI fragment of pHHO84-GFP into pKS306 to create pKS306

PHO84-GFP. A BamhI/SacIPCR product derived from the 3' non-coding region

of PHO84 was then cloned into pKS306-PHO84-GFP at the BamHI/SacI sites to

make EB1125. Epitope-tagged PHO86 (ppHO86-HA, EB1126) was constructed as

follows. A PCR-generated XhoI/EcoRI fragment of PHO86 was cloned into the

XhoI/EcoRI sites of pKS316, and a polylinker containing a Not■ site was added in
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frame to the C-terminal coding region of PHO86 immediately preceding the stop

codon. A Not■ fragment containing three copies of HA was inserted into the Not■

site of this construct to create EB1126. A low copy plasmid containing GAL2-GFP

(URA3 marked) was a generous gift from A. Kruckeberg (University of

Amsterdam, The Netherlands). The plasmid that carries ERO1-HA was a gift

from J. Weissman (UC San Francisco).

In vitro Vesicle Budding Assay

This assay was a modification of a previously described procedure (19),

and was performed at 30°C unless otherwise specified. Yeast cultures grown in

YPD or synthetic solid media were used to inoculate overnight stock cultures.

Cells were inoculated into YPD or synthetic high-phosphate media until the

cultures reached an optical density at 600 nm (ODoo) of approximately 0.5. Yeast

cells were washed three times in sterile water, inoculated into no-phosphate

medium at an ODoo of 0.5 and grown for 2 h. Cells were harvested, washed

twice in no-phosphate medium, and resuspended in no-phosphate medium to 2

ODepo/ml and shaken for 15 min. The cultures were labeled with 1 mCi/40

ODoo/ml "S-Promix (1200 Ci/mmol, Amersham) for 3 min. Metabolic activity

was stopped by the addition of NaN, and NaF (20 mM final). Spheroplast

preparation and lysis were performed as described (24). Gently lysed

spheroplasts were washed once with “low-salt B88" (20mM Hepes, pH 6.8, 50

mM KOAc, 250 mM sorbitol, 5 mM MgOAc), and twice with B88 (20mM Hepes,

pH 6.8, 150 mM KOAc, 250 mM sorbitol, 5 mM MgOAc). The pellet was

resuspended in 0.5 ml B88, and 0.5 ml “high-salt B88” (20mM Hepes, pH 6.8, 1 M

KOAc, 250 mM sorbitol, 5 mM MgOAc) was added. The sample was allowed to
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chill on ice for 10 min, and washed twice with B88. Each budding reaction

contained membranes (2.5 ODoo/ml lysed pheroplasts), COPII components (1-2

pig Sec13/31p, 1-2 pig Sec23/24p, and 1 pig Sar1p) or 100 pig crude cytosol (25)

supplemented with 1 pig Sar1p in a total volume of 125 pil with 1x ATP

regeneration system (19) and 0.1 mM GTP. Reactions were incubated at 28°C for

45 min and 10% of the total reaction was removed for analysis (Total). The

remaining reaction mixture was centrifuged at medium speed (12,000x g) for 4

min and 75 pil of the supernatant fraction was collected for analysis (Vesicle

fraction, 60% of Total). Proteins of interest were analyzed by

immunoprecipitation from Total or Vesicle fractions.

Immunoprecipitation

Immunoprecipitations (IPs) were performed as described in (19) with

minor modifications. After each sample was incubated for 10 min at 55°C in 20

pil of 5% SDS, the volume was adjusted to 1 ml with IP buffer without SDS (150

mM NaCl, 1% Triton X-100, 50 mM TrisCl, pH 7.5) with protease inhibitors (1

mM PMSF, 0.5 mg/ml leupeptin, 0.7 mg/ml pepstatin), 50 pil of 30% (v/v)

protein G-Sepharose in IP buffer without detergents, and 2 pil (1.2 pg/ml)

monoclonal anti-HA antibody (12CA5) or 2 pil polyclonal anti-Vph1p serum (a

gift from T. Stevens, University of Oregon). IP reactions were washed, resolved

by SDS-PAGE, and analyzed using a Phosphorimager (Molecular Dynamics Inc.,

Sunnyvale, CA).
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Fluorescence Microscopy and Immunofluorescence

Phosphate starvation and GFP direct fluorescence in live yeast cells were

performed as described (26). To study Gal2p-GFP localization, we grew cells

expressing Gal2p-GFP in raffinose medium to log phase, and 1% galactose was

added to the culture to induce GAL2 expression for 1 h. Immunofluorescence

was conducted as described (27) using formaldehyde fixation. For Pnalp and

Kar2p localization, the mouse monoclonal anti-HA antibody 16B12(BAbCo) and

a rabbit anti-Kar2p polyclonal antibody were used, respectively. Secondary

antibodies were goat —-mouse IgG-conjugated to BODIPYTMR-X, and goat anti

rabbit IgG-conjugated to BODIPY FL (Molecular Probes). Images of co

immunofluoresence of Pho84p-GFP or Pho86p-GFP and Kar2p were

documented using a confocal microscrope (LEICA TCSNT, Wetzlar).

RESULTS

Localization of Pho&4-GFP Is Regulated in Response to Extracellular

Phosphate Levels

To investigate mechanisms for regulating the activity of Pho84p, we

sought to study regulation of its localization in live cells by fluorescence

microscopy. We constructed a fusion protein between Pho&4p and the green

fluorescence protein (GFP) driven by the PHO84 promoter on a low copy

plasmid (EB0666). This plasmid allowed a pho&4 mutant strain to grow on low

phosphate plates and complemented the Pho" phenotype. As expected, Pho&4p

GFP is localized to the plasma membrane in no-phosphate medium in wild-type

cells (EY0664) (Fig. 1).
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To investigate changes in the localization of Pho&4p in response to

changes in phosphate levels, we added phosphate to a phosphate-starved

culture. Localization of Pho84p-GFP was monitored in the absence of new

protein synthesis by the addition of cycloheximide. Within 30 min, most

Pho&4p–GFP was internalized and localized to the vacuole (Fig. 1). However, if

KCl instead of KHAPO, was added under the same conditions, most Pho&4p-GFP

remained at the plasma membrane (data not shown), suggesting that the changes

in Pho&4p-GFP localization were due to the changes in rate of internalization in

response to different phosphate levels in the medium. If arsenate, a phosphate

analog, was added to the phosphate-starved culture in the presence of

cycloheximide, Pho84p-GFP was not internalized, indicating that the changes in

Pho&4p localization are specific to phosphate levels in the culture (data not

shown). Because the transcription of PHO84 is regulated by the PHO pathway,

we wished to determine if the change in localization of Pho84p was also

regulated by this signaling pathway. To test if this is the case, we studied

Pho&4p-GFP localization in other PHO mutants. In a pho&5A strain and in a

strain containing PHO81, a hyperactive allele of PHO81, changes in localization

of Pho&4p-GFP are similar to wild type (data not shown), demonstrating that

regulation of Pho&4p localization is independent of the phosphate signaling

pathway.

To test whether internalization of Pho&4p-GFP was mediated by

endocytosis, we examined if internalization of Pho&4p was blocked in an end4”

mutant that is defective in endocytosis at a restrictive temperature. In the end4"

mutant, grown at the permissive temperature (25°C), Pho&4p-GFP was

endocytosed upon addition of phosphate (data not shown). However, at the
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restrictive temperature (33°C) Pho&4p-GFP remained at the plasma membrane

even after addition of phosphate (Fig. 1), indicating that Pho&4p-GFP is

internalized through the endocytic pathway. We conclude that Pho&4p is

regulated by a post-translational mechanism; its localization is regulated in

response to extracellular phosphate levels.

PHO86 Encodes an ER Resident Protein

Because the mutations in PHO84 and PHO86 result in essentially the same

phenotype, it is possible that Pho&4p and Pho&6p both participate in the same

function, uptake of inorganic phosphate. It has been proposed that Pho86p

might interact with Pho&4p to form a protein complex that is required for high

affinity phosphate uptake (28). If so, Pho&6p would be localized to the plasma

membrane in low-phosphate medium. Alternatively, Pho&6p may reside in an

intracellular compartment involved in the biogenesis of Pho&4p.

To distinguish between these two models, we studied the localization of

Pho&6p in low and high-phosphate medium. We tagged the PHO86 gene at the

C-terminus with GFP and found that a low copy construct (EB0667)

complemented the Pho' and low-phosphate lethal phenotypes of a pho&6A strain

(EY0665). In low-phosphate medium, Pho&6p-GFP is localized to a perinuclear

compartment coincident with Kar2p/Bip, a known ER resident protein (Fig. 2).

Pho86p-GFP was also found in the ER in high-phosphate medium (data not

shown), indicating that its localization is not regulated in response to

extracellular phosphate levels. Thus, Pho&6p is not likely to be a phosphate

transporter. Instead it may be required for the synthesis or transport of Pho&4p

from the ER.
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PhoS4p-GFP Is Localized to the ER in the pho&6 Mutant

If Pho&6p is involved in the transport of Pho84p, the permease may be

retained in the ER in the absence of Pho86p. To test this hypothesis, we

integrated PHO84-GFP (EB1125) into the yeast genome and investigated the

localization of Pho&4p-GFP in a strain lacking PHO86 (EY0669) by

immunofluorescence in low-phosphate medium. As shown in Fig. 3, Pho&4-GFP

is predominantly localized to the ER in a pho&6 mutant, as indicated by its co

localization with Kar2p. By co-immunofluorescence, we also showed that Pho&4-

GFP co-localizes with Ero1p-HA, another known ER resident protein (data not

shown). Together with the observation that Pho&4p stably accumulates in a

pho&6 mutant (data not shown), these results support the view that Pho&6p has a

role in Pho&4p transport.

Pho&6p is not required for Targeting of Gal2-GFP or Pnna1p-HA to the Plasma

Membrane

To investigate the specificity of Pho&6p, we examined the subcellular

localization of other plasma membrane proteins in the pho&6A strain by indirect

immunofluorescence. Pma1p-HA was localized to the plasma membrane in a

pho&6A strain (Fig. 4). However, Pho&6p might still be required for the ER exit of

a specific family of proteins. To determine whether deletion of PHO86 affects

other transporters related in sequence to Pho&4p, we investigated the localization

of Gal2p-GFP in the pho&6A strain. Gal2p is a galactose transporter in yeast, and

shares 22% identity and 37% similarity with Pho&4p (29). In both wild-type and

pho&6A strains, Gal2p-GFP is localized to the plasma membrane (Fig. 4).
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Moreover, pho&6A cells are able to grow in a variety of conditions, including

different carbon sources, and they can mate normally. From these data we

conclude that the function of Pho&6p is likely to be specific to Pho&4p.

Pho&4p Is Packaged into COPII Transport Vesicles in vitro

Folded and mature secretory proteins are packaged into COPII vesicles,

which bud from the ER membrane and then fuse with the Golgi apparatus.

Pho&6p may function in folding, cargo selection into COPII vesicles, or cargo

retention in the Golgi membrane of Pho&4p. To characterize the details of

Pho&4p exit from the ER, we studied its packaging into COPII vesicles from wild

type membranes utilizing an in vitro vesicle budding assay. This assay has been

used to study packaging of Gap1p and Prmalp (19), and a subunit of the Vo

complex of the vacuolar ATPase, Vph1p (P. M. and R. S., unpublished data).

COPII vesicles can be generated from perforated spheroplasts by addition of

ATP and GTP together with whole cytosol or purified COPII proteins that consist

of a small GTPase, Sar1p, and coat proteins Sec23p, Sec24p, Sec13p, and Sec31p.

We tagged Pho&4p at its C-terminus with three tandem copies of the

hemagglutinin antigen (HA) epitope and integrated this construct (EB1124) into

the yeast genome to replace the wild-type copy of Pho&4p. The resulting strain

(EY0667) behaves like wild type with respect to growth in low-phosphate

medium and PHO5 repression in high-phosphate medium. EY0667 cells were

starved for phosphate and pulse-radiolabeled with *S-methionine for 3 min, a

short time period intended to label all newly-synthesized proteins including

precursors freshly assembled in the ER. Perforated spheroplasts were prepared

and incubated with purified COPII proteins to generate COPII vesicles in vitro.
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Vesicles were separated from membranes and Pho84p-HA was

immunoprecipitated under denaturing conditions from either the total budding

reaction or the vesicle fraction and quantitatively analyzed. Pho&4p-HA was

packaged with approximately 20% efficiency into COPII vesicles when COPII

proteins were included; the efficiency was reduced by more than three fold if

Sarlp or any one of the purified coat proteins was omitted (data not shown),

indicating that the packaging of Pho&4p-HA into transport vesicles requires each

of the COPII components (Fig. 5). As a control, we performed another

immunoprecipitation to detect the packaging of Vph1p, from both the total and

vesicle fraction of the budding reaction after Pho&4p had been

immunoprecipitated (Fig. 5). When perforated spheroplasts pulse-labeled for a

longer time (18 min) were used in the budding reaction, the efficiency of Pho&4p

packaging was reduced to about 3% (data not shown), consistent with a greater

proportion of PhoS4p located in the compartments beyond the ER. These results

demonstrate that standard COPII proteins and nucleotides are sufficient to

package Pho&4p derived vesicles from wild-type membranes.

Pho&6p Is Required for Packaging PhoS4p into Transport Vesicles in vitro

We next addressed the fate of PhoS4p in membranes isolated from a

pho&6A mutant. Perforated spheroplasts were prepared from radiolabeled cells

derived from a pho&6A mutant expressing Pho&4p-HA (EY0668), and the budding

reactions were performed. Pho&4p-HA was not detected above background

levels in the vesicle fraction when purified COPII proteins were included in the

budding reaction (Fig. 6). To test whether deletion of PHO86 has a general effect

on cargo packaging into COPII vesicles, we investigated the packaging of Vph1p
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into COPII vesicles after Pho84p-HA had been immunoprecipitated.

Approximately 12% of newly synthesized Vph1p was packaged using pho&64

mutant membranes, and this level was comparable to that achieved with wild

type membranes (see Fig. 5). These results suggest that Pho&6p is not required

for the general formation of COPII vesicles from the ER, or any later step in the

secretory pathway. Rather, it is required at an early a step for packaging of

Pho&4p into COPII vesicles. Thus, Pho&6p belongs to a class of substrate-specific

accessory proteins that have selective roles in the packaging of membrane

proteins.

Pho&6p Is Not Packaged into COPII Vesicles in vitro

Accessory proteins that facilitate cargo transport from ER to Golgi can be

divided into three classes: “outfitters”, “escort” or “guides" (20). A fundamental

feature of an "outfitter" is that it is not expected to accompany its cargo to the

Golgi, and thus would not be packaged into COPII vesicles. Even though

Pho&6p is localized to the ER when yeast cells are grown in high or low

phosphate medium, we could not rule out the possibility that Pho86p shuttles

between the ER and the Golgi, as is expected of “escort” and “guide” proteins.

To follow the fate of Pho&6p, we constructed a low copy plasmid

(ARS/CEN) in which three copies of the HA epitope were introduced at the C

terminus of Pho&6p under the control of its native promoter (EB1126). The

epitope-tagged Pho&6p complemented the Pho phenotype of a pho&6A strain

(EY0665) and allowed the strain to grow in low-phosphate medium. Indirect

immunofluorescence indicated that Pho&6p-HA was localized to the ER both in

high and low-phosphate medium (data not shown), confirming the previous
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observations made with Pho&6p-GFP. To study the packaging of Pho&6p into

COPII vesicles, we transformed Pho&6p-HA into a pho&6A strain, pulse-labeled

the cells for three min and prepared perforated spheroplasts. We performed the

budding reactions with either whole cytosol or purified COPII proteins

supplemented with nucleotides. As shown in Fig. 6, Pho&6p-HA did not appear

above background levels in the vesicle fractions As a control, Vph1p was

packaged into the transport vesicles under the same conditions (data not shown)

and worked like wild type. These data indicate that Pho&6p is an ER resident

protein that is likely to function as an “outfitter", and thus, its role must precede

the incorporation of Pho&4p into COPII vesicles.

DISCUSSION

We have shown that Pho&6p functions in the secretory pathway - it is

required for packaging of PhoS4p, a high affinity phosphate transporter, into

COPII vesicles. Pho&6p is likely to belong to a class of “outfitters", resident ER

proteins that facilitate the export of cargo molecules from the ER (20). Pho&6p

might be required for folding, maturation or oligomerization of Pho&4p in the ER

so that it can assume a conformation competent for incorporation into COPII

vesicles. Another possibility is that Pho&6p specifically recruits COPII proteins

to the ER and then is displaced by Pho&4p during the budding reaction.

Recently, many examples of accessory proteins that facilitate the ER exit of

cargoes have been reported. Three such proteins in S. cerevisiae, Vma21p, Chs7p

and Gsf2p, are required for the ER exit of Vph1 (30), chitin synthase, Chs3p (31),

and a glucose transporter, Hxt1p (32), respectively. Though these three
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accessory proteins are localized to the ER in steady state, it is not known if they

function prior to the incorporation of their respective cargoes into COPII vesicles

or if these proteins themselves are transported out of the ER. However, both

Vma21p and Gsf2p possess C-terminal, cytoplasmic retrieval (-KKXX) sequences

which suggests that these molecules cycle between the ER and the Golgi

apparatus. In contrast, Pho&6p appears to function in a manner similar to that of

Shr3p. Neither Pho&6p nor Shr3p has a recognizable retrieval signal. Shr3p is

required for packaging of a family of amino acid permeases into COPII vesicles,

but itself is not included in these vesicles (19). Interestingly, other than the C

terminal retrieval signals on two of these proteins, these accessory proteins do

not share homology, and they facilitate exit of different classes of cargoes from

the ER. It is unclear whether these proteins function as part of the quality control

procedure, or part of the cargo selection process involving COPII coat proteins

and other sorting receptors.

Our data suggest that the function of Pho&6p is specific to Pho&4p.

Pho&6p is not required for the ER exit of other plasma membrane proteins that

were investigated. Interestingly, it is not required for the plasma membrane

targeting of Gal2p, which belongs to the same 12-transmembrane-domain

protein family. In this respect, Pho&6p apparently functions in a manner

different from Shr3p and Gsf2p, which are required for the ER exit of a family of

transporters; Shr3p is required for Gap1p and Hip1p (19), and Gsf2p for Hxt1p

and Gal2p (32). It is not known whether Pho&6p directly interacts with Pho&4p.

A direct interaction between these two proteins could explain the specificity of

Pho&6p in substrate selection. The nature of this interaction could be explored
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using Pho&4p homologues from other species expressed in wild type and pho&6

mutants, or by the use of Pho&4p-Gal2p chimeric proteins.

Among more than 6000 gene products in yeast, it is estimated that at least

10% of them go through the secretory pathway (14). When phosphate is limiting,

the major components of the secretory pathway are very different from those

that are present in phosphate-rich conditions. It is likely that there exist

mechanisms to ensure efficient ER exit of different cargoes under certain

physiological conditions and that the sorting itself may be regulated by

nutritional conditions. Nitrogen regulation of sorting and stability of the general

amino acid permease, Gap1p, in the Golgi apparatus is an example of

nutritionally regulated transport in yeast (33). Pho86 may play such a role

because its transcription is highly induced under low-phosphate conditions.
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FIGURE LEGENDS

Figure 1. Localization of Pho84p-GFP is regulated in response to extracellular

phosphate levels. Wild type (EY0664, upper panels) and an end4" mutant

(EY0687, lower panels) harboring EB0666 were studied. Direct fluorescence

microscopy of Pho&4p-GFP was performed in no-phosphate medium at 25°C (left

panels) and then in medium containing phosphate (final concentration 10 mM)

and cycloheximide (final concentration 0.1 mg/ml) at 33°C.

Figure 2. Pho&6p-GFP is localized to the ER. Cells lacking PHO86 (EY0665)

carrying ppHO86-GFP (EB0667) were starved for phosphate. Direct nuorescence
of Pho86p-GFP was observed. Indirect immunofluorescence was performed

using an antibody to the ER-resident protein Kar2p/Bip. From left to right are

fluorescence images corresponding to Pho&6p-GFP (green), Kar2p (red), or an

overlay of the two.

Figure 3. PhoS4p-GFP is localized to the ER in the absence of PHO86. A pho&6A

strain with integrated PHO84-GFP (EY0669) was starved for phosphate and co

immunofluorescence was performed as in Fig. 2. From left to right are

fluorescence images corresponding to Pho&4p-GFP (green), Kar2p (red), or an

overlay of the two.

Figure 4. PhoS6 is not required for proper localization of Pnna1p-HA and Gal2p

GFP. Left panels are fluorescence images from wild-type cells and right panels

are images from strains lacking PHO86. Indirect immunofluoresence was
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performed on wild-type (EY0688) and pho&6A (EY0689) strains expressing

Pma1p-HA using anti-HA antibodies (upper panels). Direct fluorescence

microscopy was performed on wild-type (EY0664) and pho&6A (EY0665)

expressing Gal2-GFP grown in synthetic medium containing 2% raffinose, and

1% galactose (lower panels).

Figure 5. COPII proteins and nucleotides are sufficient to package Pho&4p into

COPII vesicles from wild-type membranes. Permeabilized spheroplasts

prepared from wild-type cells expressing Pho&4p-HA (EY0667) were used in

vesicle budding reactions in vitro. Reactions contained: nucleotides only (ATP

and GTP), COPII +Sar1p (purified COPII proteins supplemented with

nucleotides and Sar1p), and COPII -Sar1p (COPII proteins with nucleotides but

without Sar1p). Pho&4p-HA was immunoprecipitated from 10% of the total

reactions and the vesicle fractions were derived from 60% of the total reactions.

A second immunoprecipitalion was then performed to detect the amount of

Vph1p in the total reactions and vesicle fractions. The immunoprecipitated

proteins were resolved separately on 8% SDS-PAGE and quantified with a

Phosphorimager. The percent of Pho&4p-HA or Vph1p in the vesicle fraction

compared with the corresponding total reaction (histogram) was calculated from

the amount of radiolabeled Pho&4p-HA or Vph1p (lower panel), respectively. T

represents total reaction whereas V represents vesicle fraction. Data are reported

as the mean values of three independent experiments, and the error bars indicate

the standard deviation.
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Figure 6. Pho&6p is required for packaging of Pho&4p-HA, but not Vph1p, into

COPII vesicles. Vesicle budding experiments and quantitation were performed

as in Fig. 5. Permeabilized spheroplasts prepared from a pho&6A mutant

expressing Pho&4p-HA (EY0668) were utilized in this experiment. Pho&4p-HA

was immunoprecipitated from both total and vesicle fractions using anti-HA

antibodies. Vph1p was then immunoprecipitated using anti-Vph1 antibodies.

Both proteins were resolved separately on 8% SDS-PAGE and analyzed using a

Phosphorimager.

Figure 7. PhoS6 is not packaged into COPII vesicles. Cells lacking PHO86

(EY0665) and carrying plasmid pPHO86-HA (EB1126) were pulse-labeled and

perforated spheroplasts were prepared. Vesicle budding experiments were

performed as in Fig. 5, except cytosol +Sar1p (cytosol supplemented with Sar1p

and nucleotides) were also included in the reactions. Pho&6p-HA was analyzed

by immunoprecipitation and quantitation on a Phosphorimager.
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Figure 2

Pho&6p–GFP Kar?p Overlay
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Figure 3

PhoS4p–GFP Kar2p Overlay
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Figure 4
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Chapter 4

Discussion
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In recent years, progress has been made in understanding the regulation

of PhoS4p in response to changes in levels of inorganic phosphate. We have

demonstrated that Pho&4p is targeted to the plasma membrane regardless of

phosphate levels, and it is internalized in phosphate-rich medium because the

rate of endocytosis is dramatically increased in response to high phosphate

levels. Interestingly, the inactivation of Pho84p in response to high

concentrations of extracellular phosphate is regulated at least on three levels.

First, in phosphate-starved cells, Pho&4p at the plasma membrane is quickly

internalized within 5 minutes after addition of inorganic phosphate. Second,

Pho84p is localized to the vacuole for degradation. Third, the transcription of

PHO84 is repressed because Pho4p exits the nucleus upon receiving the

repression signal through the PHO pathway. It should be noted that the post

translational Pho&4p regulatory mechanism is separate from the transcriptional

system. Nevertheless, these two systems work together to allow cells to assess

the environment and adapt their metabolism accordingly.

We have identified novel factors that are required for PHO5 repression,

and specifically, we have discovered that Pma1p and Pho&6p are also required

for the proper function of Pho84p. Prma1p is required to provide a proton

gradient for phosphate uptake activity of Pho&4p in vivo whereas Pho&4p is a

facilitator that is required to package Pho&4p into transport vesicles. Vesicle

packaging experiments in vitro demonstrate that both Pho&6p and PhoS8p are

resident proteins in the endoplasmic reticulum.

However, many questions still remain to be answered. For example, it is

still not known where the phosphate signal is generated, nor how this signal

results in the regulation of the Pho&Op-Pho&5p cyclin-CDK complex. How can
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we define a signaling molecule that is required for PHO5 repression? Recent

progress in regulation of Pho4p has provided a direct assay. In wild type yeast

Pho4p-GFP is observed to exit the nucleus within 2 minutes in response to high

levels of extracellular phosphate. A loss-of-function mutation in a signaling

factor for PHO5 repression should result in the failure of Pho4p to exit from the

nucleus. Indeed, Pho4p remains in the nucleus in the absence of PHO80, PHO85,

PHO84 and PHO86, but exits the nucleus in other mutants that confer

constitutive expression of PHO5, such as in pma1, acc1 and pho23. This

experiment argues that Pmalp, Acc1p and Pho23p are not molecules that direct

signals for PHO5 repression.

Another question that remains unsolved is whether Pho&4p is a phosphate

sensor. It should be noticed that this question is different from the question

“Where is the phosphate repression signal generated?” This is because even

though PhoS4p could be acting as a receptor for extracellular phosphate, it could

also sense intracellular phosphate by binding phosphate with one of its cytosolic

domains. Isolation of a mutation that could signal PHO5 repression even in the

absence of extracellular phosphate would prove that Pho84p is a sensor.

Mutants in PHO84 that separate the function of phosphate transport and the

signaling process are also desirable. It has been reported that overexpression of

AtPT1, a Pho&4p homologue in Ababidopsis thaliana could complement the Pho

phenotype of a yeast pho&4 mutant but failed to demonstrate high-affinity

phosphate uptake ability (Mitsukawa et al., 1997; Muchhal et al., 1996). Study of

such homologues may help identify Pho&4p domains that are important in

signaling process.
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New questions also emerge as the research has progressed. Study of the

localization of PhoS4p in response to extracellular phosphate levels provides

another phosphate signaling event — phosphate-induced endocytosis. Is this

process controlled by the same the signal that triggers Pho4p exit from the

nucleus and subsequent PHO5 repression? Is the phosphate binding site of

PhoS4p required for its endocytosis or/and for Pho4p export in response to high

phosphate levels? Nutrient sensing is a complex process, and nutrient

concentrations could be sensed in different ways. In the events of glucose

induced degradation of sugar transporters, the degradation of Hxtóp and Hxt7p

is independent of the phosphate sensor Rgt2p, whereas the inactivation of the

maltose transporter is dependent on Rgt2p (Jiang et al., 1997). These results

suggest that glucose can be sensed by two different mechanisms.

Even though we have demonstrated that Pho&6p is required for Pho&4p

exit from the ER, the molecular mechanism of Pho86p function is not

understood. Pho86p could be required for folding, maturation, or

oligomerization of Pho&4p in the ER so that it can assume a conformation

competent for incorporation into transport vesicles. Another possibility is that

Pho&6p specifically recruits COPII proteins to the ER and then is displaced by

Pho&4p during the budding reaction. Preliminary data show that cytosol enables

the packaging of Pho&4p into COPII vesicles in vitro even in a pho&6A strain. This

result suggests that Pho&4p is able to assume the competent conformation for ER

exit even in the absence of Pho&6p, indicating that Pho&6p may be function in

cargo sorting rather than protein folding. Detailed kinetic analysis of the

complex formation prior to Pho&4p being packaged into COPII vesicles is likely

to clarify the mechanism further. Moreover, even though neither PHO86 nor
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PHO88 is essential for cell growth, deletion of both genes confers synthetic lethal

phenotype. Since Pho&8p is also an ER resident protein, it is possible that

PhoS8p also functions in the secretory pathway, and Pho&6p and PhoS8p may be

required for the ER exit of essential cargoes. To test this hypothesis, a multi-copy

suppressor screen may enable us to identify factors that can substitute for the

function of Pho&6p and PhoS8p when overexpressed. It may be informative to

study the genetic interactions between pho&6 and pho&8 mutants with mutations

in genes encoding COPII proteins.
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Appendix I

Genetic Analysis of Novel Pho" Mutants Whose

Phenotypes are Independent of PHO81
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INTRODUCTION

The phosphate-responsive gene PHO5 offers a great opportunity to study

the relationship between chromatin structure and gene regulation because PHO5

activation is accompanied by a dramatic change in the chromatin structure at the

promoter region. When yeast is grown in high-phosphate medium, PHO5

promoter is in a repressed state and contains four well-positioned nucleosomes.

However, upon phosphate starvation, these four nucleosomes are displaced and

can no longer protect the DNA from nucleases digestion. The factors that are

involved in establishing a repressive chromatin state in phosphate-rich medium

in vivo have not been identified.

RESULTS

In the screen for novel factors that are required for PHO5 repression, We

were not only interested in factors that may be involved in the signaling

processes (Chapter 2), but also those that may be required for establishing a

repressive chromatin state in phosphate-rich medium at the PHO5 promoter. To

distinguish between genes involved in these two processes, we analyzed the

epistatic relationship between pho&1 and the novel recessive Pho' mutant classes.

We reasoned that a pho&1 mutant should be epistatic to mutants defective in the

signaling process whereas the Pho phenotype of a mutant defective in

establishing the repressive chromatin state should be independent of PHO81.

Double mutants of pho&1 and novel Pho' mutants were generated and examined

for PHO5 expression. Some of these double mutants demonstrated basal level
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PHO5 expression even in the absence of PHO81 and PHO4, approximately 50%

more than that of the pho&1A strain. Four complementation groups were

identified as PHO81-independent mutants. Alleles of these mutants are

summarized in Table 1.

Table 1. Novel PHO81-independent mutants

Gene name | Number of Mutant alleles

alleles

RPD3 5 wk23, whº 41, wh:335, wh:338,

wk376

SIN3 6 wk99, wh:145, wh; 229, wh:245,

wk278, wh:355

CTR9. | 1 wk410

Not Cloned 2 wk271, wh:58

Plasmids complementing the phenotypes of mutant alleles of RPD3 and

SIN3 were isolated as described in Chapter 2 Materials and Methods. It has been

previously reported that mutations in RPD3 and SIN3 causes the Phot phenotype

(Vidal and Gaber, 1991; Vidal et al., 1991). We demonstrated that the mutation

responsible for the Pho" phenotype in wk338 was tightly linked to the RPD3

locus by mating wk338 with a rpd3A::HIS3 strain and analyzing the tetrads.
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Similarly, wk355 was shown to be linked to the SIN3 locus by analyzing tetrads

obtained from the heterozygous diploid of wk+55 mated to sin3A::LEU2.

The mutant allele of CTR9, termed ctr,9–410, is inviable in both 37°C and

16°C. CTR9 was cloned by the isolation of plasmids that enable ctrº-410 to grow

at 37°C. A disruption vector for CTR9 was constructed and used to replace the

chromosomal copy of the CTR9 gene with HIS3 in a diploid wild-type strain.

Tetrad analysis indicated that inviable spores always confers His, demonstrating

that CTR9 gene is essential for growth in the strain background of K699.

DISCUSSION

Recent findings have suggested a generalized model for transcriptional

repression through the recruitment of Rpd3p, a histone deacetylase, to the

promoter region mediated by a sequence-specific DNA-binding factor. This

DNA-binding repressor first binds to Sin3p, which then binds to Rpd3p. The

Sin3p-Rpd3p complex can direct transcriptional repression of specific classes of

target genes. It has been demonstrated that the histone deacetylase activity of

Rpd3p is important for transcriptional repression in vivo, since catalytically

inactive rpd? mutants are defective in transcriptional repression.

Mutations in CTR9 were also isolated in other genetic screens. It appears

that CTR9 has a function in transcription activation, and it has been proposed

that it interacts with the general transcription apparatus. It is required for

expression of two G1 cyclins, CLN1 and CLN2 (Koch et al., 1999), and this

explains the fact that ctr8 mutants are inviable in the absence of another G1 cyclin
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CLN3 (Di Como et al., 1995). However, ctr,9 mutants confer other phenotypes,

such as defects in nuclear division and a greater rate of chromosome loss when

compared to wild-type yeast strains (Foreman and Davis, 1996). Here we show

that it is required for transcriptional repression of PHO5, and this requirement is

independent of the transcription factor Pho4p. Why is Ctrºp involved in both

transcriptional activation and repression? Maybe Ctrºp belongs to a large

protein complex that regulates transcription. It is possible that this complex

could both activate and repress transcription. Interestingly, RPD3 is required for

transcriptional repression as well as activation for a number of genes.

It has been postulated that transcriptional repression involves core histone

deacetylation. Consistent with this model, it has been demonstrated that

targeted recruitment of the Sin3p-Rpd3p complex by Umeåp causes localized

histone deacetylation in vivo (Kadosh and Struhl, 1998). Whether deacetylation

of localized histone is sufficient for setting up the repressive chromatin structure

remains to be studied. The PHO5 promoter and the mutants that was isolated in

the genetic screen provide an opportunity to study the mechanism of action of

transcriptional repression in response changes in nutrient conditions.
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Analysis of Dominant Pho" Mutants
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We have isolated 81 dominant mutants which confer a Pho" phenotype.

Characterization by Terry Shroyer and I identified three novel Pho' mutants

whose phenotype is dependent on PHO81. The results are summarized in Table

I. These genes have not been cloned.

Table 1. Novel PHO81-independent dominant mutants

>

Number of | Mutant Phosphate PhoS4p–GFP

alleles alleles Uptake Defect | Endocytosis

Defect

>

º

1 wk193 No NO

1 wk289 Yes NO

1 wk417 Yes Yes
º

§
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