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The histone deacetylase Rpd3p functions as a transcriptional repressor of a diverse set of genes, including
PHO5. Here we describe a novel role for RPD3 in the regulation of phosphate transporter Pho84p retention in
the cytoplasmic membrane. We show that under repressing conditions (with Pi), PHO5 expression is increased
in a pho4� rpd3� strain, demonstrating PHO regulatory pathway independence. However, the effect of RPD3
disruption on PHO5 activation kinetics is dependent on the PHO regulatory pathway. Upon switching to
activating conditions (without Pi), PHO5 transcripts accumulated more rapidly in rpd3� cells. This more rapid
response correlates with a defect in phosphate uptake due to premature recycling of Pho84p, the high-affinity
H�/PO4

3� symporter. Thus, RPD3 also participates in PHO5 regulation through a previously unidentified
effect on maintenance of high-affinity phosphate uptake during phosphate starvation. We propose that Rpd3p
has a negative role in the regulation of Pho84p endocytosis.

Large amounts of phosphate are required for cell growth
and proliferation. In phosphate-starved yeast (Saccharomyces
cerevisiae) cells, phosphate is scavenged from covalently bound
sources in the environment through the action of secreted
phosphatases. The PHO5 gene product constitutes the bulk of
the acid phosphatase, so PHO5 regulation is key to cellular
phosphate homeostasis. Many genes have been identified as
being involved in phosphate scavenging (PHO genes) (22, 45,
46). Several genes in the PHO gene family participate in the
regulation of PHO5 expression (Fig. 1). Transcriptional acti-
vators, Pho4p and Pho2p, are required to generate the active
chromatin structure on the PHO5 promoter and stimulate
transcription (14). PHO2 and PHO4 expression is not regu-
lated by phosphate availability (4, 51). Pho80p-Pho85p is a
cyclin/cyclin-dependent kinase pair that multiply phosphory-
lates Pho4p to negatively regulate Pho4p function. Phosphor-
ylated Pho4p preferentially binds to Msn5p, a nuclear export
protein. Pho4p phosphorylation also inhibits its interaction
with the nuclear importer Pse1p/Kap21 and with the transcrip-
tion factor Pho2p (20, 32). The net result is Pho4p cytoplasmic
localization (nuclear exclusion). Pho81p inhibits Pho80p-
Pho85p kinase activity during phosphate depletion and serves
as a positive regulator of Pho4p localization and activity. Thus,
Pho4p is the ultimate regulator of PHO5 expression in the
PHO pathway.

Pho84p is a high-affinity H�/PO4
3� symporter that is local-

ized to the cytoplasmic membrane. Of the five transporters
identified to date, Pho84p is the major contributor to phos-
phate uptake (50). Mutation of the other four phosphate trans-
porter genes has no effect on PHO5 expression, and cells re-
tained both a high Vmax and a low Km for phosphate uptake.
PHO86 encodes an endoplasmic reticulum protein that is re-
quired for the exit of Pho84p out of the endoplasmic reticulum

(24). Extracellular phosphate levels regulate Pho84p cytoplas-
mic membrane localization, and regulation of Pho84p localiza-
tion is independent of the intracellular phosphate signaling
pathway (24, 26, 33). During down regulation, PHO84 tran-
scription is shut off and Pho84p is endocytosed and localized to
the vacuole lumen for active degradation (26, 33). Whether
sorting to the vacuole involves phosphorylation and ubiquity-
lation is not currently known.

In addition to serving as an excellent model for complex and
combinatorial regulation of gene expression, the PHO5 gene
serves as an experimental model for transcription regulation in
a chromatin context (16, 44). In the presence of abundant
phosphate, the promoter is repressed through formation of
nucleosomes positioned over key promoter elements. When
cells are starved for phosphate, the chromatin structure under-
goes reconfiguration that renders the DNA in this region more
accessible (1, 2, 5, 7, 13, 35, 40, 44).

Biochemical and molecular genetic studies have indicated a
role for histone posttranslational modification in PHO5 regu-
lation (3, 34, 44, 48). The reversible acetylation of lysine resi-
dues at the N termini of core histones is generally linked to
transcriptional activation. The counterpart to acetylation is
deacetylation. At least five genes encoding catalytic subunits of
histone deacetylases have been identified in yeast. These in-
clude RPD3, HDA1, HOS1, HOS2, and HOS3 (10, 37, 47).
HDA1 and RPD3 participate in determining the histone acet-
ylation pattern on the PHO5 promoter (48). Histones over the
PHO5 locus are more acetylated (at H3 lysine 9 and H4 lysine
12) in an rpd3� strain than in the wild-type strain (48). Thus,
Rpd3p functions in regulating the histone acetylation state on
the PHO5 promoter.

To properly interpret the results of experiments on PHO5
chromatin structure, the entire regulatory pathway needs to be
taken into account. RPD3 regulation of PHO5 expression has
not been demonstrated to be independent of the PHO pathway
regulation of Pho4p activity. To test the hypothesis that RPD3
disruption affects PHO5 expression through a PHO pathway-
dependent mechanism, PHO5 expression was compared in
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PHO4 rpd3� and pho4� rpd3� strains under repressing condi-
tions (with Pi). We observed increased PHO5 expression in the
pho4� rpd3� strain, demonstrating that RPD3 deletion in-
creases basal transcription through a PHO pathway-indepen-
dent mechanism.

In contrast, we were surprised to observe more rapid PHO5
induction kinetics in an rpd3� strain shifted to activating
growth medium (without Pi), suggesting that RPD3 effects
PHO5 activation through a PHO signaling pathway-dependent
mechanism. While investigating the mechanism, we found that
RPD3 disruption results in a compromised phosphate uptake
rate and that this tightly correlates with premature Pho84p
recycling in the rpd3� strains. Therefore, RPD3 disruption
affects the kinetics of PHO5 regulation through disrupting the
normal retention of the high-affinity phosphate transporter,
Pho84p, in the cytoplasmic membrane during phosphate star-
vation. We propose that Rpd3p has a negative function in the
regulation of Pho84p endocytosis. Further, we propose that the
resulting defect in phosphate uptake compromises the ability
of cells to build up internal phosphate, causing more rapid
internal phosphate depletion and activation of the PHO sig-
naling pathway.

MATERIALS AND METHODS

Yeast strains and plasmids. The yeast strains used in this work are listed in
Table 1. The original strains, YS18 and YS20, were kindly provided by B.
Meyhack (Ciba-Geigy). YS20 was created by deletion of PHO4 in the YS18
background (39). These strains were used to create the rpd3� mutant (YS18R)
and the pho4� rpd3� double mutant (YS20PR) by homologous recombination.
The plasmid pMVL (37), containing a disrupted copy of the RPD3 gene locus,
was digested with AatII and BglII, and the 3.5-kb fragment containing

rpd3::LEU2 was gel purified. The DNA fragment was used to transform yeast
cells by the conventional method. A Leu� prototroph was selected, and the gene
disruption was confirmed by Southern blotting. The strains were designated
YS20PR and YS18R for rpd3 mutation in pho4 background (YS20) and PHO4
background (YS18), respectively.

Acid phosphatase activity assay. Synthetic complete medium with or without
phosphate was prepared as described previously (41). A yeast colony was picked
from yeast extract-peptone-dextrose plates of each strain and cultured in 5 ml
synthetic complete medium (high phosphate) overnight at 30°C. The cultures
were diluted 1:50 (to 250 ml) and grown to a density of 1 � 106 to 2 � 106. Yeast
cells were centrifuged down, washed with sterile water, and resuspended in 50 ml
high- or no-phosphate medium. At 3, 6, and 9 h, 1-ml samples from each strain
were collected and washed once with 10 ml water before resuspension in 1 ml
water.

The periplasmic acid phosphatase activity was measured in 0.5 ml containing
25 �l of 1 M sodium acetate (pH 4.0), 5 �l of 0.45-mg/ml p-nitrophenylphosphate
(substrate), and various volumes of cell suspensions. The buffer and substrate
were preincubated at 37°C for 10 min, the cell suspensions were added, and the
reaction mixtures were incubated for an additional 10 min at 37°C. The reactions
were stopped by addition of 0.12 ml of 25% trichloroacetic acid and 0.6 ml
saturated Na2CO3. Cells were pelleted, and the absorbance of the supernatants
at 405 nm was measured with a Beckman DU600 spectrophotometer. The units
of acid phosphatase enzyme from each culture were interpolated from a standard
curve, which was created by plotting known amounts of commercial phosphatase
versus the absorbances at 405 nm produced by those amounts of phosphatase
under the assay conditions used. One unit of acid phosphatase activity is defined
as the amount of enzyme used to produce 1 �mol of p-nitrophenol in 1 min at
37°C. All experiments were conducted in triplicate and repeated as three inde-
pendent experiments.

Phosphate uptake assays. Phosphate uptake assays were performed as de-
scribed previously (25). All experiments were conducted in triplicate and re-
peated as three independent experiments.

Preparation of RNA and cDNA synthesis. Cells from the same cultures of each
yeast strain used for the assay of acid phosphatase activity were also used for
total RNA extraction. Approximately 5 � 107 cells were collected from cultures
grown on phosphate-rich and no-phosphate media for 3, 6, and 9 h. RNA
extractions were processed using the RNeasy minikit (QIAGEN). Samples of
total RNA were quantified at optical densities of 260/280 using a UV spectro-
photometer (Beckman DU600). One microgram of total RNA was subsequently
treated with 1 unit of RNase-free DNase I (Roche) in digestion buffer (20 mM
Tris, pH 7.5, and 10 mM MgCl2) at 37°C for 5 min. After ethanol precipitation,
the DNase I-treated RNA was resuspended in 10 �l H2O. Five microliters was
diluted to 400 �l in water and used in real-time PCR to check for DNA con-
tamination. RNA in the other 5 �l was annealed with 25 pmol of oligo(dT)
primers. The mixture was heated at 70°C for 15 min to remove any secondary
structure. cDNAs were synthesized in a 15-�l reaction mixture containing 1 mM
deoxynucleoside triphosphates, reverse transcriptase buffer, and 200 units of
Moloney murine leukemia virus reverse transcriptase (Promega) at 42°C for 1 h.
The final volume was adjusted with sterile H2O to 400 �l, and the amount to be
used in real-time PCR was determined by titration.

Primer design for real-time PCR analysis. Primer sets were designed for
SYBR Green PCR analysis using the web-based program “Primerfinder version
0.06” (http://www.cellbiol.com/Tools.html#pick). DNA sequences from the actin
gene (YFL039C/ACT1), PHO3 (YBR092C), PHO5 (YBR093C), PHO81
(YGR233C), PHO84 (YML123C), and PHO86 (YJL117W) were retrieved from
the Saccharomyces Genome Database. The sequences of primers used are listed
in Table 2. Since the coding regions of PHO3 and PHO5 are almost (87%)
identical, forward primers for PHO3 and PHO5 were designed to be comple-
mentary to the 5� untranslated region. Primers for the rest of the genes examined
were designed from coding sequences. The melting temperatures are in the
range of 60 to 65°C for all primer sets. The amplicon length was kept between 99
and 112 bp.

FIG. 1. Schematic diagram of the PHO5 regulatory cascade. Pho2p
and Pho4p are sequence-specific DNA binding transcription regula-
tory proteins. Binding sites for Pho4p are found on the PHO5, PHO81,
PHO84, and PHO86 promoters. All four of these genes are activated
by phosphate starvation. High intracellular phosphate represses
Pho81p activity, which acts as an inhibitor of Pho80p/Pho85p Pho4p-
kinase activity. Pho4p phosphorylation decreases its affinity for Pho2p
and results in its cytoplasmic localization, thus inhibiting its ability to
activate transcription. Phosphate depletion activates Pho81p, resulting
in Pho4p nuclear localization and transcriptional activation of respon-
sive genes (dashed arrows).

TABLE 1. Yeast strains and plasmids

Strain Genotype

YS18 .............MAT� his3–11,15 leu2–3,112 ura3�5 canR
YS18R..........MAT�; his3–11,15 leu2–3,112 ura3�5 rpd3::LEU2 canR
YS20 .............MAT�; his3–11,15 leu2–3,112 ura3�5 pho4::URA3 canR
YS20PR........MAT�; his3–11,15 leu2–3,112 ura3�5 pho4::URA3

rpd3::LEU2 canR
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SYBR Green real-time PCR. Real-time PCR experiments were performed
using the iCycler iQ multicolor real-time PCR detection system (Bio-Rad).
Several sets of cDNA templates were prepared from two sets of RNA to ensure
the reproducibility of real-time PCR. SYBR Green analysis-based PCRs were
performed in duplicate in each experiment. The transcript levels of the genes of
interest (PHO2, PHO3, PHO4, PHO5, PHO81, PHO84, and PHO86) were com-
pared to that of the actin gene (ACT1). The total volume of each reaction
mixture was 25 �l. The PCR mixture contained 200 nM each of forward and
reverse primer, 200 �M deoxynucleoside triphosphates, 2.5 mM MgCl2, 10 mM
Tris-HCl, pH 8.3, 50 mM KCl, SYBR Green diluted 50,000-fold from the man-
ufacturer’s stock solution (Molecular Probes), 1 nM fluorescein (Bio-Rad), 1
unit of JumpStart Taq DNA polymerase (Sigma), and 5 to10 �l of cDNA
template. All primer sets were tested with genomic DNA from strain YS18R to
check for the linearity of amplification and optimize PCR parameters. For all
primer sets, thermocycler conditions were used as follows: stage 1, initial dena-
turation at 95°C for 3 min for 1 cycle; stage 2, denaturation at 95°C for 30 s and
annealing and elongation at 60° for 45 s for 40 cycles. After amplification, the
PCR products were also checked for nonspecific amplification by 2% agarose gel
electrophoresis and melting curve analysis. All experiments were conducted in
triplicate and repeated as three independent experiments.

Fluorescence microscopy. Wild-type and rpd3� cells containing the plasmid
pPHO84-GFP were cultured in SC medium containing phosphate to mid-log
phase before being switched to no-phosphate medium. The plasmid pPHO84-
GFP (EB0666), consisting of the intact PHO84 locus fused with green fluorescent
protein (GFP)-coding sequence at the C terminus, was kindly provided by E. K.
O’Shea (24). The expression of chimeric Pho84p-GFP was analyzed by fluores-
cence microscopy at 2, 4, 6, and 8 of h growth on no-phosphate medium. Total
cells in each field were counted (with no fluorescent filter) from 20 fields con-
taining approximately the same number of cells (six to eight). In each of the same
fields the number of cells with a green cytoplasmic membrane ring (with the
fluorescent filter) was scored, providing the number of total cells and cells with
a green ring from each field. Cells with GFP in the intracellular compartment but
no green ring were scores as non-membrane-localized Pho84p-GFP cells. The
fraction of cells with cytoplasmic membrane Pho84p-GFP out of the total cells at
2, 4, 6, and 8 h of growth on no-phosphate medium for wild-type and rpd3�
cultures was calculated. The experiment was repeated five times, and the results
were averaged and plotted, with the standard deviation indicated.

RESULTS

Considering the complexity of the PHO5 regulatory path-
way, investigating the PHO pathway dependence of effects of
RPD3 disruption on PHO5 expression is important. To test the
hypothesis that RPD3 functions in PHO5 repression through
PHO pathway regulation of Pho4p activity, four yeast strains
(wild type, pho4�, rpd3�, and pho4� rpd3�) (Table 1) were
compared with regard to levels of acid phosphatase activity and
PHO5 transcript. Since Pho4p is the ultimate regulator of
PHO5 activity, deletion of PHO4 results in the loss of the
PHO5 response to phosphate starvation through the PHO reg-
ulatory pathway (see the introduction). The first question ad-
dressed here is whether deletion of RPD3 affects PHO5 repres-
sion in cells grown on high-phosphate medium when
regulation through the phosphate level is disconnected
through PHO4 disruption. The second question addressed is
whether RPD3 disruption has any effect on PHO5 induction, by
determining the kinetics of PHO5 activation in the rpd3� strain
versus the wild-type strain grown in the absence of phosphate.

PHO5 derepression in rpd3� strains is independent of
Pho4p. The acid phosphatase activities from both RPD3 dele-
tion strains (PHO4 and pho4�) grown on high-phosphate me-
dium were two- to threefold higher (derepressed) than those
from the RPD3 wild-type strains (PHO4 and pho4�) (Fig. 2A).
These results suggest that RPD3 disruption affects PHO5 re-
pression independently of the PHO regulatory pathway and
Pho4p activity.

Several steps lay between PHO5 transcription and acid phos-
phatase expression. To verify that the function for RPD3 is
through PHO5 transcriptional repression, we quantified PHO5
transcript levels under repressing (high-phosphate) conditions
in the same four yeast strains. INO1 transcription repression is
known to be highly dependent on RPD3 and therefore served
as a positive control (38, 42). In addition, since PHO3 is lo-
cated directly downstream of PHO5 on chromosome II, we
compared the relative levels of PHO3 transcripts in the four
strains as a measure of the size of the chromosomal locus
affected by RPD3 disruption. As shown in Fig. 2B, derepression
was observed from INO1 (4.6-fold), PHO5 (2.7-fold), and
PHO3 (2.1-fold). RPD3 disruption had no effect on PHO4
expression, nor did it affect the expression of the Pho4p posi-
tive regulatory genes PHO2, PHO81, PHO84, and PHO86,
indicating that RPD3 disruption affects repression of the PHO5
transcription through a Pho4p- and, therefore, PHO pathway-
independent mechanism (Fig. 2B).

PHO5 activation is potentiated in rpd3� strains. The induc-
tion kinetics of acid phosphatase activity are not significantly
different between the wild-type and rpd3� strains (Fig. 3A).
Thus, we were surprised to find that the PHO5 transcript level
increases more quickly and to a higher level during phosphate
depletion in the rpd3� strain (Fig. 3B). This finding is consis-
tent with the role of RPD3 in determining the histone acety-
lation state on the PHO5 locus. However, we could not rule out
the possibility that RPD3 disruption affects PHO5 expression
through Pho4p activity, since activation cannot be studied in a
pho4� strain. To test the hypothesis that RPD3 disruption
increased expression of one or more of the other PHO genes in
the PHO5 regulatory cascade, we analyzed the effect of RPD3
disruption on PHO81 activation kinetics.

TABLE 2. Primer sequences for SYBR Green real-time
PCR analysis

Amplified
gene Directiona and sequence (5�33�) Product

size (bp)

Actin gene F, CTGTCGAGAGATTTCTCTTTTACC 108
R, GCCCCTATTTATTCCAATAATATCG

PHO2 F, CGTCAGAATTTGGTTTCAGAACAG 112
R, GATCGTAATCGTTGGCAATATCAC

PHO3 F, GTAAAGAAAGGGCCATTCCAAATTACC 99
R, CTCTCCGAGGGGAATTGTACCTG

PHO4 F, AGAGCAGCATTCTTGATAAAGTCGG 91
R, CTCGTCGTTTTGCTCGTTGAAG

PHO5 F, GCAAGCAAATTCGAGATTACCAATG 99
R, GCTAGTTTGCCTAAGGGAATGGTACC

PHO81 F, CCATTCCCACGCTAAAGGCTAG 103
R, GGCAGCTTTATTTTCTTGCAGTCTC

PHO84 F, TGATGTCCTACGTTTACTGGCACG 103
R, ACCAAAACCAAATTGACCAATAACAG

PHO86 F, ACCACTTGATATTGATGCTCCTCC 103
R, GTTCTTGTCTGATGAAATCCGC

INO1 F, ATATTGCTCCAATCACCTCCG 256
R, GTGCTTATTCGCCAATACCG

a F, forward; R, reverse.

VOL. 4, 2005 RPD3 IN PHO5 REGULATION 1389



Activation of PHO81 is potentiated by RPD3 disruption.
Pho81p and Pho2p positively regulate Pho4p activity. PHO81
expression is regulated by phosphate availability, and its pro-
moter contains Pho4p binding sites (12, 31; this study). This is
not true of PHO2 (4, 51). Therefore, we only tested whether
RPD3 disruption affects the activation of transcript accumula-
tion for PHO81. Interestingly, we observed a more rapid in-
duction of PHO81 in the rpd3� strain than in the RPD3 wild-
type strain (Fig. 4). Since PHO81 is not derepressed in the
rpd3� strains grown in high-phosphate medium, these findings
suggest that RPD3 affects transcriptional activation of PHO81
through a PHO pathway-dependent mechanism only. Our re-
sults thus far suggest that RPD3 disruption affects PHO5 in-
duction kinetics through PHO pathway control of Pho4p activ-
ity, which responds to the intracellular phosphate level.

Therefore, we tested the idea that RPD3 disruption affects
phosphate uptake.

RPD3 disruption results in compromised phosphate uptake.
As shown in Fig. 5A, the phosphate uptake rate in rpd3� cells
is significantly compromised. It is worth noting that the initial
inductions of uptake rates (0 to 4 h) in the RPD3 wild-type and
deletion strains are quite similar. However, the fully activated
rate (low-phosphate adapted, 4 to 12 h) is about threefold
lower in the rpd3� strain than in the RPD3 wild-type strain. We
hypothesized that the mechanism of this decreased uptake rate
is decreased transporter activity. As described in the introduc-
tion, Pho84p is the primary high-affinity phosphate transporter
in yeast cells. A decrease in transporter activity could occur

FIG. 2. Expression of acid phosphatase activity and PHO5 tran-
script level are derepressed in rpd3� cells. (A) Periplasmic acid phos-
phatase (Apase) activity was measured for wild-type, rpd3�, pho4�,
and rpd3� pho4� cells at 9 h of growth in medium containing phos-
phate as described in Materials and Methods. (B) Reverse transcrip-
tion and real-time PCR were used to quantitate the transcript levels of
PHO2, PHO3, PHO4, PHO5, PHO81, PHO84, PHO86, and INO1. The
fold derepression is determined by the transcript level in rpd3� PHO4
cells over that in RPD3 PHO4 cells under repressing condition (with
Pi). INO1 served as a positive control for derepression in rpd3� cells
(38, 42). All experiments were conducted in triplicate and repeated as
three independent experiments. Error bars indicate standard devia-
tions.

FIG. 3. PHO5 transcription is potentiated in rpd3� cells. (A) Acid
phosphatase (APase) activity on cells from each of the four yeast
strains (RPD3 PHO4, RPD3 pho4, rpd3 PHO4, and rpd3 pho4) grown
in the presence of phosphate (�Pi) or in the absence of phosphate
(�Pi). (B) Reverse transcription and real-time PCR were used to
quantitate the PHO5 mRNA levels in RPD3 PHO4, rpd3 PHO4, RPD3
pho4, and rpd3 pho4 cells grown in the absence of phosphate for 3, 6,
and 9 h as described in Materials and Methods. All experiments were
conducted in triplicate and repeated as three independent experi-
ments. Error bars indicate standard deviations.
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through a loss of proton motive force (PMF) across the plasma
membrane or through a decreased Pho84p membrane protein
level.

The proton pump function of Pma1p is essential for phos-
phate transport. Thus, the reduced phosphate uptake rate ob-
served in the rpd3� strain could result from effects on Pma1p
activity or expression. A defect in proton pumping is rescued
by providing a more acidic extracellular environment to restore
the proton motive force across the plasma membrane (25).
Thus, we could test the hypothesis that phosphate uptake is
compromised by insufficient transmembrane PMF by perform-
ing phosphate uptake assays at pH 3.0 and pH 4.5 with the
RPD3 wild-type and rpd3� strains. As shown in Fig. 5B, in-
creasing the proton gradient across the plasma membrane by
lowering the extracellular pH did not rescue the uptake defect.
Phosphate uptake in the RPD3 wild-type strain was decreased
twofold at pH 3.0 compared to at pH 4.5. A lowered pH does
not further inhibit phosphate uptake in the rpd3� strain. These
results are consistent with the differences in pH optima of the
high-affinity (Pho84p) and low-affinity phosphate transporters
(43). We will return to the effects of lower pH on phosphate
transporter activity in Discussion.

Next, we tested whether RPD3 disruption affects the repres-
sion and activation of transcript accumulation for PHO84 and
PHO86. Both genes are regulated by phosphate availability and
have promoters containing Pho4p binding sites (9, 52; this
study). In cells grown in high-phosphate medium PHO84 is
unaffected and PHO86 is only slightly derepressed (1.5-fold or
less [Fig. 2B]). Paradoxically, we did observe a more rapid
induction of PHO84 and PHO86 in the RPD3 deletion strain
than in the wild-type strain, and PHO84 was activated to a
higher level (Fig. 6A and B). To understand how the RPD3
disruption could result in higher PHO84 transcription and in
lower Pho84p activity, we investigated the impact of RPD3
disruption on Pho84p protein level and cellular localization by
using fluorescence microscopy of Pho84p-GFP.

Pho84p is prematurely recycled in rpd3� cells. RPD3 wild-
type and deletion strains containing the expression plasmid
pPHO84-GFP were cultured in phosphate-containing medium
to mid-log phase then switched to no-phosphate medium. The
Pho84p-GFP chimeric protein expressed from this plasmid
complements the pho84 phenotype (24). In both strains the
fractions of cells expressing Pho84p-GFP, as measured by the
presence of fluorescence, were comparable (80 to 90%). As
shown in Fig. 7, RPD3 wild-type and deletion strains harboring
the pPHO84-GFP plasmid exhibited a fluorescent signal that
was seen as early as 2 h after switching to no-phosphate me-
dium. At 2 h most of the fluorescent signal was associated with

FIG. 4. Activation of PHO81 is potentiated in rpd3� cells. Reverse
transcription and real-time PCR were used to quantitate the PHO81
mRNA levels in RPD3 PHO4, rpd3 PHO4, RPD3 pho4, and rpd3 pho4
cells grown in the absence of phosphate for 3, 6, and 9 h as described
in Materials and Methods. All experiments were conducted in tripli-
cate and repeated as three independent experiments. Error bars indi-
cate standard deviations.

FIG. 5. Phosphate uptake is defective in rpd3� cells but is not
rescued by restoration of the proton motive force across the plasma
membrane. (A) The rate of phosphate uptake into RPD3 PHO4 (�),
and rpd3 PHO4 (‚) cells grown in no-phosphate medium for 4, 8, and
12 h was measured as described in Materials and Methods. The uptake
rates are quite comparable in the first 4 hours. However, at 8 h and
12 h the uptake rate observed in the rpd3� strain was over twofold
lower than that in the wild type. (B) The phosphate uptake rate defect
in the rpd3� cells cannot be rescued by lowering extracellular pH. At
pH 4.5 (normal pH of culture in SC medium), rpd3� cells exhibited a
phosphate uptake rate almost twofold lower than that observed in
wild-type cells. Lower extracellular pH (pH 3) restores a proton gra-
dient across the plasma membrane but does not increase the phos-
phate uptake rate. The lower extracellular pH does decrease the phos-
phate uptake rate of the RPD3 wild-type cells to that of the rpd3� cells.
All experiments were conducted in triplicate and repeated as three
independent experiments. Error bars indicate standard deviations.
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newly synthesized protein located in an intracellular compart-
ment (likely the rough endoplasmic reticulum [33]), and the
percentage of cells exhibiting Pho84p-GFP localization to the
plasma membrane was higher in wild-type (10%) than in rpd3�
(3%) cells. At 4 h the fraction of cells with plasma membrane-
localized Pho84p-GFP increased in both strains (35% and
31%, respectively). Between 6 and 8 h, wild-type cells reached
a steady state of Pho84p-GFP plasma membrane localization
(69% and 78%, respectively). In contrast, at 6 h and 8 h in
rpd3� cells the proportion with plasma membrane-localized
Pho84p-GFP peaked (48% at 6 h) and then significantly de-
creased (15% at 8 h). The GFP-Pho84p fluorescence micros-
copy results correlate well with the effect of RPD3 disruption
on phosphate uptake (Fig. 5A and 7). At 4 h the phosphate
uptake rate in the rpd3� cells was only slightly lower than that
in wild-type cells, and the patterns of localization of Pho84p-
GFP on the plasma membrane from both RPD3 wild-type and

deletion strains were essentially the same, while at 8 h both
phosphate uptake and the proportion of cells with membrane-
associated Pho84p-GFP were much lower in rpd3� cells than
in wild-type cells. These findings indicate that RPD3 disruption
results in a phosphate uptake defect through an effect on the
regulation of Pho84p endocytosis that results in premature
internalization in cells starved for phosphate.

DISCUSSION

We set out to test the hypothesis that RPD3 disruption
affects PHO5 transcriptional regulation through both PHO reg-
ulatory pathway-dependent and -independent mechanisms.

FIG. 6. Activation of PHO84 and PHO86 is potentiated in rpd3�
cells. Reverse transcription and real-time PCR were used to quantitate
the PHO84 (A) and PHO86 (B) mRNA levels in RPD3 PHO4, rpd3
PHO4, RPD3 pho4, and rpd3 pho4 cells grown in the absence of
phosphate for 3, 6, and 9 h as described in Materials and Methods. All
experiments were conducted in triplicate and repeated as three inde-
pendent experiments. Error bars indicate standard deviations.

FIG. 7. Pho84p-GFP is prematurely endocytosed in rpd3� cells
grown on no-phosphate medium. Fluorescence microscopy of chimeric
Pho84p-GFP was used to monitor Pho84p expression and cellular
localization in RPD3 PHO4 and rpd3 PHO4 cells grown in medium
without Pi for 2, 4, 6, and 8 h. (A) Fluorescence micrographs of
example fields of cells from the two yeast strains at the four time
points. (B) The fraction of cells in which Pho84p-GFP is localized on
the plasma membrane is plotted as the average for five independent
experiments, with error bars indicating the standard deviation between
experiments. The rpd3� cells exhibited a significant decrease in
Pho84p-GFP localized to the cytoplasmic membrane, compared to no
decrease in the wild-type cells, after 8 h of growth in no-phosphate
medium.
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We found that the increased basal expression of PHO5 and
PHO3 observed in this study and others is independent of PHO
regulatory pathway control through Pho4p activity. A sin4 mu-
tation also causes derepression of a PHO5 promoter construct
lacking the two upstream activation sequences (27). SIN4 en-
codes a protein component of the Rpd3p complex that is
required for transcriptional repression. Our findings are con-
sistent with these earlier results and demonstrate that dere-
pression was not due to the deletion of an upstream repressing
sequence upstream of the TATA box.

Accelerated PHO5 activation kinetics in rpd3� cells is PHO
pathway dependent. PHO5 reaches half-maximal activity after
1.5 h of phosphate starvation in the rpd3� strain, compared to
3 h in the wild-type strain. The growth rates for the RPD3
wild-type and rpd3� strains on no-phosphate medium are the
same (results not shown); thus, acceleration of activation ki-
netics does not result from faster depletion of phosphate sim-
ply through more rapid growth. Another possibility is feed-
forward activation acting through the potentiation of PHO81
activation. However, PHO81 overexpression or constitutive hy-
peractivity alone has no significant effect on PHO5 expression
(11, 19, 21, 30). A third possibility is an effect on phosphate
accumulation, which involves phosphate storage as polyphos-
phate in vacuoles and phosphate uptake (29).

RPD3 disruption does not affect the expression of the
polyphosphate synthesis genes (6). In addition, disruption of
the polyphosphate synthesis genes results in a plateauing of
phosphate uptake in 5 to 10 min rather than after 4 hours as we
observed in the rpd3� strain, and a partial defect in polypho-
sphate synthesis has little to no effect on phosphate uptake
rates (29). Thus, in contrast to repression, these results suggest
that RPD3 disruption affects Pho4p activity through a PHO-
signaling pathway-dependent mechanism.

Phosphate uptake is compromised in rpd3� cells. We ob-
serve a phosphate uptake defect in the rpd3� strain (Fig. 5).
This defect is not a result of decreased PHO84 or PHO86
transcription. To the contrary, we see accelerated activation
kinetics for mRNA accumulation from these genes, as well.

PHO84 encodes the high-affinity H�/PO4
3� symporter (8).

Therefore, its function is dependent on the proton motive
force across the cytoplasmic membrane. For example, if the
��G of the proton motive force across the cytoplasmic mem-
brane was reduced to half normal, one would expect a con-
comitant decrease in the maximum, but not the initial, rate of
phosphate uptake when the ��G of pumping phosphate
across the cytoplasmic membrane reaches equilibrium with the
��G of the proton electrochemical gradient. This idea is sup-
ported by the finding that extracellular pH affects phosphate
uptake kinetics in yeast cells (28, 43). Pma1p, an ATP-depen-
dent H� pump, maintains the proton motive force. In addition,
it has been shown that PMA1 is required for high-affinity phos-
phate uptake through Pho84p (25). We tested the hypothesis
that RPD3 disruption affects phosphate uptake through a re-
duction in proton motive force across the cytoplasmic mem-
brane by performing phosphate uptake assays at lower (pH
3.0) and higher (pH 4.5) extracellular pHs with RPD3 wild-type
and deletion strain cells. Reducing the extracellular pH, to
artificially provide a greater proton gradient across the mem-
brane, does not rescue the phosphate uptake defect in the
rpd3� strain. This indicates that the impact of RPD3 disruption

on phosphate uptake is not through depletion of the proton
motive force.

Pho84p transport activity is suboptimal at pH 3.5, while the
other low-affinity, phosphate transporter activities are near
their optimal pH of 4.0 (43). We observe a decrease in phos-
phate uptake rate in wild-type cells at pH 3.5 to the level seen
in the rpd3� cells, but the phosphate uptake rate in the rpd3�
cells is unaffected by lowered pH. These observations are con-
sistent with the idea that the difference in phosphate uptake
rates between the RPD3 wild-type and rpd3� cells is due to a
difference in Pho84p level or activity and that the low-affinity
transporters continue to function.

Pho84p cytoplasmic membrane localization is deregulated
in rpd3� cells. Expression and recycling of Pho84p are regu-
lated (24, 26, 33). RPD3 disruption potentiates PHO84 tran-
scription, which is not consistent with a decrease in phosphate
uptake rate. We tested whether the Pho84p level and plasma
membrane localization are affected in the rpd3� strain by using
the fusion protein Pho84p-GFP and fluorescence microscopy.
Disruption of RPD3 affects the timing of Pho84p-GFP endo-
cytosis. In the rpd3� strain, localization of Pho84p-GFP to the
plasma membrane increases at 4 h after culture in the absence
of phosphate. However, the number of cells with Pho84p-GFP
localized on the plasma membrane peaks at 6 h and then
significantly decreases at 8 h in the rpd3� strain cells. In con-
trast, membrane-localized Pho84p-GFP increases at 6 h and
remains high at 8 h in the wild-type cells. These findings cor-
relate well with the defect in phosphate uptake that we ob-
served in rpd3� cells. The rate of phosphate transport is more
than twofold lower in rpd3� cells than in wild-type cells after
8 h of culture in no-phosphate medium. Therefore, we have
identified cytoplasmic membrane localization of the high-af-
finity phosphate transporter Pho84p as the step in phosphate
transport affected by RPD3 disruption.

Proposed mechanism for the effect of RPD3 disruption on
PHO5 activation kinetics. Regulation of the timing of Pho84p
internalization is aberrant in rpd3� cells. Under high-phos-
phate conditions both transcription and membrane protein
levels are down regulated. The intracellular phosphate level
regulates PHO84 transcription through a PHO pathway-depen-
dent mechanism. Pho84p recycling in RPD3 wild-type cells has
been shown to occur in late-log-phase growth and in response
to high extracellular phosphate levels (24, 26, 33). In rpd3�
cells only membrane localization is abnormal. We propose that
aberrant regulation of Pho84p cytoplasmic membrane localiza-
tion results in deficient phosphate uptake and reduced intra-
cellular accumulation. As a result, rpd3� cells deplete their
phosphate stores more rapidly and exhibit accelerated PHO5
activation kinetics.

Rpd3p may have a negative function in the regulation of
Pho84p endocytosis. Membrane-associated Pho84p recycling
occurs through endocytosis and targeting to the vacuole, where
it is degraded (24, 33). Recycling of other membrane-associ-
ated proteins in Saccharomyces cerevisiae, such as pheromone
receptors and nutrient transporters, involves ubiquitylation-
and/or phosphorylation-regulated endocytosis and vacuolar
degradation (15, 17, 18, 36, 49). The mechanism of cytoplasmic
membrane receptor and transporter protein endocytosis is
thought to begin with serine/threonine phosphorylation by ca-
sein kinase I (Yck1p/Yck2p), which activates Rsp5p (E3 en-
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zyme) lysine ubiquitylation. PEST-like and “SINNDAKSS”
recognition sequences required for the phosphorylation and
ubiquitylation have been identified in yeast membrane pro-
teins. Endocytosis and vacuolar targeting require actin
(End3p) and actin cytoskeleton-organizing proteins (End4p/
Sla2p, End5p, and End6p). Proper Rsp5p cytoplasmic mem-
brane localization is dependent on END4 as well. Finally, ubiq-
uitylated protein binding receptors are involved. Pho84p-GFP
internalization and degradation are blocked in an end4ts strain
grown at the restrictive temperature (24). However,
“SINNDAKSS” sequence mutations have no effect on the reg-
ulation of Pho84p localization (23).

While the regulatory mechanism of Pho84p endocytosis is
not known, the finding that RPD3 disruption affects the timing
of Pho84p endocytosis suggests that Rpd3p has a role in its
regulation. We propose that Rpd3p has a negative role in the
regulation of Pho84p endocytosis and that RPD3 disruption
results in early Pho84p turnover. For example, Rpd3p may
inhibit RSP5, END4, END5, or END6 expression or function,
and their overexpression or hyperactivity in rpd3� cells could
result in premature Pho84p endocytosis.

Prior to this study, RPD3 was known to function in regula-
tion of the histone acetylation state on the PHO5 locus. While
it has been generally assumed, here we demonstrate that RPD3
disruption results in derepression of PHO5 basal transcription
through a mechanism independent of the PHO signaling path-
way and Pho4p activity. More importantly, our findings dem-
onstrate that RPD3 disruption affects the kinetics of PHO5
activation through a previously unknown effect on the regula-
tion of Pho84p recycling. Therefore, Rpd3p not only functions
to repress PHO5 transcription in the presence of abundant
phosphate but also functions in the maintenance of cytoplas-
mic membrane localization of the high-affinity phosphate
transporter Pho84p when free extracellular phosphate in lim-
iting. This finding directs future experimental avenues for es-
tablishing the Pho84p endocytic pathway and the role of RPD3
in its regulation.
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