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Approximately 800 transcripts in Saccharomyces cerevisiae are cell cycle regulated. The oscillation of ~40%
of these genes, including a prominent subclass involved in nutrient acquisition, is not understood. To address
this problem, we focus on the mitosis-specific activation of the phosphate-responsive promoter, PHOS5. We show
that the unexpected mitotic induction of the PHOS5 acid phosphatase in rich medium requires the transcrip-
tional activators Pho4 and Pho2, the cyclin-dependent kinase inhibitor Pho81, and the chromatin-associated
enzymes Gen5 and Snf2/Swi2. PHOS5 mitotic activation is repressed by addition of orthophosphate, which
significantly increases cellular polyphosphate. Polyphosphate levels also fluctuate inversely with PHO5 mRNA
during the cell cycle, further substantiating an antagonistic link between this phosphate polymer and PHOS
mitotic regulation. Moreover, deletion of PHM3, required for polyphosphate accumulation, leads to premature
onset of PHOS5 expression, as well as an increased rate, magnitude, and duration of PHOS5 activation. Or-
thophosphate addition, however, represses mitotic PHOS5 expression in a phm3A strain. Thus, polyphosphate
per se is not necessary to repress PHO transcription but, when present, replenishes cellular phosphate during
nutrient depletion. These results demonstrate a dynamic mechanism of mitotic transcriptional regulation that

operates mostly independently of factors that drive progression through the cell cycle.

Coordination of cell growth and division is essential to all
living organisms and is innately tied to the cell division cycle.
Periodic increases in certain transcripts at distinct cell cycle
phases can meet specific, one-time requirements. For instance,
nucleotide biosynthetic and histone genes are activated prior
to and during S phase, respectively, to ensure adequate sub-
strate concentrations for chromosomal duplication (9, 16). In
addition, the sequential activation and proteolytic destruction
of cyclins that partner with cyclin-dependent kinase (CDK)
activities drives progression through the cell cycle (29). In
contrast to this posttranslational mode of cell cycle control, it
is clear that much cell cycle regulation occurs at the level of
initiation of transcription by RNA polymerase II. In Saccha-
romyces cerevisiae, three major classes of transcriptional acti-
vators, MBF and SBF, Swi5/Ace2, and Mcml-associated fac-
tors, predominantly regulate various gene clusters at the G,/S
transition; M and the M/G, boundary; and G,, M, or M/G,,
respectively (42).

Spellman et al. (42) identified ca. 800 genes exhibiting cell
cycle oscillation. While the regulation of ~500 of these genes
can be ascribed to the three known classes of cell cycle trans-
activators, the mode of regulation of the rest is not understood.
Many of these ~300 genes participate in nutrient acquisition,
and their transcripts show peak expression in M or M/G,. For
instance, mitotic expression has been observed for genes in-
volved in phosphate metabolism (28, 35) encoding low-affinity
(PHOS89) and high-affinity (PHOS84) transporters of inorganic
orthophosphate (P;), as well as repressible acid phosphatases
(rAPases; PHOS, PHO11, and PHO12) and constitutive APase
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(PHO3). Based on the timing of their expression, the mitoti-
cally induced rAPase genes are grouped with 34 other genes
comprising the MCM cluster (42). However, there is no evi-
dence for a direct or indirect role of Mcm1, or another known
DNA binding cell cycle regulator, in their transcriptional acti-
vation. Moreover, as all the experiments of Spellman et al. (42)
were conducted in rich medium that contained P,, it is unclear
why these PHO genes, which ordinarily are induced upon P;
deprivation, are activated during specific cell cycle phases.
Thus, PHOS5, PHO11, and PHOI2, as well as other cell cycle-
regulated PHO genes, fall into a large group of genes involved
in maintaining nutritional homeostasis for which it is not un-
derstood how cell cycle periodicity is accomplished or why it is
needed.

To date, studies of the mechanisms of yeast PHO gene
activation have focused on regulatory events that occur in
asynchronous cultures as a function of limiting P;. By an as-
yet-unknown mechanism, P; limitation initiates a signal trans-
duction cascade that activates Pho81, a CDK inhibitor. Pho81
inhibits the phosphorylation activity of the cyclin-CDK Pho80-
Pho85 (39), leading to nuclear retention of the otherwise cy-
toplasmic helix-loop-helix factor Pho4, the primary PHO trans-
activator (22, 34). In the nucleus, Pho4, either by itself or as a
heterodimer with Pho2, a nuclear homeodomain protein, ac-
tivates >20 different genes in the PHO system (19, 33). These
include several phosphate metabolism (PHM) genes, PHM1
(VTC2), PHM2 (VTC3), PHM3 (VTC4), PHM4 (VTCI), and
PHM5 (PPNI). Phml1 to -4 form a biochemical complex in vivo,
the integrity of which is disrupted by phm3 or phm4 null mu-
tations (6, 31). As polyphosphate (polyP), a linear polymer of
up to hundreds of P; residues linked by high-energy phospho-
anhydride bonds, is not detectable in such strains, the Phm/Vtc
complex is proposed to be a polyP synthetase (33). However,
this complex is also needed for the proper morphology of
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vacuoles (31), where 99% of the total cellular polyP is stored
(44).

PolyP is present in all organisms examined to date and, in S.
cerevisiae, can reach concentrations as high as 120 mM in the
vacuole, as much as 60% of the total phosphate content (23).
It has been suggested that polyP functions as a phosphate
reservoir, since its levels drop when cells need P;, e.g., during
log-phase growth or in P;-limiting growth media (11, 41). It has
also been suggested that polyP serves a cellular protective
function in that it chelates cations, such as Ca®*, in the vacuole
(23). However, yeast strains deficient in polyP accumulation
are not sensitive to high concentrations of calcium (33). Fi-
nally, polyP levels increase as yeast cultures approach station-
ary phase for reasons and by mechanisms that are not clear (40,
47). Thus, while conditions and enzymes involved in polyP
synthesis and hydrolysis in eukaryotes have been identified, its
metabolic, regulatory, and physiological function(s) remain ob-
scure.

Relative to our understanding of the connection between
nutrient sensing and the decision to execute Start (36), little is
known about how nutrient levels influence regulation in other
stages of the cell cycle. To gain insight into this problem, we
have focused on elucidating both the molecular mechanisms
and the physiological basis for M phase activation of PHOS.
We report that the unexpected mitotic induction of PHOS in
rich medium is under the control of Pho4, Pho2, and PhoS81.
Increasing the metabolic pools of polyP represses mitotic ex-
pression of PHOS. Conversely, elimination of polyP by dele-
tion of PHM3 leads to PHOS activation. Moreover, we dem-
onstrate that polyP levels are influenced by progression of the
cell cycle, declining prior to and being replenished after M
phase. Our results suggest that polyP is a dynamic phosphate
reserve, and they define a regulatory influence of polyP on
PHO mitotic gene expression. Further, our studies demon-
strate that Pho4/Pho2 mediates a novel, cell cycle stage-specific
mode of regulation that is fine tuned in response to nutrient
availability and operates mostly independently of activities that
drive cell cycle progression. More generally, our findings sug-
gest that nutrient deficiencies may underlie the transcriptional
periodicity of a large class of nutrient transporters that are cell
cycle regulated.

MATERIALS AND METHODS

Yeast strains and methods. All S. cerevisiae strains were constructed by stan-
dard genetic methods (37) from CCY694, MATa/MATo leu2A0/leu2A0 lys2A0/
lys2A0 ura3A0/ura3A0 pho3A::R/pho3A::R (S288C background) (2), where R is a
Zygosaccharomyces rouxii recombinase site that remains after intramolecular
recombination (21). The strains and their relevant (all are MATa leu2A0 lys2A0
ura3A0 pho3A::R) genotypes are DNY742 (wild type; MATa barl A::R-URA3-R),
THY868 (MATa barl A::R-URA3-R pho4A::kanMX4), DNY989 (MATa barlA::
R-URA3-R pho2A::kanMX4), DNY925 (MATa barl A:R-URA3-R pho81A::kan
MX4), DNY986 (MATa barlA::R-URA3-R gen5A:kanMX4), DNY1309 (MATa
snf2/swi2A::kanMX4), DNY1673 (MATa barl A:R-URA3-R phm3A::kanMX4),
DNY2464 (MATa his3A1 phmIA::kanMX4), DNY2465 (MATa barl A:R-URA3-R
met]SAO phm2A::kanMX4), and DNY2467 (MATa barl A::R-URA3-R his3A1
phm4A:kanMX4).

Media and growth conditions. Cells were grown at 30°C on plates or in liquid
cultures of complete synthetic medium— 2% glucose (Bio 101), yeast extract
(Difco)- peptone (Difco)- 2% glucose (YPD), or YPD supplemented with 13.4
mM KH,PO, (YPD + P;) as appropriate. The defined P;-free medium used in
one step of the phosphate overplus experiments (see Fig. 5B), as well as for P;
starvation (see Fig. 2E and 9), contained 0.7 g of yeast nitrogen base without
(NH,),S0O,, phosphate, or amino acids (Bio 101), 2 g of glutamine, 20 g of
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glucose, and 3.9 g of MES (2-N-morpholino ethanesulfonic acid), pH 5.5, per
liter.

All cultures, including overnight cultures, were maintained in early to mid-
logarithmic phase growth. When P; starvation was employed, the cells grew for
only two to three additional generations after being washed and resuspended in
P;-free medium. Phosphate overplus experiments (see Fig. 5B) were performed
as previously described (33); pregrowth in YPD or YPD-low P; (YPD from which
P; was removed by precipitation) (15) followed by 2 h of P; starvation in defined
P;-free medium and, finally, addition of KH,PO, to 13.4 mM for 2 h. Note that
while YPD is limiting for P; (see Fig. 3 to 5), the designation YPD-low P;
indicates that the P; concentration of the medium is decreased further but it is
not P; free. For measuring rAPase activities in asynchronous cultures (see Fig.
1D, 2D, 4A, and 5A), overnight cultures (10 ml) were grown and diluted the next
day to an optical density at 600 nm (ODgq) of 0.03 in the appropriate fresh
medium and incubated for another 6 h. For the P; starvations (see Fig. 2E and
9), strains were plated on defined P;-free medium with 13.4 mM KH,PO, added
back for 3 days. After overnight growth of starter cultures (10 ml) in the same
medium, the cells were diluted in defined P;-free medium at an ODg, of 0.2 and
assayed at the appropriate times for rAPase activity and/or PHO5 mRNA.

Cell cycle synchronizations, fluorescence-activated cell sorter analysis, and
RNA-polyP isolation. Yeast cultures in early logarithmic growth in YPD were
arrested at late G, and G,/M by the addition of a-factor and nocodazole to final
concentrations of 12 ng/ml and 17 pg/ml, respectively. After 2 h, the cells were
released from cell cycle arrest by being filter washed three times and subse-
quently resuspended with YPD containing 0.1 mg of pronase E/ml (a-factor
arrest) or YPD without pronase E (nocodazole arrest).

For flow cytometric analysis (FACSCalibur; Becton Dickinson), cells (1 ml)
were removed every 15 min after release from cell cycle arrest and fixed over-
night in 70% ethanol at 4°C. RNA was degraded by overnight incubation at 37°C
in 50 mM sodium citrate, pH 7.1, containing 0.25 mg of RNase A/ml. The cells
were then washed, and the DNA was stained by overnight incubation at 4°C in
50 mM sodium citrate, pH 7.1, containing 1 pM Sytox Green (Molecular
Probes).

Total RNA isolation, which also recovers polyP, was performed as described
by Cross and Tinkelenberg (7), except that the cells were resuspended in 350 pl
of 1X LETS buffer (0.1 M LiCl, 10 mM EDTA, 10 mM Tris [pH 8.0], 0.5%
[wt/vol] sodium dodecyl sulfate [SDS]) and 350 pl of acid phenol-chloroform
(1:1) and lysed with glass beads by being vortexed at 4°C for 15 min. Following
centrifugation of the mixture at 14,000 X g for 15 min, RNA and polyP were
recovered from the aqueous phase by ethanol precipitation. The pellet consisting
of RNA and polyP was resuspended in 0.1% SDS, quantified by absorbance at
260 nm, and stored at —80°C.

Northern hybridization and polyP analysis. For analysis of PHOS transcript
levels, 10 wg of RNA was electrophoresed at 100 V for 3 h in 1% agarose gels
buffered with 1X MOPS (3-N-morpholinopropanesulfonic acid) (20 mM MOPS
[pH 7], 5 mM sodium acetate, 0.5 mM EDTA). RNA was blotted by 10X SSC
(1.5 M NaCl, 0.15 M sodium citrate) to a positively charged nylon membrane.
Membrane prehybridization and hybridization were performed in Church-Gil-
bert buffer (0.25 M Na,HPO, [pH 7.4], 7% [wt/vol] SDS, 10 mg of fraction V
bovine serum albumin/ml, 1 mM EDTA, and 0.5 mM sodium pyrophosphate).
Hybridization probes, generated by PCR amplification using the oligonucleotide
primers DNO425 (5'-TCTTTCCCTGGCGA-3") and DNO426 (5'-GTCATCC
AAGTAGGTTGTGT-3") or DNO429 (5'-GCCAAGAAAGAGAGCTGC-3")
and DNO430 (5'-GAACTTAGAACCTGGTCTGTCC-3") for PHOS5 and
TCM1, respectively, were radiolabeled with [a->?P]dCTP by random priming.
mRNA levels were quantified by Storm 860 PhosphorImager analysis (Molecular
Dynamics).

Gel analysis of polyP was performed by electrophoresis of 10 pg of RNA
(containing copurifying polyP [see Fig. 5B] or treated with RNase A [see Fig. 7])
on native 6% polyacrylamide gels, followed by staining with toluidine blue O as
described by Ogawa et al. (33). To quantify total levels of polyP, 10 ug of isolated
RNA-polyP was treated with RNase A (after the removal of SDS by chloroform
extraction, if necessary), and the polyP was ethanol precipitated and resuspended
in 50 pl of distilled H,O. Ten microliters of the purified polyP was mixed with 1
ml of toluidine blue solution (6 mg of toluidine blue O dye/liter, 40 mM acetic
acid), and the metachromatic shift in the ratio of absorbance at 530 nm to that
at 630 nm was measured (5). The As39/443( ratio of toluidine blue solution alone
is a constant of 0.175, which was used as a blank. All samples were diluted to
assure assay linearity, and polyP levels are expressed as [(4530/Ag30) — 0.175]/ng
of RNA. As expected, samples from a phm3A strain yield a value of zero.

Acid phosphatase activity assays. After the specified growth conditions were
achieved, the cells were chilled to 4°C, washed twice, and resuspended in 0.1 M
sodium acetate, pH 3.6, at 4°C. After preincubation (10 min) of 500 wl of cell
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suspension at 30°C, the rAPase activity was assayed by addition of 500 pl of 20
mM p-nitrophenylphosphate (Roche) and incubation at 30°C for 10 min. Enzy-
matic activity was terminated by the addition of 250 pl of 1 M Na,CO; and
quantified by measuring the absorbance at 420 nm. Activities are reported in
Miller units {(A4459 X 1,000)/(ODgg, X volume [in milliliters] of cells assayed X
10 min)}.

RESULTS

Mitotic induction of PHOS5 requires the PHO activators
Pho2, Pho4, and Pho81. Earlier genome-wide determinations
of cell cycle-regulated transcripts suggested that PHOS5 and
other PHO genes are induced during mitosis (42). However,
significant cross hybridization of mRNA species can occur
above 75% DNA sequence identity (17). Since PHOS5 and
PHO3 constitute a duplicated gene pair (87% identity over
1,404 bp), we reanalyzed the cell cycle expression profile of
PHOS in a strain with the entire PHO3 coding sequence de-
leted. Cultures in rich (YPD) medium were arrested at late G,
with the mating pheromone a-factor and released synchro-
nously by being washed with YPD. Northern analysis of RNA
samples isolated at 15-min intervals demonstrates that PHOS5
mRNA levels oscillate during the cell cycle, with maximal ex-
pression occurring at 45 to 60 and 120 min after o-factor
removal (Fig. 1A and B). Transcript from the ribosomal pro-
tein L3 locus, TCM1, remains constant throughout the cell
cycle (4, 42) and serves as a loading control. Flow cytometric
analysis confirmed that the cells synchronously traversed two
cell cycles and that the points of maximal PHOS5 transcript
accumulation coincide with M phase (Fig. 1C).

To examine whether the canonical PHO signal transduction
pathway is involved in PHOS5 mitotic activation in YPD, we
deleted three different positive regulators of the low-P; induc-
tion pathway and assayed PHOS expression during synchro-
nous growth in YPD. Deletions of PHO4 and PHO2, encoding
DNA site-specific transactivators of PHOS, abrogate mitotic
induction of PHOS (Fig. 1A and B). A null allele of the CDK
inhibitor PHOS81 eliminates ~95% of the mitotic expression.
Since PHOS activation is completely dependent on Pho81 for
inhibition of the Pho80-Pho85 cyclin-CDK (39), the residual
level of expression in the pho8IA strain is unexpected and
suggests that a weaker, Pho81-independent activation mecha-
nism also functions at PHOS5 during mitosis. We also deter-
mined the effects of the pho2, pho4, and pho8I null mutations
on rAPase activity in asynchronous cultures, which can often
be used to observe cell cycle-dependent events (20). Approx-
imately 60 to 110 U of rAPase activity are detected in asyn-
chronous YPD cultures of wild-type strains (Fig. 1D and 2D;
also see Fig. 4A and 5). Enzyme activity is reduced by >99%
in pho4A and pho2A strains. Despite the residual level of mi-
totic PHO5 mRNA, rAPase activity is also eliminated in the
pho8IA strain. We conclude that most of the measurable
rAPase activity in asynchronous YPD cultures of strain
DNY742 (pho3A) can be attributed to expression of PHOS,
and presumably that of the minor rAPases PHO!I1 and PHO12,
in M phase (4, 42). Further, mitotic induction of PHOS is
strongly dependent on the positive PHO effectors PHO4,
PHO2, and PHOSI.

Mitotic activation of PHOS requires the chromatin remod-
elers Gen5 and SNF/SWI. Next, we investigated the require-
ments, in mitotic activation of PHOS5, for chromatin-remodel-
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FIG. 1. Mitotic induction of PHOS5 requires PHO2, PHO4, and
PHOSI. (A) Northern analysis of wild-type (WT), pho81A, pho2A, and
pho4A cultures at various times following release from synchronization
with a-factor. The wild-type strain was analyzed in parallel with each
null strain as a positive control. (B) Transcript levels of PHOS5 (nor-
malized to TCM1) from panel A. (C) Flow cytometric analysis of Sytox
Green-stained cells. The x and y axes indicate the fluorescence inten-
sity and numbers of cells analyzed (which was identical in all panels),
respectively. IN and 2N refer to haploid and diploid DNA contents,
respectively. (D) Total rAPase activities of asynchronous YPD cul-
tures. The means * 1 standard deviation from three independent
experiments are shown.

rAPase activity
(Miller units)
8

(=]

ing enzymes, including Gen5, the catalytic subunit of several
histone H3 acetyltransferase complexes (3, 12), and the Snf2/
Swi2 ATPase subunit of the SNF/SWI chromatin-remodeling
complex (27). Since gen5A cells could not be arrested with
a-factor, presumably because GenS is required for expression
of the CDK inhibitor FARI (18), we synchronized cells in
G,/M with nocodazole, an inhibitor of microtubule polymer-
ization. After release from G,/M, wild-type cultures pro-
gressed through three cell cycles and showed maximal PHOS5
induction at 15, 105, and 150 min (Fig. 2A and B), each peak
corresponding to M phase (Fig. 2C). In contrast, no induction
was observed in the snf2/swi2A and gen5A strains, indicating
that mitotic induction of PHOS is highly dependent on these
transcriptional coactivators. Greater than 90% of the rAPase
activity of asynchronous cultures is eliminated in each null
strain, demonstrating that synchrony is not required to observe
the requirement for SNF/SWI and Gen5 (Fig. 2D). We con-
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FIG. 2. PHOS activation is SNF/SWI and Gecen5 dependent.
(A) Northern analysis of synchronous cultures of wild-type (WT), snf2/
swi2A, and gen5A strains released from nocodazole arrest in YPD
medium. (B) Normalized PHOS5 transcript levels from panel A.
(C) Flow cytometric analysis of wild-type cells in panel A. (D) Total
rAPase activities of asynchronous YPD cultures (» = 3; mean = 1
standard deviation). (E) Time course of PHOS activation. Asynchro-
nous cultures grown on defined P;-free medium with 13.4 mM P; added
back were starved for P; and assayed for total rAPase activity at the
indicated times.

clude that the previously reported Gen5- (18) and Snf2/Swi2-
dependent (43) transcription of PHOS in asynchronous YPD
cultures is explained by the pronounced need for these en-
zymes in PHOS mitotic expression.
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FIG. 3. PHOS mitotic activation is repressed by addition of or-
thophosphate (P;). (A) Northern analysis of a-factor-synchronized cul-
tures. Single colonies from a YPD plate were inoculated into YPD
overnight cultures and then diluted in YPD or YPD + P; (13.4 mM)
for 12 or 55 h (as indicated on the left) prior to a-factor arrest. Cells
grown for 6 h in defined P;-free medium with (+) or without (=) P;
were included as a positive control in the Northern analysis of the
samples grown for 55 h in YPD + P;. (B) Normalized PHOS transcript
levels from panel A.

Previous studies using asynchronous cell populations dem-
onstrated that SNF/SWI and Gcen5 are not required for acti-
vation of PHOS following overnight starvation for P; (10, 14).
More recently, it has been shown that deletion of GCN5 de-
creases PHOS activation at early times after P, starvation, but
not 8 h postactivation (1). Figure 2E demonstrates that asyn-
chronous cultures of gen5A and snf2/swi2A strains both exhibit
a decreased initial rate of PHOS transactivation following
transfer to P;-free medium. Thus, we have defined novel re-
quirements for transcriptional coactivators at PHOS, including
PHOS5 among other genes for which activation in M phase is
strongly GenS and SNF/SWI dependent (24). Our data also
confirm a role for Gen5 in the rate of PHOS activation and
extend this observation to the SNF/SWI complex.

Mitotic activation of PHOS5 occurs under conditions of lim-
iting P,. Activation of PHOS5 by Pho4 in asynchronous cultures
is dependent on P; deprivation and, ordinarily, is rapidly re-
pressed by the addition of exogenous P; (38). Since increased
PHOS transcription during mitosis is Pho4 dependent (Fig. 1),
we tested if this cell cycle-specific activation in YPD is respon-
sive to P; levels. Surprisingly, despite 12 h of growth in YPD +
P; prior to a-factor arrest and release, mitotic activation of
PHOS is still apparent (Fig. 3). However, when the incubation
in YPD + P; is extended to 55 h before a-factor synchroniza-
tion, PHOS transcript is not detectable. This result indicates
that exogenous P; attenuates mitotic induction of PHOS in a
time-dependent manner.

Next, we further investigated the time dependence of repres-
sion of mitotic PHOS induction. Relative to cells growing con-
tinuously on YPD, rAPase activity decreased by 50% when the
cultures were shifted from YPD to YPD + P; (Fig. 4A, com-
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FIG. 4. Repression of PHOS5 mitotic expression by added P; is time
dependent. (A) Total rAPase activities of asynchronous cultures. Cul-
tures were grown overnight in either YPD (bars 1 and 2) or YPD + P;
(bars 3 and 4) and then washed and resuspended in YPD (bars 1 and
4) or YPD + P; (bars 2 and 3) for an additional 6 h, as indicated (n =
3; mean * 1 standard deviation). (B) Time course of decrease in total
rAPase activity following addition of P;. Cells were plated and pre-
grown on YPD and transferred to YPD (control) or YPD + P;. The
percentage of activity of the control (growth in parallel in YPD) is
plotted as a function of time.

pare bars 1 and 2). Full repression of PHO5 required longer
incubation in YPD + P; (compare bars 1 and 3). In the oppo-
site experiment, pregrowth on YPD + P; and shift to YPD, full
derepression is restored (compare bars 1 and 4). This result
suggests that repression of mitotic expression takes longer than
its induction. The time required to achieve full repression of
PHOS5 was assessed by pregrowth of cells in YPD followed by
transfer to YPD + P,. As in Fig. 4A, rAPase activity was
reduced to ~60% of that of the control YPD culture at 6 h
(Fig. 4B). Maximal PHOS repression was achieved after ~29 h
and remained at this level for the rest of the time course. The
time required to reach full repression is not likely due to
rAPase stability, since the half-life of rAPase activity is 2 to
2.5 h, as determined by the phosphate overplus procedure (P;
starvation followed by P; addition; see Materials and Methods
and data not shown). The remaining activity may be due to
basal levels of PHOS expression and that of the more minor
rAPases, PHO11 and PHOI2, which vary somewhat between
experiments. These findings demonstrate that YPD can be
limiting for P;. The lag in full repression may be due to active
growth in YPD that leads to rapid metabolism of a PHO-
repressive signal.

PolyP reserves increase, but are not essential for, repression
of PHOS. PolyP is the most prevalent form of phosphate in
yeast, and it is believed to serve as a phosphate reservoir (11,
41, 44). Such a phosphate reservoir might sustain intracellular
P; levels more effectively during P; deprivation and hence re-
press M phase expression of PHOS. To test this hypothesis, we
asked if strains singly null for four PHM genes had increased
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levels of total rAPase activity. Strains with PHM3 and PHM4
deleted are severely deficient in the Phm/Vtc complex and thus
lack detectable polyP, but they do not exhibit growth defects.
The phenotypic defects of phmIA and phm2A strains are much
less pronounced (31, 33). In the experiment shown in Fig. 5A,
each strain was grown in YPD and then diluted in YPD or
YPD + P; for 6 h. Relative to wild-type cells, rAPase activity
during continuous growth in YPD increases 2- to 2.5-fold in
phm3A or phm4A strains and only modestly in phmIA or
phm2A cells (Fig. 5SA). Thus, the magnitude of PHOS5 dere-
pression under Pj-limiting conditions (YPD) correlates well
with the severity of the polyP accumulation defect and extent
of disruption of Phm/Vtc complex integrity: phmlA ~ phm2A
< phm3A ~ phm4A (31, 33). Interestingly, incubation in YPD
+ P, for 6 h reverses the PHOS derepression, and lower levels
of expression are established in the absence of Phm3 and
Phm4.

To explore the relationship between PHOS5 mitotic activa-
tion and polyP levels further, we tested if high-P; conditions
increase cellular polyP and, if so, its effects on total rAPase
activity. Consistent with our finding that YPD is limiting for P;
(Fig. 3 to 5A), a wild-type (PHM3) strain grown in YPD has
low but significant levels of polyP (Fig. 5B, lane 1). The iso-
genic phm3A strain has no detectable polyP (33) (Fig. 5B,
compare lanes 1 and 3). In this experiment, rAPase activity is
increased fourfold in the phm3A strain relative to the wild-type
strain, again demonstrating that loss of polyP leads to in-
creased PHOS activation in YPD. When wild-type (PHM3)
cells are grown in high-P; medium (YPD + P;), polyP amounts
increase 5-fold (Fig. 5B, compare lanes 1 and 4), which is
accompanied by a 10-fold reduction in rAPase activity and
undetectable PHOS transcript levels in M phase (Fig. 3). Dur-
ing growth in complete synthetic medium (7.3 mM P,), wild-
type strains accumulate levels of polyP [0.07 (As30/Ae30)/ g Of
RNA] and rAPase (13 U) activities similar to those in YPD +
P; (13.4 mM). As expected, the phm3A strain had no detectable
polyP in YPD + P; (33) but, as in Fig. 5A, had repressed levels
of rAPase activity (Fig. 5B, lane 2). This indicates that polyP is
not required to repress PHOS5 when P; is plentiful. We con-
clude that, under conditions of limiting P;, accumulated polyP
acts as a cellular phosphate reserve that can contribute to the
repression of PHOS expression. However, as PHOS is com-
pletely repressed by excess P; in strains that are unable to
accumulate polyP, the polymer is not necessary for PHOS
promoter inactivation.

When S. cerevisiae encounters a period of P; starvation fol-
lowed by a high-P; environment, a phenomenon called “over-
plus” or “overcompensation” occurs in which large amounts of
polyP accumulate (23). This method was previously used to
evaluate the role of PHM genes in polyP synthesis (33). In
parallel with the samples in Fig. 5B, lanes 1 to 4, wild-type cells
subjected to the overplus procedure (see Materials and Meth-
ods) accumulate 60-fold more polyP than during continuous
growth in YPD (Fig. 5B, compare lanes 5 and 1). Interestingly,
overplus polyP levels surpass those of cultures grown contin-
uously in YPD + P; (compare lanes 4 and 5). The highest level
of polyP is observed upon growth in YPD-low P; before the
addition of P; (compare lanes 6 and lanes 1 to 5). Therefore,
the amount of polyP that accumulates during the overplus
procedure is proportional to the severity of prior P; starvation,
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FIG. 5. Loss of polyP leads to derepression of PHOS. (A) Total
rAPase activities of wild-type (WT), phmlA, phm2A, phm3A, and
phm4A strains. Cells were grown in YPD and diluted in YPD or YPD
+ P; medium for 6 h prior to assay of rAPase activity (n = 3; mean =
1 standard deviation). The severity of loss of polyP accumulation
increases from left to right and parallels the extent of disruption of the
Phm/Vtc complex, with phm3A and phm4A strains having no detect-
able polyP or Phm/Vtc complex (31, 33). (B) Analysis of polyP levels.
Wild-type (PHM3) or phm3A strains were grown for 2 days on plates
and then for 24 h in liquid YPD-low P;, YPD, or YPD + P; medium
containing a low (L; lane 6), moderate (M; lanes 1, 3, and 5), or high
(H; lanes 2 and 4) concentration of P;, respectively. For lanes 1 to 4,
after the 24-h incubation period, internal aliquots of each culture were
assayed for rAPase activity and polyP levels by the metachromatic
absorbance shift method (as indicated at the bottom; ND, nondetect-
able). The overplus samples (lanes 5 to 6) received additional treat-
ments of P; starvation followed by P; addition (see Materials and
Methods) before rAPase and polyP levels were determined. PolyP was
also visualized in the gel after electrophoresis of equal amounts (10
ng) of total RNA and staining with toluidine blue O dye, a basic dye
that binds polyanions. RNA species at the top of the gel are indicated
on the right.
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FIG. 6. SNF/SWI and GenS are required for polyP accumulation.
Steady-state levels of polyP from wild-type (WT), gen5A, and snf2/
swi2A strains were measured (n = 3; mean * 1 standard deviation) by
the metachromatic shift method after asynchronous growth in YPD
(the same conditions used for rAPase activity measurements in Fig.
2D).

consistent with increased transcription of PHM and/or other
genes that may play direct or indirect roles in polyP biosyn-
thesis (19, 33). In contrast, as relatively high levels of polyP are
synthesized in wild-type cells when excess P; is present, polyP
synthesis does not require a preceding period of P; starvation.

Accumulation of polyP under limiting P, conditions requires
SNF/SWI and GenS5. The levels of polyP and PHOS expression
are inversely correlated (Fig. 5B, lanes 1 and 4 or 3 and 4).
Thus, the loss of mitotic PHOS activation in snf/swi and gen5
mutants (Fig. 2) might be due to a pleiotropic hyperaccumu-
lation of polyP. We determined, however, that polyP levels
were decreased >10-fold and near the detection limit in genSA
and snf2/swi2A strains, respectively, during continuous growth
in YPD (Fig. 6). This result suggests that SNF/SWI and GenS
are needed for M phase activation of PHM genes, as well as
PHOS, when P; is limited.

PolyP levels fluctuate during the cell cycle. Because PHOS
expression is inversely related to polyP reserves (Fig. 5), we
investigated if mitotic activation of PHOS is correlated with a
decrease in polyP levels before M phase in a-factor-synchro-
nized cultures (Fig. 7). Maximal levels of polyP are observed at
G, (0 to 15 min) and reach a minimum when cells are well into
S phase, 45 to 60 min after a-factor removal. The 6- to 10-fold
increase in polyP levels compared to Fig. 5B and 6 is repro-
ducibly observed following synchronization. Nevertheless, a
four- to fivefold drop in polyP levels precedes peak accumu-
lation of PHO5 mRNA in mitosis, which occurs at 75 min.
PolyP amounts remain at the minimum through 105 min and
then increase fivefold at 120 min. Presumably, this is because
enhanced mitotic expression of PHO5 (Fig. 7B), other rAPase
genes, and PHOS84, the high-affinity P; transporter, lead to
increased scavenging of P; and hence polyP synthesis. These
data indicate that, in P;-limiting medium (e.g., YPD), polyP
levels fluctuate with the cell cycle. Importantly, this result also
suggests that the physiological basis for mitotic cycling of
PHOS is due to significant, but not complete, depletion of
polyP reserves prior to M phase.

Loss of polyP increases the rate, magnitude, and duration of
PHOS activation. We also assessed the effects of the absence of
polyP deficiency on PHOS activation during synchronous cell
cycle progression. Following a-factor synchronization and re-
lease in YPD medium, induction of PHOS in the phm3A strain,
which lacks detectable polyP (33), increases dramatically in
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FIG. 7. PolyP levels fluctuate during the cell cycle. (A) Flow cyto-
metric analysis of a-factor-synchronized cultures. (B) Analysis of polyP
and mRNA levels. Total RNA and polyP were isolated at 15-min
intervals following release from a-factor arrest. PolyP was analyzed as
for Fig. 5B, except that the samples were treated with RNase A prior
to electrophoresis (polyP gel) and metachromatic shift quantification
of polyP levels of an internal fraction (graph at bottom). Northern
analysis of PHOS5 and TCMI mRNA levels of internal aliquots of
RNA-polyP not treated with RNase A (middle) are plotted versus time
and compared to polyP levels at the bottom.

comparison to that in wild-type cells (Fig. 8). Furthermore,
PHOS5 mRNA was evident earlier in the phm3A strain, indi-
cating that the null cells lose the repressive signal inactivating
PHO)5 transcription before their wild-type counterparts. Flow
cytometric analysis demonstrated that the length and timing of
each cell cycle phase in the phm3 strain was indistinguishable
from those in the wild type (data not shown), consistent with its
wild-type growth phenotype (6). Therefore, the absence of
Phm3 causes increased levels of PHOS transcription that are
not due to a higher proportion of cells in M phase.

Strains lacking the Phm/Vtc complex are defective in sus-
taining transport of P; that is added during the overplus pro-
cedure (33), making it possible that PHOS5 would be dere-
pressed (26). However, a low level of PHOS transcript that
precedes and follows the mitotic peak (Fig. 8) strongly suggests
that PHOS transcription is not constitutively derepressed in
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FIG. 8. Mitotic activation of PHOS is increased in phm3A strains.
(A) Northern analysis of a-factor-synchronized cultures of wild-type
(WT) and phm3A cells. (B) Normalized PHOS transcript levels from
panel A.

phm strains. Alternatively, it was hypothesized (33) that com-
promised P; transport could indirectly result from the inability
to synthesize polyP; the failure to divert added P; to vacuoles
leads to increased cytosolic P; concentrations that signal deg-
radation of Pho84, the high-affinity P; transporter (48). Never-
theless, employing the overplus treatment with asynchronous
wild-type and phm3A cultures, an identical precipitous drop in
PHOS transcript levels occurs from 20 to 30 min after P; ad-
dition (data not shown). We conclude that the initial 5-min
period of P; transport observed in phm3A cells during the
phosphate overplus (33) is sufficient to signal PHOS5 repres-
sion.

The rapid onset of accumulation of PHOS transcript in the
phm3A strain (Fig. 8), even prior to G,/M, where all cells have
achieved a 2N DNA content, suggests an increased rate of
PHOS activation in the absence of polyP reserves. To evaluate
this possibility, we tested how polyP stores influence the initial
rate of PHO5 mRNA accumulation in asynchronous cultures
in response to P; starvation (Fig. 9). Wild-type and phm3A
strains were first grown in defined P;-free medium with 13.4
mM P; added back so that substantial cellular polyP would
accumulate. Subsequently, P; was removed by washing, both
cultures were shifted to P;-free medium, and the levels of
PHO5 mRNA, as well as rAPase activity, were monitored over
time. PHOS transcript accumulates linearly in both the wild-
type (R* = 0.96) and phm3A (R* = 0.99) strains for 150 and 60
min, respectively. Strikingly, the initial, rapid response to P;
starvation occurs 60 min earlier and at a threefold-higher rate
in the phm3A strain. Moreover, PHOS transcript levels in the
phm3A strain are significantly higher (120-fold more at 60 min)
at every time point up to and including 4 h, achieve maximum
2 h earlier, and are maintained at this higher level longer than
in wild-type cells. Subsequently, PHO5 mRNA levels plateau
and then, interestingly, decline to similar levels in both cultures
around 6 h after P; starvation. As expected, the levels of inter-
nally assayed rAPase activity lag behind and qualitatively sup-
port these observations (Fig. 9A). The absence of a decrease in
rAPase activity at the later time points likely reflects the in-
creased stability of the protein relative to PHOS5, PHOI11, and
PHOI?2 transcripts (46). We conclude that the initial rates of
accumulation of PHOS transcript and rAPase activity, and pre-
sumably the rates of transcriptional initiation, are enhanced in
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FIG. 9. Deletion of PHM3 increases the rate of PHOS activation.
(A) Northern analysis of RNA isolated during a time course of PHOS5
activation. Wild-type (WT) and phm3A strains grown on defined P;-
free medium with 13.4 mM P; added back (to build up stores of polyP
in the wild-type strain) were then starved for P; by being washed and
resuspended in P;-free medium, and RNA was isolated at the indicated
times. The total rAPase activities obtained from an internal aliquot of
each culture are indicated below each lane. (B) Absolute PHOS tran-
script levels from panel A. The thick trend line indicates the initial,
linear period of transcript accumulation.

cells lacking polyP. Further, the repressive influence of polyP
reserves on PHOS transcription was observed in a defined
medium, which complements our results obtained using YPD
medium.

DISCUSSION

We have investigated the molecular mechanisms and phys-
iological basis for activation of PHO promoters, which are in a
prominent class of mitotically induced genes with nutritional
roles (42). In contrast to previous findings using P;-starved,
asynchronous cultures, we find that PHOS5 activation in M
phase in synchronized cultures grown in rich medium is
strongly dependent on the SNF/SWI complex, an ATP-depen-
dent chromatin remodeler, and the histone acetyltransferase
Gend (Fig. 2). Additionally, our work shows that M phase
induction of PHOS requires the transactivators Pho2 and Pho4,
as well as the CDK inhibitor Pho81, suggesting that PHOS5
mitotic induction occurs through the PHO signal transduction
pathway (Fig. 1). In accord with this, addition of exogenous P;
suppresses mitotic activation of PHOS (Fig. 3) and increases
polyP levels, which are inversely correlated with PHOS expres-
sion in wild-type cells (Fig. 5B). Further, in synchronized cul-
tures, polyP amounts decrease between G, and M phases,
demonstrating that metabolic pools of polyP fluctuate during
the cell cycle (Fig. 7). Beyond these correlations, we show that
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strains with undetectable levels of polyP (phm3A) exhibit a
dramatically enhanced PHO response in both synchronous and
asynchronous cultures (Fig. 8 and 9). These results establish
that polyP causally represses PHOS expression. Moreover, the
physiological stimulus for activation of PHOS in M phase is P;
depletion that ensues after reduction of vacuolar polyP re-
serves. Thus, our results expand the role of the PHO signaling
system to include coordination of the mitotic activation with P;
availability during cell cycle progression. Our data also high-
light a novel function for polyP as a negative regulator of PHO
activation in mitosis.

Our findings support the model that a central, physiological
role of polyP is that of a phosphate reservoir (11, 41). Under
conditions of limiting P;, inasmuch as degradation of polyP
increases intracellular P; pools, the polymer antagonizes PHOS5
activation. It is likely that our findings apply generally to other
PHO (and PHM) genes, since the rate of PHO84 transcript
accumulation is also enhanced upon P; starvation in a phm3A
strain (D. W. Neef and M. P. Kladde, unpublished data). It
must be emphasized that Phm/Vtc complex activity, and hence
polyP, is not required to maintain (Fig. 9, zero point) or es-
tablish (Fig. 5) repression of PHOS when P; is abundant. Fur-
ther, a lack of detectable polyP does not impair the ability to
repress PHOS transcription before and after the mitotic peak
in synchronized populations (Fig. 8). Thus, polyP is a modu-
lator rather than an essential cell cycle regulator of PHO ex-
pression, replenishing intracellular levels of P; when metabolic
demand for it is high.

The inability to make polyP in the absence of the Phm/Vtc
complex allowed us to address the interplay between polyP and
PHOS regulation during M phase. Extensive P; starvation leads
to G, arrest (30), primarily due to controls that operate at Start
(36). Although the mechanisms are unclear, it is widely ac-
cepted that these controls involve attaining sufficient cell size
and nutrient acquisition for cell division. In view of this, while
cells have already gauged sufficient phosphate resources to
execute Start, why do they rapidly mobilize their polyP reserves
with synchronous progression through S phase (Fig. 7)? It is
possible that polyP reserves are directly sensed as a P; source
prior to Start. However, if this were the case, constitutive
activation of PHOS outside of M phase would be expected in
the absence of polyP (phm3A cells), which is not observed (Fig.
8). Instead, since phm3A cells lack reserve P; afforded by polyP,
they exaggerate mitotic induction of PHO genes (Fig. 8). Thus,
while the cell division commitment decision is made at G,, our
data suggest that the sensing of and response to nutrient im-
balances is not restricted to G, (45). This view is supported
further by the fact that PHOS is strongly activated by P; star-
vation during sustained mitotic arrest (Neef and Kladde, un-
published). Since the cells could not anticipate the post-Start
starvation, we conclude that they are able to sense P; at cell
cycle stages other than G;.

We propose the following model for PHOS mitotic activa-
tion under conditions of limiting P; (e.g., YPD). A yeast cell
maintains cytosolic P; at levels sufficient to satisfy metabolic
needs and stores any excess as polyP. Upon reaching critical
size and nutrient status, the cell will initiate Start and probably
decrease cytosolic P; rapidly while synthesizing nucleotides for
DNA replication and transcription, as well as phospholipids
for the enlarging bud. PolyP reduction also correlates with
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marked increases in sugar phosphates during synchronous en-
try into S phase (11, 32). As the intracellular P; concentration
declines and is unable to be replenished by preferred extracel-
lular P; (11), it may first be more expedient to degrade polyP to
P;, presumably via endopolyPases (Ppnl) and exopolyPases
(25, 40). Subsequently, when polyP reserves and hence cyto-
solic P; fall critically low, transcription of the PHO and PHM
genes is activated. During M phase, and possibly into Gy,
rAPase synthesis leads to hydrolysis of phosphoesters in the
medium, which supplies P; for import via the high-affinity
transporter Pho84, which is also expressed in mitosis (42).
Increased cytosolic P; (or some anabolite of P;) leads to atten-
uation of the PHO mitotic induction. After metabolic growth
requirements are met, excess P; is assimilated into polyP, thus
reconciling the seeming paradox that cells synthesize polyP in
response to P; deprivation.

The primary reason for PHO mitotic expression may be to
sequester as much P; as is feasible as vacuolar polyP. This view
is supported by the fact that pho4A cells exhibit a wild-type
growth rate in YPD, despite the absence of detectable polyP
(33) (Fig. 5B) and inability to activate PHO genes in mitosis
(Fig. 1). Hence, the amount of P; (or phosphate esters) and
basal levels of PHO gene expression are adequate for pho4A
cells to meet their P; growth requirements. Therefore, mitotic
PHO activation may simply confer an adaptive advantage
through hoarding P; as polyP or significant conservation of
transcriptional resources, antagonizing excessive activation of
PHOS (Fig. 8 and 9) and ~20 additional PHO, PHM/VTC, and
other genes (19, 33).

We find that activation of PHOS during mitosis in YPD and
the initial period of P; starvation are strongly dependent on
SNF/SWI and Gen5 (Fig. 2). In contrast, activation of PHOS in
asynchronous cultures extensively starved for P; is refractory to
the loss of both chromatin-remodeling activities (10, 13). This
apparent discrepancy is potentially explained by a global re-
quirement for GenS and SNF/SWI in mitotic gene expression
(24). The relatively short period (~15 to 30 min) of mitotic
activation may also contribute to the pronounced Gen5 and
SNF/SWI dependence, since these coactivators are needed for
wild-type rates of PHOS activation (1) (Fig. 2E). Because snf/
swi and gen5 mutants have very low levels of polyP (Fig. 6), it
is unlikely that they exhibit lower rates of PHOS activation due
to impaired growth and hence slower depletion of cellular P;.
Moreover, the rates of transactivation of double snf/swi phm3
and gen5 phm3 mutants with undetectable polyP are also lower
than those of phm3 cells (data not shown).

PHOS transcription is also GenS and SNF/SWI dependent in
asynchronous cultures grown in YPD (18, 43) but does not
require SNF/SWI in synthetic minimal medium (43). We pro-
pose that this medium-specific difference for SNF/SWI can
now be explained in terms of polyP. Mitotic expression in YPD
is significant due to its low levels of P, and hence vacuolar
polyP. In contrast, the high P; concentration (7.3 mM) of
minimal medium leads to substantial increases in polyP that
repress M phase expression (Fig. 5).

The antagonism between polyP/P; levels and the magnitude
of PHO activation suggests that nutrient sensing may underlie
the transcriptional periodicity of other cell cycle-regulated
genes. In particular, transcripts for genes involved in the trans-
port of a variety of nutrients in addition to P;, including car-
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bohydrates, heavy metals, ions, and amino acids, fluctuate dur-
ing the cell cycle (42). Genes involved in glycogen (GSY7) and
fatty acid (FAAI and FASI) synthesis are also cell cycle regu-
lated in rich medium. Depending on the particular sensing
system, the presence or absence of nutrients may lead to pe-
riodic increases or decreases in cell cycle transcription. Alter-
natively, the low levels of P; in YPD may contribute indirectly
to the periodic expression of some genes. For example, mitotic
induction of the plasma membrane ATPase, PMAI, may gen-
erate the proton gradient that is requisite for Pho84-mediated
symport of P; (and many other nutrients). Finally, since polyP
chelates cations (8), it is plausible that their uptake is coordi-
nated with polyP synthesis. It remains to be seen if the loss of
polyP affects the transcription of any of these additional cell
cycle-regulated genes.
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