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ABSTRACT: In Saccharomyces cerisiae the Pho84 high-affinity transport system is the major phosphate
transporter activated when the cells experience a limitation in external phosphate. In this study, we have
compared the phosphate-responsive mechanism of cells expr&$$d@4with a Apho84strain by use

of a phosphate analogue, methylphosphonate, which was judged to be suitable for assessment of phosphate
homeostasis in the cells. Intracellular levels of the analogue, which in several respects mimicks phosphate,
were monitored by!P NMR spectroscopy. Results show that methylphosphonate is a nonhydrolyzable
and nonutilizable analogue that cannot be used to replenish phosphate or polyphosphate in yeast cells
grown under conditions of phosphate limitation. However, the presence of methylphosphonate under such
conditions represses the Pho5 acidic phosphatase activiRii@B4 cells, a finding that implies a direct

role of the analogue in the regulation of phosphate-responsive genes and/or proteins. Likewise, accumulation
of the Pho84 protein at the plasma membrane of the same cells is inhibited by methylphosphonate, although
the derepressive expression of lO84gene is unperturbed. Thus, a post-transcriptional regulation is
suggested. Supportive of this suggestion is the fact that addition of methylphosphonate to cells with abundant
and active Pho84 at the plasma membrane causes enhanced internalization of the Pho84 protein. Altogether,
these observations suggest that the Pho84 transporter is regulated not only at the transcriptional level but
also by a direct molecule-sensing mechanism at the protein level.

Phosphate acquisition of the yedaccharomyces cer- an increase in the level of synthesis of the high-affinity
evisiae from the surrounding environment, an essential transport system and of secreted acid phosphatases (Pho3p,
prerequisite for ensuring the growth and survival of the cells, Pho5p, Phollp, and Phol24d) ) to scavenge phosphate
relies on the transduction of extracellular phosphate signalsfrom the environment. Once the cells have taken up
across the plasma membrane into the cell and the nutrient-phosphate, its intracellular compartmentalization in the yeast
controlled transcriptional regulation of the phosphate trans- vacuole in the storage form of phosphate and polyphosphate
port systems. The mechanism involved in the cellular (polyP)! a linear polymer of phosphate in an anhydrous
phosphate response forms part of a complex cascaddinkage @), allows for the pivotal involvement in phosphate
pathway, thePHO regulon, a genetic regulatory circuit homeostasis and interplay with gene products of Rk
composed of structural and functional components encodedpathway (see reR). Much information about thé?HO
by ~30 genes], 2). Cells are able to catalyze the uptake of signaling pathway has been obtained through the use of
inorganic phosphate from the environment through at leastPHO5 gene expression as its extracellular phosphatase
five phosphate transporters, i.e., two high-affinity permeases,activity can easily be monitored. Transcription of tdO5
Pho84p 8) and Pho89p4), and three low-affinity permeases, gene, as well as several othPHO genes, is regulated
Pho87p §), Pho90p, and Pho91B) A quintuple deletion through a system consisting of the cyclin-dependent kinase
of PHO84 PHO87 PHO89 PHO9Q and PHO91 com- (CDK), Pho85p, one of its cyclins, Pho80p, and the CDK
pletely abolishes phosphate transport and is therefore lethalinhibitor (CKI), Pho81p, together with transcription factors
(6). When phosphate becomes limiting, the cells respond with Pho4p and Pho2pl( 7, 9). High-capacity uptake of free
phosphate from outside the cell is under phosphate limitation
mediated by the H-coupled Pho84 cotransporté; (0, 11).

The expression dPHO84is derepressed when the external
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phosphate concentration of the growth medium decreases ta&ahromosomalPHO84 gene tagged with a tandemdYC
~100uM (12, 13). Synthesis and transport activity of the epitope at its C-terminus (CEN.PK113-5D-Pha&4¢ and
Pho84p is maintained at its highest levels at a cell density the strain harboring a C-terminal addition of GFP (CEN-
corresponding to the midexponential growth phase during .PK113-5D-Pho84-GFP) used in this work have already been
logarithmic batch growth, a condition under which the described 13). The CEN.PK113-5DApho84 strain is a
extracellular phosphate concentration is in the range ef 30 Pho84p null strain in which theHO84 gene was deleted
40 uM. At lower phosphate concentrations, the protein is using PCR technology essentially as described previously
removed from the plasma membrane and subjected to(20). The deletion cassette was PCR amplified from
vacuolar sorting and degradatiod?]. Like other yeast pUBH2MYC (20) with oligonucleotide primers 'BAT-
transporters which can be removed from the plasma mem-CACCAGGGCACACAACAAACAAAACTCCAC-
brane in response to high levels of their corresponding CACGAATACAATCCAATCCCACCACCATCATCAT-
substrate 14), a regulation which presumably prevents an CAC and 53-TGCGGCAGCAGCAAGTTCCAACTTAG-
overload of excess external substrate, the Pho84p transporteCGTTAACATCCAATTGATAACTATAGGGAGACCGG-
expressed in cells grown at a low level of phosphate is CAGATC and subsequently transformed into CEN.PK113-
endocytosed and sorted to the vacuole in response to adde&D cells for homologous recombination using the lithium
high levels of phosphatd 8). The adaptation of the cellsto  acetate procedure). After selection on YPD-Geneticin
phosphate limiting and surplus conditions requires that the (200xg/mL) plates, colonies were restreaked on fresh YPD-
prevailing concentration be “sensed” by the cells. The Geneticin plates, and the deletion was verified by PCR.

possibility that the Pho84p transporter is active in phosphate  cg|1s expressin@HO84-MY Cor without thePHO84gene
sensing has previously been investigated jina84defective were precultivated aerobically for 12 h in YPD (1% yeast
mutant in which a complete de_repressionbeO5was found extract, 2% glucose, and 2% peptone) medium &C30nder

to be caused by a decrease in the rate of phosphate uptakggitation, harvested by centrifugation, washed twice with
rather than the lack of the transporter molec@le Recently,  sierile water, and then inoculated in liquid high-phosphate
evidence that expression BHO5is regulated by intracel-  yp. 15 mM R) or low-phosphate (LP250uM P;) medium

Iu_Iar prthophosphate levels in a manner strongly correlated (22). Cells were grown aerobically at 3€ under agitation.

with intracellular levels of phosphate and polyP was pre- Samples for phosphate uptake assays, Western blot analyses,
sented, in addition to evidence that orthophosphate is notyyr analysis, and acid phosphatase activity measurements

the only signal of phosphate availabilityq). In contrastto \yere withdrawn at the indicated time points as stated in the
that of PHO5 PHO84 and PHO89 the transcription of figure legends.

PHO87, PHO9Q andPHO91genes has been shown to be .
independent of both phosphate concentration and Pho4p Acid Phosphatase Aetty Measurementseast cells were

S grown in either LRPor HR, at 30°C to anAsoo ranging from
Zf tEIiVIP?i/ g(ﬁgf Iree\jz ?: ?ﬁ?éﬁlﬂé@?&é@iﬁfﬁ r;o;viésreei,ssed 0.5 to .10, and the acid phosp_hatase aptivity was assayed
Pho84p and Pho87p of cells starved for phosphate Wereaccordlng to the method described previously23).
recently shown to be able to sustain rapid phosphate signaling Phosphate Transport MeasuremenBhosphate uptake
in the activation of the protein kinase A pathway in the Was assayed in inta& cereisiaecells expressinHO84-
presence of glucose, suggesting that they can act as phosphafdYCgrown in LR. The uptake was initiated by the addition
sensors by using overlapping nutrient signal transduction Of 1 uL of [**P]orthophosphate (carrier-free, 0.184D¥ol,
pathways 18). In addition, evidence that Pho84p also has a 1 mCi= 37 Mbaq) to 30uL aliquots of cells, resuspended to
role in metal ion transport has been presentet] (9). 3 mg of cells (wet weight)/3@L of buffer [25 mM Tris-
Clearly, the multiple roles of Pho84p in transport and succinate (pH 4.5) and 3% glucose], to a final phosphate
signaling make it a central component in the regulation of concentration of 0.22 mM essentially as described previously
cellular homeostasis. (24). The velocity of uptake was measured during the first
This study addresses the substrate specificity of the minute in the absence or presence of 11 mM MP added to
phosphate sensory machinery and mobilization of the internalthe 25 mM Tris-succinate assay buffer.
polyP pool ofS. cereisiae cells by use of the phosphate Western Blot Analysis of Pho84p ExpressiOells grown
analogue, methylphosphonate (MP). The expression ofto specifiedAsp Values in LP as described above were
Pho84p and Pho5p together with the status of the intracellularcollected by centrifugation at 55Gnd 4°C for 10 min.
phosphate pools under different growth conditions was usedProteins were extracted and precipitated essentially as
to monitor the effects of MP on phosphate homeostasis.  described previously26). Equivalent concentrations of the
resolubilized protein (2zg) were mixed with sample buffer
EXPERIMENTAL PROCEDURES prior to separation on a 10% SB®olyacrylamide gelZ6).
Materials.[3?P]Orthophosphate (carrier-free), horseradish Immunoblotting to poly(vinylidene difluoride) membranes
peroxidase-conjugated anti-mouse IgG antibody (from sheep),(Immobilon-P Millipore) was carried out according to the
and the enhanced chemiluminescence detection kit weremanufacturer's protocol (Amersham Biosciences). Use of
obtained from Amersham Biosciences. Anti-myc antibodies anti-myc antibody and horseradish peroxidase-conjugated
were obtained from Invitrogen. TaqPlus Long and TaqPlus anti-mouse IgG antibody allowed for immunological detec-
Precision polymerases were from Stratagene. All other tion of the Pho84-myc protein. After a short incubation with
materials were reagent grade and were obtained fromthe chemiluminescent substrate, the blot was exposed to
commercial sources. X-ray film for 1—2 min. The molecular masses of separated
Strain and Growth Conditions. S. ceisiae strain CEN- proteins were determined by the relative mobility of prestained
.PK113-5D MATa MAL2-& SUC2 ura3-52 harboring the marker proteins (Bio-Rad).
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RNA Isolation and RT-PCRotal RNA from yeast cells
expressing?HO84-MYCin LP; in the absence or presence
of MP was isolated using RNeasy (Qiagen). The RNA
samples were treated with DNase | (Amersham Biosciences)
prior to RT-PCR. The SuperScript One-step RT-PCR system
(Invitrogen) was used for the RT-PCR. Amplified DNA
products were then separated on a 1% agarose gel. Primer
(5-ACTCTGGTGCTGAATGTGATGCTAGA and 5T-
GAGCAGTAGATCTGTAACGAGTT) designed for ampli-
fication of thePHO84gene were used in RT-PCR. Primers
(5-TGAGGTTGCTGCTTTGGTTA and 5TTCTGGGG-
CTCTGAATCTTT) were designed for amplification of the
actin gene ACTY).

Expression and Degradation of the Phe83FP Chimera
and Microscopy Analyse¥east cells expressing the Phe84
GFP chimera were precultivated aerobically for 12 h in YPD
medium at 3C°C, washed twice with water, and inoculated
in LP; in the absence or presence of 10 mM MP. Cells were
grown aerobically at 30C, and samples for microscopy
analyses were withdrawn at the indicated time points.
Samples were mixed with an equal volume of melted agarose
(19%), immobilized on a slide, and cooled prior to analysis.
The Y-FL EX 465-495 epi-fluorescence filter (Nikon) was
used for the excitation of the GFP. The cells were monitored
using a 60/1.40 oil objective on a Nikon Eclipse E600
microscope (100 W Hg source) equipped with the C1
modular confocal microscope system (Nikon, Instech. Co.,
Ltd.) and a cooled CCD camera (C4742-95-12SC, Hamamat-
su). For image capture, the Nikon EZ-C1 confocal micro-
scope software was used. For analysis of PhaBEP
degradation, yeast cells expressing the PhaBBP chimera
were precultivated aerobically for 12 h in YPD medium at
30°C, washed twice with water, inoculated in;l.@nd grown
to anAsno Of 2.4, corresponding to the maximal expression
of the Pho84GFP chimera. Cells were then treated with
either the combination of MP (10 mM) and cycloheximide
(10 ug/mL) or only cycloheximide (1Qug/mL). Protein
internalization was analyzed by fluorescent micrographs as
described above over the course of 80 min.

In Vitro 3P NMR Measurement¥.east cells expressing
PHO84-MY Cor without thePHO84 gene Apho84 grown
in HR, or LR, in the absence or presence of 10 mM MP,
were harvested at specifiddo values by centrifugation at
500Qy for 5 min, and washed twice with sterile water, and
4 or 2.5 g portions of collected cells were frozen in liquid
nitrogen. Perchloric acid (PCA) extraction of cells was
performed as described previous®7). Divalent cations,
Mg?" and Mi#+, were chelated by addition of 50 mM CDTA,
and the pH was buffered with 25 mM Hepes and adjusted
to pH 7.5. The samples (3 mL) contained 10% (v/\yOD
The deuterium resonance of® was used as a signal lock,
and samples were analyzed fb h atroom temperature.
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Ficure 1: Structure of inorganic phosphate))(Bnd phosphate
analogues phosphite (Phi) and methylphosphonate (MP).
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Ficure 2: Growth analysis of cells expressiRHO84-MYCor
without thePHO84 gene under HPor LP, growth conditions, in
the absence or presence of different concentrations of MP and Phi.
(A) PHO84-MYCcells were grown in H(H), in the presence of
10 mM MP @) or 0.1 mM Phi @). (B) PHO84-MYCcells were
grown in LR (M), in the presence of 0.1 mM MR}, 1 mM MP
(a), 10 MM MP (0), 0.1 mM Phi @), 1 mM Phi €), or 10 mM
Phi (x). (C) Apho84cells were grown in HR), in the presence
of 10 mM MP @) or 0.1 mM Phi @). (D) Apho84cells were
grown in LR (M), in the presence of 0.1 mM MR}, 1 mM MP
(a), 10 mM MP @), or 0.1 mM Phi @).
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extraction. The chemical shifts of al'P spectra were
referenced to an 85% phosphoric acid external reference at

0 ppm @9).
RESULTS

Cells Expressing PHO84 Show Increased Serisiti
toward Nonmetabolized Phosphate AnalogUése toxicity
of phosphate analogues, methylphosphonate (MP) and phos-
phite (Phi) (Figure 1), on yeast cells was investigated in an
effort to establish suitable cell culture conditions and
analogue concentrations for treatment. Cétlsl084-MYC
or deleted inPHO84 (Apho84, were grown in HPor LP,
in the absence or presence of the analogues at different
concentrations (Figure 2). Both yeast strains grew at the same

NMR spectra were recorded on a Varian NMR spectrometer rates on HP (Figure 2A,C) independent of the analogue
(500 MHz) equipped with a 10 mm multinuclear probe tuned concentration that was applied. In contrast, cells expressing
at 202.519 MHz. The acquisition conditions were as fol- PHO84-MYQn LP; show an inhibited growth in the presence
lows: 70 radio frequency pulses (2&5) at 1.8 s intervals,  of high concentrations of MP or Phi. Indeed, additions of 1
spectral width of 11 000 Hz, and 1024 scans. Free induction or 10 mM Phi completely arrest cell growth, while Phi at a
decays were collected as 8K data points, zero-filled to 16K, concentration of 0.1 mM exerted a moderate inhibition of
and processed with a 5.0 Hz exponential line broadening. growth (Figure 2B). Also, treatment with MP led to inhibition
The specific assignments of individual resonances were basedf cell growth but at higher concentrations than in the case
on published chemical shift28) and, additionally, on those  of Phi. While 10 mM MP led to a partial inhibition of growth

of known compounds added to the samples during PCA over the cultivation time that was used (252 h), 0.1 and
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Ficure 3: Levels of synthesis and degradation of Pho84p in cells 100

expressingPHO84-MYCin the absence or presence of various
concentrations of phosphate and phosphate analogues. Cells were
precultured in YPD medium for 12 h (denoted o/n) and were after
inoculation in LR allowed to grow to am\sgo Of 2.5 (denoted-30),

after which the individual cultures were treated with the specified
phosphate analogues (denoted 0). Samples were withdrawn at the
indicated time points (o/n, 0, 15, 30, 45, and 60 min), and proteins
were solubilized; 25 g of membrane protein was subjected to
SDS—polyacrylamide gel electrophoresis, immunoblotting, and
detection of the Pho84-myc protein using an anti-myc antibody as
described in Western Blot Analysis of Pho84p Expression: (I) no
treatment, (II) phosphate treatment [addition of 0.1 (A), 1 (B), and
10 mM (C) phosphate], (lll) Phi treatment (addition of 0.1 mM 0 ‘ . |
Phi), (IV) arsenate treatment [addition of 0.1 (A), 1 (B), and 10

mM (C) arsenate], and (V) MP treatment [addition of 0.1 (A), 1 0 20 40 60
(B), and 10 mM (C) MP].
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L. FiIGURE 4: Uptake of*?P, into PHO84-MY Ccells grown under LP
1 mM MP affected growth of the cells only to a limited conditions. (A) Cells grown in LPto anAgqo of 2.5 were divided

extent (Figure 2B). Interestingly, lrown Apho84cells into two cultures, one subjected to continued growth for 60 min in
were essentially unaffected by the presence of 10 mM MP the same medium and another in which the growth medium was
or 0.1 mM Phi (Figure 2D). These results suggest that uptakesupplemented with 11 mM MP during the continued growthi- LP
of the analogues is mediated by the Pho84 high-affinity 9rown cells were assayed f8# uptake in the absencalf and
) . presence®) of 11 mM MP, and LFMP medium-grown cells were

transporter localized in the plasma membrane under LP zssaved fof2P; uptake in the absence] and presence) of 11
conditions. Because of the high toxicity of Phi towardLP  mm MP. (B) LP-grown cells at amsqo Of 2.5 were treated with
grown cells expressingPHO84-MYC no concentration 11 mM MP for 0, 15, 30, 45, and 60 min, harvested, and subjected
higher than 0.1 mM was used in this study. to 32, uptake analysis. Activities were normalized= 3.

Recognition of Phosphate and Its Nonmetabolized Ana- inhibitory effect on cell growth is seen at theAg values,
logue Methylphosphonate Triggers Degradation of the even in the presence of MP and Phi at concentrations of 10
Pho84p Transporter. PHO84-MY¢zlls were grown in LP and 0.1 mM, respectively (Figure 2B). Also, addition of MP
to anAeno Of 2.5 with a continued agitated growth in Lfer at a concentration of 10 mM (Figure 3, V, C) triggered
60 min in the absence (Figure 3, 1) or in the presence of a degradation of the Pho84-myc protein at a rate comparable
concentration of 0.1 (A), 1 (B), or 10 mM (C) phosphate to that observed in the presence of 10 mM phosphate and,
(Figure 3, Il), arsenate (Figure 3, IV), or MP (Figure, 3 V), thus, lowered the high-affinity phosphate uptake mediated
or 0.1 mM Phi (Figure 3, lll). Cells harvested at indicated by Pho84p to less than 10% of the initial activity during the
time points were subjected to protein solubilization, elec- incubation (Figure 4B). In contrast, treatment with arsenate
trophoretic separation, and Western blot analysis. As can beat a concentration of 0.1, 1, or 10 mM (Figure 3, IV) did
seen in part C of panel Il of Figure 3, addition of 10 mM not lead to any significant degradation of the Pho84p and
phosphate induced degradation of the full-length Pho84-myc Phi at a concentration of 0.1 mM exerted a moderate effect
protein with a close to complete removal after incubation on the stability of the protein. Although not affecting the
for 60 min. Treatment with lower concentrations of phos- Pho84p directly, arsenate at a concentration of 10 mM arrests
phate, 0.1 and 1 mM over the same time, did not affect the cell growth (not shown) due to, for example, drastic effects
stability of the transporter, and protein levels were fully on cellular respiration. It is most likely that the cell machinery
comparable with that of the nontreated cells. This observation required for the degradation process is rendered nonfunctional
suggests that the removal of the Pho84 transporter occurs inby the addition of arsenate. Like arsenate, Phi is toxic to the
a concentration-dependent manner with respect to phosphatecells and inhibits growth oPHO84-MY Gexpressing cells
Importantly, since Pho84-myc is expressed at its highest levelat a concentration of 0.1 mM and completely arrests growth
at anAsgo 0f 2—3 (see Figure 5A), degradation of the protein at 1 and 10 mM (Figure 2). Our data suggest that MP is not
due to cell toxicity can be ruled out since no or a minor as toxic as both arsenate and Phi and did not cause cessation
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Ficure 5. Analysis of synthesized Pho84p and tRé1084
transcript in LRrgrown PHO84-MYC.Cells were collected from
the 12 h YPD preculture (denoted o/n) and from the inoculated
LP; cell culture in the absence or presence of 10 mM MP. (A) Pho84
synthesized during growth in LLPSamples were collected Atoo
values of 0.5, 1, 1.4, 2.1, 2.6, 3.1, 3.7, and 5.1u8%f extracted
membrane proteins was analyzed by SipBlyacrylamide gel
electrophoresis followed by immunodetection as described in
Western Blot Analysis of Pho84p Expression. (B) Pho84 synthe-
sized during growth in LPsupplemented with 10 mM MP was
withdrawn atAsqo values of 1, 1.5, 1.7, 2.2, and 5.2, and analyzed

Pratt et al.

as a transport competent substrate of Pho84p, it is possible
that the degradation and inactivation of Pho84p [Figure 3
(V, C) and Figure 2B, respectively] are mediated by a
periplasmically located regulatory substrate recognition site
on the transporter.

Methylphosphonate Does Not Repress Transcription of
PHO84-MYC.Since MP appears to induce the degradation
of the Pho84-myc protein in the plasma membrane, it was
interesting to see whether the expression aled nao
synthesis of the protein were affected by the presence of
MP during growth in LR For this reasorRPHO84-MY Ccells
were grown in the absence (Figure 5A) or presence (Figure
5B) of 10 mM MP, and samples were withdrawn from the
cultures at differentdsgo values. The immunodetection of
solubilized Pho84-myc subjected to electrophoresis shown
in Figure 5 illustrates the synthesis of Pho84-mydaiy
values in the range of1—4, with the highest protein levels
detected between a0 0f 2—3, when grown in the absence
of MP (Figure 5A). In contrast, inclusion of 10 mM MP in
LP; effectively repressed the accumulation of the protein at
all Aspo values monitored (Figure 5B). Because of the
apparent downregulation mediated by a high concentration
of this substrate-like molecule, we asked whether the lack
of translated product was due to repressed transcription of
the PHO84-MYCgene or events at the post-transcriptional
level. We, therefore, performed a RT-PCR analysis on

as described above. In lane 2, std corresponds to a reference samplearvested?PHO84-MY Ccells grown in LR in the absence

(25 ug) of PHO84-MY Ccells withdrawn at am\sgo Of 2.2 from an
LP; culture grown in the absence of MP. (EHO84-MYCcells
were grown in LRin the absence or presence of 10 mM MP. RT-

and presence of 10 mM MP (Figure 5C). As can be seen,
the PHO84-MYC transcripts were also present in cells

PCR was performed on the cell samples collected at the defined®XPosed to MP. Thus, the transcription of PiHO84gene
Asoovalues, using synthesized homologous primers directed toward appears not to be repressed by 10 mM MP present during

the PHO84gene; 100 ng of total RNA was used for each reaction.

growth. This observation together with the corresponding

(D) PHO84-MYCcells were grown and analyzed as described for very low levels of synthesized protein (Figure 5B) is in

panel C using synthesized homologous primers directed toward the

actin gene ACTY).

of cell growth, even at a concentration of 10 mM. Interest-

support of the interpretation that MP, unlike phosphate, is
not able to repress thBHO-regulated expression of the
PHO84-MYCgene, and that MP apparently exerts its effect

ingly, samples used for MP and Phi treatment exhibited two on the Pho84 transporter at the post-transcriptional level.
separate immunodetected Pho84-myc protein bands, appar- Methylphosphonate Alters Pho84 Accumulation and Trig-

ently equally sensitive to degradation, both prior to and
following addition of 10 mM MP (Figure 3, V, C) or 0.1
mM Phi (Figure 3, 1ll), while samples collected for control

gers Pho84 Internalization under Phosphate-Limiting Condi-
tions. MP present during LRgrowth conditions drastically
reduces the cellular Pho84p content without causing a

(Figure 3, 1), phosphate (Figure 3, 1l), or arsenate (Figure 4) repression at the transcript level (Figure 5). To distinguish
treatment revealed a single Pho84-myc protein band. Theamong three possible scenarios, (i) a decreased Pho84
appearance of the two resolved Pho84-myc proteins suggestsranslation efficiency, (i) an alternative sorting of the protein
that the protein can exist in two forms equally accessible to to the vacuole excluding delivery to the plasma membrane,

MP and Phi treatment. The molecular properties of the two
forms of the protein, probably reflecting structurally modified
populations of the protein, still remain to be clarified.

or (iii) unperturbed sorting of the protein to the plasma
membrane where it is subjected to an MP-triggered inter-
nalization resulting in lowered membrane and cellular levels

The Presence of Methylphosphonate Does Not Affectof Pho84, we analyzed the |&xpression of a Pho84GFP

Phosphate Uptake by Pho84phe specificity of the Pho84

chimera in the absence and presence of 10 mM MP (Figure

transporter for phosphate and MP was studied by a competi-6). As can be seen, the Phe8&FP chimera is targeted to

tive uptake analysisPHO84-MYC cells expressing the
transporter were grown to alsgo of 2.5 in LR, harvested,
and assayed fo’P, uptake in the absence and presence of
11 mM MP (Figure 4A). Although MP was present in 50-
fold excess over phosphate (0.22 mM), th@ uptake

velocity was unaffected by the presence of the analogue,

implying that phosphate is taken up in preference over MP.
Preincubation of the LRyrown cells with 11 mM MP for

60 min prior to the®?P, uptake assay resulted in an essentially
abolished transport activity, in agreement with the data

the plasma membrane at an early stage of growth in the
presence of MP added to the L(Figure 6A, a), although at

a lower level than in the absence of MP (Figure 6B). After
cells were grown fo6 h in LR supplemented with MP, the
Pho84-GFP chimera clearly accumulates in fluorescent
vesicular structures (Figure 6A, b) preceding an enhanced
internalization of the protein as compared to cells grown in
LP; only (Figure 6B). The Pho84GFP chimera is targeted

to the vacuole for proteolytic breakdown (Figure 6A, c¢) as
previously reportedl(2). In agreement with the data shown

depicted in Figure 3. Since MP appears not to be recognizedin Figure 5B, an efficient membrane accumulation of the



Phosphate Homeostasis in Yeast Biochemistry, Vol. 43, No. 45, 200414449

supplemented HRFigure 7A) revealed similar and relatively
constant pools of inorganic phosphate and polyP, at chemical
shifts of 2.3 and-22.5 ppm, respectively. Additional peaks
include (a) sugar phosphates at approximately 4 ppm, (b)
glycerol-3-phosphorylcholine at approximateh0.2 ppm,

and (c) glyceryl-3-phosphorylethanolamine at approximately
—0.9 ppm, and the transient energy forms of NDPs, NTPs,
and NADH found at positions-df corresponding to the-,

o-, andg-phosphates, respectively, of NDPs and NTPS,(
—10, and—20 ppm, respectively) were also apparent. The
presence of MP does not affect the status of phosphorylated
compounds in these KHrown cells. MP is barely detectable

in any of these samples (Figure 7A, spectrdll). Only
after prolonged growth (Figure 7A, spectrum V) is MP
detected as the small peak at a chemical shift of 23 ppm.
MP therefore appears to be a poor substrate for the phosphate
transport system under these jHnditions. As expected,
the3P NMR spectra recorded fdrpho84cells grown under

the same conditions were similar to those of #ld084-
FiGure 6: Time course study of localization and degradation of MYCcells. ThePHO84disruptant did not confer any changes
the expressed Pho84FP protein in the presence of MP. Fluo- in phosphate or MP acquisition during growth in MP-

rescent micrographs of cells expressiigO84-GFPgrown in LR ;
in the presence (A) or absence (B) of 10 mM MP. Images were ;quOp:gerl\e/lr;tggeﬁ:SPbUt the level of polyP was lower than in

analyzed and qualitatively compared at specified time points of .
growth up to 10 h. Cells grown in LPo an Agyp of 2.4, PHO84-MYCcells grown in MP-supplemented PRe-
corresponding to the maximal expression of the PhoBEP vealed when analyzed at &gqo Of 1.5 a drastically different

chimera, were treated with either 10 mM MP and cycloheximide spectrum (Figure 7B, spectrum I). Typically, also for cells
(10 ug/mL) (C) or only cycloheximide (1@g/mL) (D). Expression : . ' :

and internalization of the proteins were analyzed by fluorescent grown in LR in the absence of MP2, the !ntracellylar
micrographs over a time course of 80 min. storage of polyP {23 ppm) and shorter chains of tri- and

tetra-polyP (peaks g and h, respectively) were totally

Pho84 protein is prevented by the presence of MP. Sincedepleted. The magnitudes of the peaks corresponding to the
the Pho84 mRNA transcription is unaffected (Figure 5C) and a-, -, andy-phosphates of NTPs{5, —10, and—20 ppm,
the translation functional (Figure 6A), we wished to inves- respectively (peaks —¢f)] were also diminished. After
tigate whether the degradation triggered by MP (see Figureprolonged growth Asoo Of 2.5, spectrum II), the?HO84-
3, V, C) was similar to the one previously observed with MYC cells had acquired an intracellular phosphate level
addition of repressive amounts of @3). Cells grown in comparable with that of cells grown in HFIP medium. At
LP; to an Agp of 2.4, a value at which the Pho8&GFP later stages of growth (Figure 7B, spectra Il and 1V), the
chimera is strongly expressed and membrane localized, werdntracellular level of phosphate gradually decreased again
treated with 10 mM MP supplemented with cycloheximide as the low levels of phosphate in the medium were exhausted
to halt protein synthesis. Pho8GFP trafficking was and the cells entered stationary phase. At this growth stage,
analyzed over a time course of 80 min (Figure 6C). As can the regulation of the cellular phosphate levels is no longer
be seen, the presence of cycloheximide did not prevent themaintained by the Pho84 transporter (see Figure 5).
MP-triggered internalization of the Pho8GFP protein, the MP at a high concentration is found in tReHO84-MYC
characteristic intracellular distribution, and routing to the cells grown in LRFMP medium as noted by the presence of
previously identified vacuolar compartme®) (Figure 6C), the large peak at 23 ppm (Figure 7B, spectral\l). Thus,
while cells treated with cycloheximide only retained an in contrast to the situation in HIFMP can readily gain entry
unaffected peripheral fluorescence throughout the time courseinto these cells when grown in LBnd accumulate at a high
that was studied (Figure 6D). Treatment of cells with MP concentration. However, the spectra derived fragpho84
only did not reveal any detectable difference in fluorescence cells grown in MP-supplemented [Revealed a close to
intensity or distribution when compared to the data shown abolished, slow uptake of MP in th&sy range of 1.5-8,
in Figure 6C (not shown). The results indicate that the Pho84 and severely impaired uptake of phosphate over the entire
protein is synthesized and sorted to the plasma membranggrowth phase. All cellular metabolites derived from phos-
also in the presence of MP but that accumulation of the phate were below the level of detection (10M). Two
protein in the membrane is efficiently prevented by the alternatives may be distinguished explaining the presence
enhanced internalization and degradation triggered by MP of MP in thePHO84-MY Ccells grown in LRMP medium.
at the level of the plasma membrane. In the first alternative, MP is efficiently taken up in P

Methylphosphonate Uptake Is Dependent on the PHO84 grown cells expressingHO84-MY C(Figure 7B) but not in
Gene Expressed under Phosphate-Limiting Conditidies.  cells lacking thePHO84 gene (Figure 7D), suggesting that
analyze the intracellular levels of phospho compounds, MP enters the cells via the Pho84 transporter despite the
especially MP, phosphate, and polyP HRO84-MYCand MP-mediated inhibition of the growth phase-specific ac-
Apho84cells grown in MP-supplemented LBr HR, 3P cumulation of plasma membrane-localized transporter mol-
NMR analyses of cells collected Ao values of 1.5, 3,5,  ecules (Figure 5A,B) and the preference for phosphate in
and 8 were carried ouPHO84-MYCcells grown in MP- Pho84p-mediated transport (Figure 4A). Another hypothetical
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FIGURE 7: 3P NMR spectra showing the intracellular levels of phosphate, polyP, and MP@84-MY Cand Apho84cells grown in LR

or HR, supplemented with 10 mM MP. Cells, 2.5 g (in the case of Aipho84strain) o 4 g (in the case of th®HO84-MYCstrain),
harvested at specifieloo values were treated with 10% (v/v) perchloric acid (PCA) and neutralized, as described in Experimental Procedures,
and subjected t8'P NMR analysis. Spectral peaks were assigned from the literature and by addition of known phospho compounds to the
sample during PCA extraction, and are as follows: (a) phosphomonoesters, including glucose 6-phosphate and fructose 6-phosphate (at
approximately 4 ppm); (b) glycerylphosphorylcholineQ.2 ppm) and glycerylphosphorylethanolamine (at approximat€y ppm); (c

and d)y-phosphate of NTPs<5 ppm); (e)a-phosphate of NTPs—10 ppm); (f) 5-phosphate of NTPs<20 ppm) and the terminal
phosphate signals from polyP and triphosphate; (g) tri-polyP; and (h) tetra-polyPH®@®B4-MY Ccells grown in HPsupplemented with

10 mM MP. (B) PHO84-MYCcells grown in LR supplemented with 10 mM MP. (QYpho84cells grown in HP supplemented with 10

mM MP. (D) Apho84cells grown in LR supplemented with 10 mM MP!P NMR spectra of cells harvested/y, values of 1.5 (1), 3.0

(In, 5.0 (1), and 8.0 (IV) are shown.

alternative is that MP bound to the Pho84 transporter and grown in LR (Figure 8A) displayed a 4-fold increased Pho5p
possibly inside the endocytic vesicles enters the cell via the activity during early growth Aspo = 1.5), which remained
turnover of the protein through degradation and internaliza- constant during further growthA§eo = 3—10). However,
tion processes. inclusion of 10 mM MP in this growth medium (Figure 8A)
Pho84p-Transported Methylphosphonate Mediates Sup-reduced the phosphatase activity by-5®% compared to
pression of the Acidic Phosphataskhe finding that MP  that for growth in the absence of MP. The phosphate-
does not appear to affeBHOB84at the transcriptional level ~ mediated decrease in the acidic phosphatase activity has
(Figure 5C) urged us to assess tREIO derepression by  previously been suggested to be the cause of a lowered level
monitoring the acid phosphatase activity of both strains when of expression of this enzyme@). The Apho84strain did
grown in HR or LP; in the absence or presence of 10 mM not exhibit a repressed acidic phosphatase activity when
MP (Figures 8 and 9). The expression and activity of the grown in LR (Figure 8B), but displayed a linear increment
secreted phosphatase, Pho5p, have previously been used a¥ the activity of cells harvested in th&qo range of 0.5-7,
a marker to monitor the effect of varying phosphate condi- corresponding to a 16-fold enhanced activity. In contrast to
tions on the expression of the genes controlled byRH® the PHO84-MY Cstrain, these cells displayed, in the presence
regulon (). PHOS5 expression is regulated in response to of MP (Figure 8B), an activity close to that seen in the
external phosphate availability, showing a strong increase absence of the analogue indicating that MP is able to cause
in the level ofPHO5transcription when phosphate becomes only a moderate suppression of tR€1O5 which may be
limiting (7). Similar criteria were used for the acid phos- explained by the inability of the deletion mutant to sense
phatase assay of cells harboring #id084-MY Cconstruct the presence of MP. This is in agreement with the finding
and of cells withoutPHO84 (Apho84. PHO84-MY Ccells that Pho84p is required for the MP acquisition (Figure 7)
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Ficure 8: Acidic phosphatase activity 6fHO84-MYCandApho84 Acoo
cells grown in the absence or presence of 10 mM MP RAJD84- FIGURE 9: Acidic phosphatase activity HO84-MYCandApho84

MYC cells grown in LR or HR in the absence or presence of 10 cells grown in LRin the presence of various concentrations of MP.
mM MP were collected at specifiefko values and subjected to  (A) PHO84-MYCcells grown in LR supplemented with 0.1, 1, or
acidic phosphatase measurement. {E)ho84 cells grown and 10 mM MP were collected at specifighoo values and subjected
analyzed as described for panel A. to acidic phosphatase measurement. &Bjo84cells, grown and

- . analyzed as described for panel A.
and thereby for the analogue to elicit downregulation of Y P

Pho5p (Figure 8) and Pho84p (Figure 4B) activities. Both transcript when phosphate is limiting, (31, 32). In this
strains displayed a constant, repressed PhoSp activity whersyqy, the nonmetabolized analogue MP was selected for
grown in HR, independent of whether MP was present jssessment of cellular phosphate homeostasis and the
(Figure 8A,B). In a similar fashion as observed for the yportance of the Pho84 transporter in this regulation.
induction of Pho84p degradation (Figure 3, II), different pyoga-MYCeells grown in LPsupplemented with 10 mM
concentrations of MP also resulted in varying degrees of \p were, in contrast tpho84cells, capable of uptake of
inhibition of the Pho5p activity iPHO84-MY Ccells (Figure MP at Ao values coinciding with the highest expression
9A). Growth in LRin th.e_presence of MP at a concentration |avels of Pho84p observed when cells were grown in the
of 0.1 mM had a negligible effect on the acid phosphatase gpsence of MP in LRFigure 4). This suggests that Pho84p
activity. However, an enhanced inhibition was observed in gegpite the barely detectable levels of synthesized protein
the presence of 1 mM, and a concentration of 10 MM (rigyre 5), when grown in the presence of MP, maintains
rendered a fully repressed PhoSp activity (Figure 9A). The gyficient levels of the transporter for an accumulation of
minor inhibition caused by 10 mM MP during growth of  \p and phosphate. Alternatively, the entry of MP into the
the Apho84mutant (Figure 9B) supports the requirement of ¢eis could occur via the internalization and degradation of
Pho84p for the control of PhoSp. Pho84p 12). In this alternative hypothetical explanation, MP
DISCUSSION molecules might be bound to Pho84p or trapped in the
vesicular lumen. However, also in the absence of Pho84p, a
The important role of the Pho84 transporter in the delayed and low-level accumulation of MP takes place,
phosphate metabolic pathway is well-documented in studiessuggesting that MP can gain entry also by use of the less
demonstrating a greatly enhanced upregulation oPtH©84 efficient low-affinity uptake system (Figure 7). Interestingly,
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in PHO84-MYCcells grown in MP-supplemented L.Pa transcriptional regulation of the Pho84p activity has been
prolonged presence of phosphate was detected during lat@roposed previouslyg( 17). Indeed, during growth in LP
growth, suggesting that the presence of MP delayed the usen the presence of MP, low levels of Pho84 are observed
of phosphate or, alternatively, that phosphate release fromand small amounts of the protein accumulate in the plasma
the vacuole was slower. This finding is in agreement with a membrane (Figures 5 and 6). Although our results suggest
reported reduced rate of release of phosphate in Phi-treatedhat MP triggers internalization and degradation of the
cells of S. cereisiae (33). On the other hand, the inability = membrane-localized Pho84 protein also in the presence of
of MP to prevent the breakdown of polyP in the cells cycloheximide, conditions at whiale nao synthesis of the
expressing th®HO84-MY Cconstruct under LReonditions protein is halted, the existence of an alternative sorting
implies that the intracellular signaling that controls the whereby the newly synthesized protein is directly routed to
mobilization of polyP is unaffected by the presence of the the vacuole for degradation cannot be excluded. Such a
analogue. The disappearance of polyP is probably due to itsscenario has previously been reported for Tat2, a high-affinity
mobilization as a short-term response to phosphate starvationiryptophan permease in yeast, which is regulated at the level
as previously suggested by other studg8(). An alteration of protein sorting and stability. In starved cells, the internal
of the polyP synthesis could result in an alteration of the newly synthesized Tat2 is routed to the vacuole in a manner
activity of the high-affinity plasma membrane transport thatisindependent of the plasma membrane for degradation
system and therefore influence acquisition of phosphate from(35). The finding that transcription d#HO84is not affected

the external environmenBg). This aspect has interesting by the presence of 10 mM MP (Figure 5) raised the
implications for signaling between the vacuole, the main possibility that the expression &H05was also unaffected
polyP storage compartment in which synthesis and break-(Figures 8 and 9). MP contained in the jLfésulted in a
down of this long chain polymer occur, and the expression concentration-dependent decrease in the acidic phosphatase
of genes involved in scavenging and acquisition of phosphateactivity of PHO84-MY Ccells to a level close to that observed
(34). The MP molecule is clearly not a favored substrate of with HP-grown cells, in the absence or presence of high
the Pho84 transporter. However, although neither short-time MP concentrations. In contrast to the situation with the
exposure to MP or lower concentrations (0.1 and 1 mM) of PHO84-MY Ccells, the acidic phosphatase activity/giho84

MP affect the stability of the Pho84p, incubation of the cells was close to 2-fold higher in a situation where the
PHO84-MY Ccells with 10 mM MP reduces the amount and intracellular phosphate level was at a constant and low level.
activity of the protein in the plasma membrane by more than In agreement with the influence of Phi at a concentration of
90% (Figures 3 and 4), a finding consistent with that seen 0.5 mM onApho84cells 33), MP-treated cells preserved
for its natural substrate, phosphate, at the same concentration~-80% of its acidic phosphatase activity. TApho84cells

(13). In contrast, both arsenate at a concentration of 0.1, 1,lack the tuned acid phosphatase response to changes in
or 10 mM and Phi at a concentration of 0.1 mM failed to external MP concentrations. The impaired response of MP
mimic such a substrate-specific response of the Pho84correlates well with the deficient uptake of the analogue in
transporter in the membrane, possibly due to their toxic effect these cells.

on cellular processes, such as respiration (Figures 2 and 3).
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