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Inorganic polyphosphate (polyP) is a linear polymer of orthophosphate and has many biological functions
in prokaryotic and eukaryotic organisms. To investigate polyP localization, we developed a novel technique
using the affinity of the recombinant polyphosphate binding domain (PPBD) of Escherichia coli exopolyphos-
phatase to polyP. An epitope-tagged PPBD was expressed and purified from E. coli. Equilibrium binding assay
of PPBD revealed its high affinity for long-chain polyP and its weak affinity for short-chain polyP and nucleic
acids. To directly demonstrate polyP localization in Saccharomyces cerevisiae on resin sections prepared by
rapid freezing and freeze-substitution, specimens were labeled with PPBD containing an epitope tag and then
the epitope tag was detected by an indirect immunocytochemical method. A goat anti-mouse immunoglobulin
G antibody conjugated with Alexa 488 for laser confocal microscopy or with colloidal gold for transmission
electron microscopy was used. When the S. cerevisiae was cultured in yeast extract-peptone-dextrose medium
(10 mM phosphate) for 10 h, polyP was distributed in a dispersed fashion in vacuoles in successfully cryofixed
cells. A few polyP signals of the labeling were sometimes observed in cytosol around vacuoles with electron
microscopy. Under our experimental conditions, polyP granules were not observed. Therefore, it remains
unclear whether the method can detect the granule form. The method directly demonstrated the localization
of polyP at the electron microscopic level for the first time and enabled the visualization of polyP localization

with much higher specificity and resolution than with other conventional methods.

Inorganic polyphosphate (polyP) is a linear polymer of or-
thophosphate (P;) connected by high-energy bonds. PolyP oc-
curs in a wide range of organisms, including prokaryotes and
eukaryotes. PolyP has various biological functions; for exam-
ple, it acts as a P; reservoir, as an alternative source of high-
energy bonds, and as a buffer against alkaline conditions and
metals (25). Furthermore, polyP also has regulatory functions
such as competence for transformation (18), motility (36, 37),
gene expression under stressed conditions (24, 35, 46), and
protein degradation in amino acid starvation (28, 29) in pro-
karyotic organisms. The regulatory functions of polyP in eu-
karyotes are less clear, but some important facts are known.
Recently, involvement of polyP in apoptosis (43) and enhance-
ment of the mitogenic activities of acidic and basic fibroblast
growth factors by polyP (45) have been suggested to occur in
mammalian cells.

The presence of polyP in cells can be visualized by staining
with toluidine blue O (TBO) or 4',6-diamidino-2-phenylindole
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(DAPI). DAPI is usually used for DNA detection, because
blue fluorescence is apparent when the stained tissues are
viewed under UV light. However, DAPI-polyP fluoresces yel-
low at high concentrations when viewed under UV (48). These
staining methods have often been used for detecting polyP-
accumulating bacteria in activated sludge (38, 44, 47) and
polyP accumulation in the hyphae of arbuscular mycorrhizal
fungi (12). Also, subcellular localization of polyP has been
investigated using both TBO and DAPI staining. Bacterial
polyP is found in cellular inclusions known as metachromatic
granules or volutin granules (26). In eukaryotic organisms,
polyP has been shown to be localized in vacuoles (2), on the
cell surfaces of yeasts (48), and in acidocalcisomes (30, 39, 41,
42), which are storage organelles for polyP and Ca** in pro-
tozoa and algae. TBO and DAPI are good probes for detecting
cellular polyP easily, but it is sometimes difficult to determine
the signals derived from polyP-bound probes, and the probes
are not suitable for use in the ultrastructural analysis of polyP
localization.

At the ultrastructural level, polyP appears as electron-dense
regions, or the strong phosphorus signal of polyP is detected by
electron microscopy coupled with energy-dispersive X-ray
spectroscopy (EDXS) and electron energy loss spectroscopy
(EELS). Phosphorus localization at the ultrastructural level
has been investigated intensively by EDXS in ectomycorrhizal
fungi, which are symbiotic organisms with plant roots that
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FIG. 1. (A) SDS-PAGE analysis of purified PPBD. Standards and samples were fractionated by 10% SDS-PAGE. Lane 1, size standards (in
kilodaltons); lane 2, purified PPBD. (B) Schematic illustration of polyP labeling for transmission electron microscopic observation. polyP in
ultrathin sections was treated with PPBD linked with an Xpress epitope tag. The epitope tag was detected by indirect immunogold labeling using
anti-Xpress epitope antibody and secondary antibody conjugated with colloidal gold. For laser scanning confocal microscopic observation, the
secondary antibody was conjugated with Alexa 488 instead of colloidal gold.

contribute to the improvement of plant nutrition (3, 4, 20).
Formerly, on the basis of EDXS (6) and TBO staining (5), the
polyP of ectomycorrhizal fungi was thought to be present as
precipitated granules in vacuoles. However, polyP granules
have been shown to be artifacts caused by ethanol dehydration
following chemical fixation and by staining with cationic TBO
(33). According to the results of EDXS analysis of freeze-
substituted fungal hyphae, phosphorus in the vacuoles is not
precipitated but is evenly dispersed, indicating that polyP is
distributed in a soluble form in the vacuoles of living hyphae
(7, 20, 33). However, polyP granules have been observed in
nonfixed and air-dried algal cells (9) and in cryofixed and
freeze-dried hyphae of ectomycorrhizal fungi (17). EELS is
more advantageous for detecting light elements (e.g., phospho-
rus and nitrogen) and for spatial resolution than EDXS and
has been used for P detection in polyP granules (13, 16, 22, 52).
EELS can provide information on chemical bonding and the
electronic states of compounds. However, it has not yet been
used in such studies.

Here we developed a new technique to directly demonstrate
polyP localization with high sensitivity and resolution by using
the affinity of Escherichia coli exopolyphosphatase (PPX) for
polyP. PPX is an enzyme that hydrolyzes the terminal phos-
phate bonds of polyP and consists of two domains, an N-
terminal domain containing the PPX catalytic site and a C-
terminal domain containing the polyP binding site (14, 15). In
our procedure, polyP in thin sections of quick-frozen and
freeze-substituted specimens was labeled with recombinant
polyphosphate binding domain (PPBD) of PPX, containing an
epitope tag at the N-terminal end, and then the epitope tag was
detected by an indirect immunocytochemical method (Fig.
1B). We evaluated the specificity of binding of PPBD to polyP
and demonstrated polyP localization in Saccharomyces cerevi-
siae by this PPBD affinity procedure.

MATERIALS AND METHODS

Strain and culture. Saccharomyces cerevisiae BY4741 (MATa his3 leu2 metl5
ura3) was purchased from the American Type Culture Collection (Manassas,
Va.). The yeast strain was grown at 30°C for 10 h in P;-depleted yeast extract-
peptone-dextrose (YPD) medium supplemented with either 0.2 mM (YPD-low
P;) or 10 mM (YPD-high P;) potassium phosphate. P;-depleted YPD was pre-
pared as described previously (23, 40).

Purification of PPBD in PPX. Recombinant PPBD in PPX was prepared as
described by Bolesch and Keasling (15), with the following modifications. The
gene for the C-terminal PPBD of PPX (from glutamate 305) was amplified from
the E. coli TOP10 f' genome by PCR. Primers were 5'-CTGCAGAAATGGA
AGGACGTTTCCGT-3" and 5'-GAATTCCCCGCAAAGTATTAAGCGG-3'.
The DNA amplified using these primers was first inserted into pGEM-T (Pro-
mega, Madison, Wisc.), creating pGEM-PPBD. The gene from pGEM-PPBD
was then inserted into pTrc-HisB (Invitrogen, Carlsbad, Calif.), from the PstI
(5") to the EcoRI (3') site, yielding pTrc-PPBD. E. coli TOP10 f' harboring
pTre-PPBD was cultured in 50 ml SOB medium with 50 pg ml~" ampicillin at
37°C. The culture was induced with 1 mM isopropylthio-B-p-galactoside (IPTG)
at an Aq of 0.6. After incubation for 2 h, cells were harvested by centrifugation
and resuspended in 10 ml binding buffer (10 mM HEPES-KOH [pH 7.6], 0.1 M
NaCl, 5 mM MgCl,, 0.05 mM EDTA, 2 mM B-mercaptoethanol, 10% glycerol).
Cells were lysed six times using a sonicator with a 10-s pulse and centrifuged at
20,000 X g for 10 min at 4°C. The supernatant was filtered through a 0.2-um
cellulose acetate membrane filter (Advantec, Tokyo, Japan) and loaded on a
5-ml Ni?*-charged HiTrap chelating HP column (Amersham, Piscataway, N.J.),
preequilibrated with binding buffer, at a 2.5-ml min~' flow rate, using a fast
protein liquid chromatography system (Amersham). The column was washed
with 50 ml washing buffer (10 mM HEPES-KOH [pH 7.6], 0.5 M NaCl, 5 mM
MgCl,, 0.05 mM EDTA, 2 mM B-mercaptoethanol, 10% glycerol). Recombinant
protein was eluted with a linear imidazole gradient (0 to 0.5 M) in the binding
buffer. The buffer was changed to 50 mM Tris-HCI (pH 9.0), using a PD-10
column (Amersham). An equal volume of glycerol was added to the purified
protein, which was kept at —30°C for further use. Protein concentrations were
measured by the Bio-Rad protein assay (Bio-Rad, Hercules, Calif.) with a bovine
serum albumin (BSA) standard. Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and staining with Coomassie brilliant blue R-250 were performed,
using size standards from Amersham.

polyP binding assay for PPBD. [*’P]polyP was prepared as described by
Kornberg and coworkers (1, 8), with the following modifications. One milliliter
of reaction mixture contained 40 mM HEPES-KOH (pH 7.5), 50 mM
(NH,),SO,, 4 mM MgCl,, 4 mM creatine phosphate, about 30 U of creatine
kinase, 1 mM ATP, 10 ul of [y-**PJATP (3,000 Ci mmol~'; Amersham), and 3
X 10* U of E. coli polyphosphate kinase (PPK) which was purified from PPK-
overexpressing E. coli, as previously reported (1). After 4 h at 37°C, 100 .l of 0.5
M EDTA (pH 8.0) was added to stop the reaction. Size exclusion chromatogra-
phy was performed to eliminate unincorporated ATP, using a PD-10 column
(Amersham) with elution buffer of 1X Tris-EDTA (pH 8.0) with 100 mM NaCl.
Eluted [*?P]polyP was precipitated by addition of a 0.75X volume of isopropanol.
After incubation at room temperature for 20 min, [**P]polyP was recovered by
centrifugation at 20,000 X g for 10 min. The pellet was rinsed with 70% ethanol
twice, dried by vacuum centrifugation, and resuspended in 100 pl of distilled
water. The chain length of the [>’P]polyP was assumed to be close to 750
phosphate residues (8, 15). Unlabeled polyP,5, was also prepared as described
above, but without the addition of [*?P]JATP. Short-chain [3*P]polyPs were pre-
pared by limited hydrolysis of [**P]polyPs, in 10 mM HClI at 37°C for 30, 60, 90,
120, 180, and 240 min. The various short-chain polyP preparations were mixed
together in a tube.
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The equilibrium binding activity of PPBD to polyP,s, was measured by rapid
filtration assay. PPBD was incubated in 50 pl of reaction mixture [25 mM
Tris-HCI (pH 8.3), 137 mM NaCl, 2.7 mM KCl, 2 pg ml™" (69 pmol ml™!)
PPBD, and the desired concentration of [*?P]polyP,s,] at 0°C for 2 h. The
reaction mixture was rapidly applied to a mixed cellulose membrane filter
(0.45-pm pore size, 24-mm diameter; Millipore, Billerica, Mass.) prewetted with
ice-cold washing buffer (25 mM Tris-HCI [pH 8.3], 137 mM NaCl, 2.7 mM KCI)
on a vacuum filtration device. The filter was rinsed three times with 1 ml of
ice-cold washing buffer and dried at room temperature. The bound polyP was
quantified by liquid scintillation counting (LS6500; Beckman, Fullerton, Calif.).
When 2,000 pmol of [*?P]polyP,s, was applied to the filter in the absence of
PPBD and rinsed with the washing buffer, only 0.2% of the polyP was bound to
the filter.

To characterize the reactivity of PPBD to short-chain polyP, the chain length
of polyP unbound to the PPBD was analyzed by PAGE. The PPBD was incu-
bated in 10 wl of reaction mixture [25 mM Tris-HCI (pH 8.3), 137 mM NaCl, 2.7
mM KCl, 40 pM of partially hydrolyzed [3*P]polyP in terms of P;, and the desired
concentration of PPBD] at 0°C for 2 h. The reaction mixture was rapidly applied
to the membrane filter, and the filter was rinsed with 1 ml of ice-cold distilled
water as described above. Bound polyP on the membrane filter was quantified by
liquid scintillation counting. The reaction mixture that passed through the mem-
brane filter was collected in a glass vial and concentrated by vacuum centrifu-
gation. polyP analysis by PAGE was performed as described by Clark and Wood
(19). Two microliters of the sample containing loading dye solution (1X Tris-
borate-EDTA [TBE], 10% sucrose, and 0.025% bromophenol blue) was loaded
on a 15% polyacrylamide gel (370 mm high, 280 mm wide, 0.35 mm thick) with
1x TBE buffer. The electrophoresis was run at 1,000 V until the bromophenol
blue had migrated 14 cm. The gel was analyzed with a Molecular Imager system
(Bio-Rad) with a Storage Phosphor Screen (Kodak, Rochester, N.Y.). Radioac-
tive polyP size markers [polyPsy . 5, polyPss . 3, polyPgg - s, and polyP; 5 . ¢]
and a nonradioactive marker [polyPsg . ;o] were prepared by extracting polyP
bands from the polyacrylamide gel of partially hydrolyzed polyP. [y->*P]ATP,
partially hydrolyzed [*?P]polyP, and completely hydrolyzed [>*P]polyP as [>?P]or-
thophosphate were also used as size markers.

Competitive binding assay for PPBD. Inhibition of binding of [**P]polyP-s,
was assayed with the following unlabeled phosphate compounds: DNA (1-kb
Plus DNA Ladder; Invitrogen), RNA (Yeast Total RNA; Ambion, Austin, Tex.),
polyPsq, polyP type 75+ (Sigma), polyP type 35 (Sigma), polyP type 5 (Sigma),
sodium tripolyphosphate (Sigma), sodium pyrophosphate (Sigma), and sodium
phosphate (Wako, Osaka, Japan). PPBD was incubated in 50 pl of reaction
mixture [25 mM Tris-HCI (pH 8.3), 137 mM NaCl, 2.7 mM KCI, 2 pg ml~" (69
pmol ml~') PPBD, 40 pM [*?P]polyP-s, in terms of P;, and the desired concen-
tration of competitor] at 0°C for 2 h. The reaction mixture was rapidly trans-
ferred to the mixed cellulose membrane filter on a vacuum filtration device. The
filter was rinsed three times with 1 ml of ice-cold washing buffer and dried at
room temperature. The bound [**P]polyPs, was quantified by liquid scintillation
counting. By using GraphPad Prism version 4.00 for Windows (GraphPad Soft-
ware, San Diego, Calif.), the inhibition constant (K;) was calculated from a model
for competitive binding to two sites: Y = SITE, + SITE, + NS (31), where Y'is
the total binding of [**P]polyP,s,, SITE, = Hot X B, ./[Hot + K, x (1 +
Cold/K;,)], SITE, = Hot X B,,.»/[Hot + K;, X (1 + Cold/K;»)], and NS is
nonspecific binding. “Hot” is the concentration of [**P]polyP,s, added to each
tube, “Cold” is the concentration of unlabeled phosphate compound (competi-
tor) added, B,,.x; and B, are the maximum bindings of the [**P]polyP-s, for
each site, K;; and K, are the dissociation constants (K,) of the [**P]polyP;s, for
each site, and K;; and K, are K;s of the [*>P]polyPs, for each site.

Quantification of polyP in S. cerevisiae. polyP was extracted from 2 ml of the
yeast culture as described by Ogawa et al. (32). The polyP content was measured
by E. coli PPK assay (8). polyP was assayed in a 20-pl reaction mixture [40 mM
HEPES-KOH (pH 7.5), 40 mM (NH,),SO,, 4 mM MgCl,, 40 .M ADP, 600 U
PPK] incubated at 37°C for 40 min and then at 90°C for 2 min. The reaction
mixture was diluted 1:100 with 100 mM Tris-HCI (pH 8.0) containing 4 mM
EDTA, of which 20 pl was added to the same volume of CLSII reaction mixture
(Roche Diagnostics, Basel, Switzerland). Chemiluminescence was measured with
a Luminescencer PSN (Atto, Tokyo, Japan) as the total luminescence count in
10 s. The concentration of polyP is given in terms of P; residues.

PAGE of S. cerevisiae polyP. Five milliliters of culture solution was centrifuged
and suspended in 400 pl acetone. The cells were disrupted with a bead beater
(BioSpec Products, Bartlesville, Okla.) for three times 10 s each at 5,000 rpm
using 200 mg of zirconia beads (0.5 mm in diameter). Acetone was evaporated by
vacuum centrifugation. The pellet was suspended in 400 pl distilled water, and
the suspension was extracted with phenol-chloroform followed by chloroform
extraction. The aqueous phase was used for polyP analysis by PAGE. Two
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microliters of the sample containing the loading dye solution was loaded on 15%
and 8% polyacrylamide gels with 1X TBE buffer. The electrophoresis was run at
1,000 V until the bromophenol blue had migrated 14 cm. The gel was soaked in
10% methanol-10% acetate for 10 min, stained with 0.5% TBO-25% metha-
nol-5% acetate—5% glycerol for 10 min, and then destained in 25% metha-
nol-5% acetate-5% glycerol.

Quick freezing and freeze-substitution. One milliliter of yeast culture was
centrifuged, and a portion of the precipitate was transferred onto a Formvar
membrane spread around a copper loop with a handle (3 mm in diameter; 15 mm
long). The loop was further covered by a Formvar membrane, and excess water
on the loop was removed with a piece of filter paper. The loop was then quickly
frozen by plunging it into liquid propane cooled with liquid nitrogen. Frozen
samples were transferred to a substitution medium of 100% dry acetone con-
taining Molecular Sieves 4A 1/16 (Wako). The samples were substituted at
—80°C for 3 days and warmed at —20°C for 2 h, 4°C for 2 h, and room temper-
ature for 2 h. The samples were immersed twice in 100% dry acetone for 10 min
before being infiltrated with Spurr’s resin mixed with acetone (25% resin, 50%
resin, and 75% resin; 12 h for each step) and then with pure resin for 2 days
(resin was replaced once at 24 h). The samples were polymerized at 70°C
overnight. Embedded materials were sectioned with an ultramicrotome (Leica,
Bannockburn, Il1.). Sections about 70 nm thick for electron microscopy were cut
with a diamond knife and picked up on 200-mesh nickel grids. Semithin sections
were cut with glass knives to 300-nm thickness and collected on aminosilane-
coated glass slides (Matsunami, Osaka, Japan).

polyP detection using PPBD affinity labeling with LSCM. Sections were im-
mersed for 10 min at room temperature in methanol containing 10% H,O, The
sections were washed with distilled water. Specimens were blocked for 10 min at
room temperature with Tris-buffered saline (pH 8.3) (TBS) containing 1% BSA.
Samples were first incubated at room temperature overnight in a mixture of 20
pg ml~! PPBD, 10 pg ml~! mouse anti-Xpress epitope antibody (Invitrogen),
TBS, and 1% BSA. Samples were washed with TBS containing 0.05% Triton
X-100 with or without 0.2 M imidazole and then washed with TBS. Semithin
sections were incubated for 2 h at room temperature with a goat anti-mouse
immunoglobulin G (IgG) antibody conjugated with Alexa 488 (Molecular
Probes, Eugene, Oreg.) diluted 1:5,000 in TBS containing 1% BSA. Samples
were sequentially washed with TBS containing 0.05% Triton X-100, TBS, and
distilled water. Negative controls were prepared by incubating sections without
PPBD, mouse anti-Xpress antibody, or labeled goat anti-mouse IgG antibody or
without both PPBD and mouse anti-Xpress antibody. Another negative control
was prepared by incubating sections with an excessive amount of competitor (100
mM tripolyphosphate) during the first reaction. Fluorescence microscopy was
performed by laser scanning confocal microscopy (LSCM) (LSM510; Carl Zeiss,
Jena, Germany). The fluorescence of Alexa 488 was excited by using a 488-nm-
wavelength argon laser, and the fluorescence emitted was detected with a 505- to
550-nm band-pass filter. Autofluorescence was detected with a 580-nm long-pass
filter, using a 546-nm He-Ne laser for excitation. Image analysis was performed
with LSMS510 software version 2.5 (Carl Zeiss).

PolyP detection using PPBD affinity labeling with TEM. Ultrathin sections
were immersed in the H,O,-methanol, blocked in TBS containing BSA, and
incubated in a mixture of PPBD, mouse anti-Xpress epitope antibody, TBS, and
BSA as described above for LSCM. The ultrathin sections were incubated for 2 h
at room temperature with a goat anti-mouse IgG antibody conjugated with
10-nm colloidal gold (BBInternational, Cardiff, United Kingdom) diluted 1:100
in TBS containing 1% BSA. After labeling, the ultrathin sections were stained
with uranyl acetate followed by lead citrate and observed by transmission elec-
tron microscopy (TEM) (H-7100; Hitachi, Tokyo, Japan) at an accelerating
voltage of 75 kV.

RESULTS

Purification of PPBD. To obtain PPBD for polyP labeling,
we constructed an expression vector in which the PPBD se-
quence was linked to sequences of the Xpress epitope and
His,. The Xpress epitope was used to detect PPBD localization
by immunocytochemistry, and the Hisy was used for purifica-
tion by affinity chromatography. The PPBD expressed in E. coli
was purified using an Ni*"-charged affinity column. To elute
PPBD from the affinity column, approximately 0.2 M imidazole
was required. The eluted PPBD was purified as a single band



VoL. 71, 2005

—
>
g
[y}
o

—
w

—TT
[ 1 ]
[ ]

Bound poly Pysg
(pmol as Pi pmol-1 protein)
o =
T T
[
[ ]

0‘. .. |I. L l i
0.0001 0.001 0.01 0.1 1

Total poly P7sg (mM)

DIRECT LABELING OF POLYPHOSPHATE IN YEAST 5695

(B)

Bound/free poly Pysq

0 6 12 18
Bound poly P75 (pmol as Pi pmol-1 protein)

FIG. 2. Equilibrium binding of polyPs, to purified PPBD (A) and a Scatchard plot (B). The Scatchard transform of equilibrium binding yielded

two binding sites.

by SDS-PAGE analysis, and its size was approximately 29 kDa
(Fig. 1A).

Binding assay of PPBD. Equilibrium binding of polyP.5, to
PPBD is shown in Fig. 2A. A Scatchard transform of the
equilibrium binding yielded two binding sites (Fig. 2B), a high-
affinity site (K,; = 2.0 pM as P;) and a lower-affinity site (K,
= 12.0 pM as P)).

An experiment on equilibrium binding of partially hydro-
lyzed polyP to PPBD was carried out to characterize the PPBD
affinity for short-chain polyP. From PAGE analysis of unbound
polyP, the distribution of the unbound polyP chain length was
shown to shift to short chain as the PPBD concentration in-
creased (Fig. 3A). When 40 uM of partially hydrolyzed polyP
was incubated with 3.4 X 10* pmol ml~* PPBD in which polyP
binding sites were almost saturated (Fig. 3B), PPBD bound to
most polyP longer than 35 residues. PPBD at concentrations of
6.9 X 10° and 1.4 X 10°> pmol ml~* bound to polyP of >50 and
>80 residues, respectively. PPBD bound to only a small
amount of short polyP (<30 residues), even when a high con-
centration of PPBD was used.

To determine the affinity of PPBD for short-chain polyP and
other high-molecular-weight phosphate compounds, we com-
pared the inhibition of polyP,5, binding among the phosphate
compounds. Some polyP reagents obtained from Sigma are
known to be mixtures of a wide range of polyPs (19, 55). polyP
type 75+ consisted mainly of polyP longer than 40 residues
(Fig. 4C). polyP type 35 and type 5 consisted of polyP shorter
than 120 to 150 and 20 residues, respectively (Fig. 4C). The
curves in Fig. 4 and K; values in Table 1 were calculated by
nonlinear regression, using a model for competitive binding to
two sites. As the polyP chain length of competitors became
shorter, the K; value of [**P]polyP,s, binding increased (Fig.
4A and Table 1). Orthophosphate hardly inhibited
[**P]polyP,s, binding to PPBD. The affinities of PPBD for
polyP type 75+, polyP type 35, polyP type 5, tripolyphosphate,
pyrophosphate, and orthophosphate were about 7 to §, 35, 260,
80, 230, and 3,200 times lower, respectively, than that for
polyP,s,. The K; value by DNA was almost equal to that by
polyP type 35 when the concentration of nucleic acid was

expressed as molar values in terms of P; (Fig. 4B and Table 1).
The K; value by RNA was between those by polyP type 35 and
tripolyphosphate. When the nucleic acid concentration was
expressed in milligrams per milliliter, the K; value by DNA was
between those for tripolyphosphate and pyrophosphate, and
the K; value by RNA was nearly equal to that by pyrophosphate
(data not shown).

polyP content and length in S. cerevisiae. The polyP content
of S. cerevisiae incubated in YPD-high P; for 10 h was 2,383
nmol as P, mg~! protein, which was 340 times higher than the
polyP content (7 nmol as P; mg ™' protein) of S. cerevisiae
incubated in YPD-low P;. The chain length of polyP extracted
from S. cerevisiae in YPD-high P; was less than 150 residues in
PAGE analysis (Fig. 5). Longer chains of polyP were detected
in 8% PAGE analysis (Fig. 5, lane 4), but their amounts were
very small.

polyP labeling using PPBD affinity. (i) LSCM. polyP local-
ization was visualized by fluorescence-based polyP labeling
using PPBD affinity (Fig. 6). Initially, sections were sequen-
tially incubated in PPBD solution, anti-Xpress antibody solu-
tion, and anti-mouse IgG antibody solution. This procedure
gave a highly fluorescent background. This problem was over-
come by sequentially incubating the sections in a solution of
PPBD-anti-Xpress antibody complex and then anti-mouse IgG
antibody solution. Signals from labeled polyP were exhibited as
green fluorescence of Alexa 488, but some green fluorescence
was derived from autofluorescence of collapsed cells. The
polyP signal could be discriminated from autofluorescence by
overlaying images excited by an He-Ne laser (wavelength, 546
nm), because the autofluorescence had a broad emission spec-
trum. Intense labeling was observed in the vacuoles (Fig. 6a
and b). The distribution in vacuoles was dispersed (Fig. 6b).
Many cells incubated in YPD-high P; contained polyP, but not
all cells did (Fig. 6a). In YPD-low P;, few cells showed the
polyP signal (Fig. 6¢). No polyP signal was detected in the
negative controls, in which PPBD and/or antibody had been
removed from the reaction mixture (Fig. 6d, e, f, and g) or in
which the polyP binding site of PPBD had been saturated with
a high concentration of tripolyphosphate (Fig. 6h).
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partially hydrolyzed polyP to PPBD.
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FIG. 4. Inhibition of [**P]polyPs, binding to PPBD by unlabeled
phosphate compounds. (A) Inhibition by various types of polyP. P,
unlabeled polyP,sy; P-s, polyP type 75+; Pss, polyP type 35; Ps,
polyP type 5; P, tripolyphosphate; P,, pyrophosphate; P,, orthophos-
phate. (B) Inhibition by DNA and RNA. Concentrations are expressed
in terms of P;. (C) Size distribution of polyP type 75+ (lane 1), type 35
(lane 2), and type 5 (lane 3), analyzed by PAGE (15%). polyP was
stained with toluidine blue O. Numbers on the left indicate chain
lengths of polyP, which were determined from size ladders of partially
hydrolyzed [**P]polyP. The value in parentheses was estimated from
reference (19). Error bars indicate standard deviations.

(ii) TEM. An ultrastructural method of polyP detection was
developed using TEM. With this method, colloidal gold in-
stead of the fluorescent probe was conjugated to the secondary
antibody. When the samples were fixed, osmium tetroxide was
not used because the reagent reduced the polyP signal intensity
(data not shown). Most signals were observed in the vacuoles
of S. cerevisiae in YPD-high P; (Fig. 7a, b, ¢, and d). The density
of colloidal gold in vacuoles was different among cells, even in
the same section: dense (Fig. 7a) to sparse (Fig. 7b) to no
signal (data not shown). polyP signals were found all over the
vacuole and seemed to be located on flocculent material within
the vacuole. The polyP distribution was not completely homog-
enous within individual vacuoles; some regions were dense,
and some were sparse (Fig. 7c). In most cells signals were
barely observed in the nuclei and mitochondria (Fig. 7a and ¢),
although some signals were often observed around the vacu-
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TABLE 1. Affinities of PPBD for phosphate compounds”

M as P;
Competitor
K K,
polyP-s, 2 10
polyP type 75+ 13 83
polyP type 35 70 339
polyP type 5 533 2,588
Tripolyphosphate 167 807
Pyrophosphate 471 2,280
Orthophosphate 6,592 31,915
DNA 67 324
RNA 131 635

“ Inhibition constants (K;) were determined from displacement of [**P]polyP;s,
binding to polyP binding sites on PPBD.

oles (Fig. 7c and d). However, we did not determine whether
the polyP signals were in or on a certain organelle or in the
cytoplasm. This is because osmium tetroxide was not used for
fixation, and there was low contrast for membrane structure.
Intense signals were not observed in the cells incubated in
YPD-low P;, whereas a few signals were occasionally found
around the vacuoles (data not shown). There was no polyP
signal in the negative controls, where sections of S. cerevisiae
(YPD-high P;) were incubated in reaction mixture without
PPBD (Fig. 7e), without mouse anti-Xpress antibody (Fig. 7¢),
without both PPBD and mouse anti-Xpress antibody (data not
shown), or without goat anti-mouse IgG antibody conjugated
with 10-nm colloidal gold (data not shown). There was also no
polyP signal when the polyP binding site of PPBD was masked
with a high concentration of tripolyphosphate. To check for
nonspecific binding of PPBD by the His, tag, sections were
washed with an imidazole-containing buffer after PPBD incu-
bation. The signal distribution was not different in treatments
with and without imidazole, indicating that the His, tag did not
affect the polyP labeling.

DISCUSSION

We developed a novel procedure to specifically detect polyP
with high spatial resolution at the ultrastructural level. EDXS
and EELS detect phosphorus elements, but no direct detection
method for polyP at the ultrastructural level has been avail-
able. A novel aspect of the procedure was to use PPBD linked
with an epitope tag. Immunocytochemical methods are usually
used to investigate the localization of biological molecules.
However, it seemed difficult to use immunological techniques
in the analysis of polyP localization because of the difficulty in
raising specific antibodies against polyP. We examined the use
of PPX, which exhibits specific binding to polyP in the evolu-
tionary process. One of the methods that uses the specific
affinity of an enzyme to its substrate is the enzyme-gold pro-
cedure, where an enzyme directly bound to colloidal gold is
applied to sections and then the substrate is visualized as sig-
nals of colloidal gold (11). Initially, we tried an enzyme-gold
procedure in which purified PPX bound to colloidal gold was
used. The PPX-gold complex exhibited little binding to polyP
(data not shown). This may have been because the polyP bind-
ing site of the PPX was masked by the colloidal gold. Next, we
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FIG. 5. PAGE analysis of Saccharomyces cerevisiae polyP. polyP ex-
tracted from S. cerevisiae cultured in YPD containing 10 mM phos-
phate (YPD-high P;) (lanes 2 and 4) was fractionated by 15% (lanes 1
and 2) and 8% (lanes 3 and 4) PAGE. polyP size markers (lanes 1 and
3) are polyPsg . 1o. Numbers on the left indicate chain lengths of polyP,
which were determined from size markers. Chain lengths indicated on
the right were estimated from reference (19). Some RNA bands were
recognized near the top in lane 2 and near residues 150 and 200 of
polyP in lane 4.

developed a method in which an epitope tag on PPBD bound
to polyP was detected immunocytochemically.

Affinity assays of PPBD and control experiments with polyP
labeling showed that fluorescent and colloidal gold signals by
the polyP labeling specifically represented polyP localization.
Cellular polyP consists of polymers of various chain length.
PPX has been reported to have polyP binding sites in its C-
terminal domain (15), but their affinities to various lengths of
polyP or other phosphate compounds, including nucleic acids,
were unknown. The competitive binding assay (Fig. 4B and
Table 1) indicated that the PPBD of PPX binds strongly to
long-chain polyP but is not able to bind short-chain polyP
unless the polyP is at a high concentration. Unexpectedly,
polyP type 5 showed lower affinity than did tripolyphosphate
and pyrophosphate (Table 1). This could be because the polyP
type 5 contains orthophosphate, pyrophosphate, and tri-
polyphosphate other than polyP, to polyP,,. From the binding
assay, we found that polyP labeling using PPBD was suitable
for detecting long-chain polyP. However, it may be difficult to
detect short-chain polyP because of the low affinity. It is also
possible that short-chain polyP was eluted from the sections
during labeling. The affinity of the PPBD for nucleic acid was
not as high as that for long-chain polyP. The low affinity for
nucleic acid was also confirmed from polyP labeling of yeast, in
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FIG. 6. Laser scanning confocal images of polyP distribution.
PolyP was labeled with PPBD-anti-Xpress antibody complex followed
by anti-mouse IgG antibody conjugated with Alexa 488 (a to c) or
various controls (d to h). Fluorescent images of Alexa 488 and
autofluorescent images were superimposed with pseudo-differential
interference contrast images. Fluorescence of Alexa 488 appears
green. Some green fluorescence was derived from autofluorescence of
collapsed cells. The polyP signal was discriminated from the autofluo-
rescence (yellow to red) by overlaying images excited by an He-Ne
laser (wavelength, 546 nm), because the autofluorescence had a broad
emission spectrum. (a) Sections of Saccharomyces cerevisiae incubated
in YPD containing 10 mM phosphate (YPD-high P;). Intense polyP
signals were detected in vacuoles of S. cerevisiae cells. (b) Highly
magnified image of S. cerevisiae incubated in YPD-high P;. polyP is
distributed in a dispersed manner in the vacuoles. (c) Sections of S.
cerevisiae incubated in YPD containing 0.2 mM phosphate (YPD-low
P;). Few polyP signals were detected in the cells. (d to h) Negative
controls of polyP labeling using PPBD affinity. Sections of S. cerevisiae
(YPD-high P;) were incubated in reaction mixtures without PPBD
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which few colloidal gold particles were observed on DNA in
the nuclei and mitochondria. In a preliminary experiment with
polyP labeling using PPBD, the addition of osmium tetroxide
to samples for ultrastructural analysis led to a reduction in the
polyP signal. This would be because the osmium forms com-
plexes with polyP and then the amount of free polyP available
to bind to the PPBD decreases. Another point of note is that
polyP signals gradually decrease with time after the sections
are made. This may be because polyP in sections is degraded or
oxidized, so that the PPBD cannot then bind to these com-
pounds.

The size of yeast polyP was less than about 150 residues
when the yeast was incubated in P;-rich medium (Fig. 5). This
size distribution is similar to that of polyP type 35. Therefore,
the affinity of PPBD for the yeast polyP would be similar to
that for polyP 35 in the phosphate compounds tested. Most
polyP was distributed in vacuoles (Fig. 6 and 7). This result was
consistent with a study of subcellular fractionation (53), in
which the vacuole fraction was shown to contain large amounts
of polyP. However, Trilisenko et al. (51) reported that vacuolar
polyP of yeast accounted for only about 15% of the total polyP,
and they suggested that the vacuolar polyP content is depen-
dent on the strain, culture conditions, developmental stage, or
method of vacuole isolation. Orlovich and Ashford (33) dem-
onstrated that phosphorus observed by EDXS was evenly dis-
persed in vacuoles when Pisolithus tinctorius hyphae were fixed
by cryofixation and freeze-substitution, although the fungal
vacuoles were treated by conventional chemical fixation and
contained precipitated phosphorus-rich granules. They sug-
gested that the precipitated granules were artifacts caused by
dehydration during chemical fixation and that vacuolar polyP
exists in a soluble form in living cells. On the other hand,
Biicking and Heyser (17) observed granules in the vacuoles of
living hyphae with light microscopy and showed by EDXS
analysis of cryofixed and freeze-dried samples that there were
phosphorus-containing granules in the vacuoles. In our obser-
vation of yeast cells, vacuolar polyP was dispersed, not precip-
itated, when the cells were fixed by quick freezing and freeze-
substitution. More detailed observation revealed that the
polyP distribution in the vacuoles was somewhat heteroge-
neous (Fig. 7c). Under our experimental conditions, we did not
observe electron-dense structures, such as polyP granules, in
the vacuoles or cytoplasm. Thus, we could not examine
whether the polyP detection method is possible for the granule
form. PolyP granules have been isolated from yeast cells under
polyP overcompensation conditions in which phosphate-
starved yeast cells are incubated in phosphate-rich medium
(21). Therefore, there is a possibility that polyP in yeast cells
could be in two forms, soluble or precipitated, depending on
the cultural conditions, on the physiological state of the cells,
and/or on a process of polyP accumulation. Further research
on the form and localization of polyP in yeast cells in terms of
cultural conditions and physiological states is necessary.

(d), without mouse anti-Xpress antibody (e), without both PPBD and
mouse anti-Xpress antibody (f), and without goat anti-mouse IgG
antibody conjugated with Alexa 488 (g) or in a mixture of PPBD-anti-
Xpress antibody complex to which had been added 100 mM tri-
polyphosphate (h). Bars, 5.0 pm.



FIG. 7. Transmission electron micrographs of polyP distribution. PolyP was labeled with PPBD-anti-Xpress antibody complex followed by
anti-mouse IgG antibody conjugated with 10-nm colloidal gold. Sections of Saccharomyces cerevisiae were incubated in YPD-high P;. (a)
PolyP signal distribution in an S. cerevisiae cell. Intense PolyP signals were found in the vacuoles. In the nucleus, few signals were detected. (b)
polyP signals were found in the vacuole, but the signal density was not very high in this cell. (c) Highly magnified image of a yeast vacuole. Signals
were found all over the vacuole, but their distribution was not completely homogenous. Some polyP signals (arrows) were detected around the
vacuole. (d) PolyP signals (arrows) around the vacuole. (e and f) Negative controls of polyP labeling using PPBD affinity. Sections of S. cerevisiae
were incubated in reaction mixtures without PPBD (e) and without mouse anti-Xpress antibody (f). E, endoplasmic reticulum; M, mitochondria;

N, nucleus; V, vacuole. Bars, 500 nm.
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PolyP was also observed at low density around the vacuoles
(Fig. 7c and d). It was not clear whether the polyP was in the
cytosol, endoplasmic reticulum, or other organelles, because
osmium tetroxide was omitted during the fixation, thus reduc-
ing the image contrast. However, strong evidence for the pres-
ence of polyP in nonvacuolar compartments has been provided
by subcellular fractionation and cytological staining. Trilisenko
et al. (51) showed that the cytosol fraction of yeast contained
much polyP. Other circumstantial evidence of cytosolic polyP
is the fact that yeast exopolyphosphatase (PPX1) has been
isolated from the cytosol fraction (56, 57), implying that polyP,
a substrate of PPX1, exists in the cytosol. In our study, polyP
signals were barely detectable in the nuclei and mitochondria.
However, several studies have showed that polyP is detected in
the nuclei of Neurospora crassa, Endomyces magnusii (26), and
mammalian cells (27) by cell fractionation and in yeast mito-
chondria by *'P nuclear magnetic resonance (10). The amounts
of polyP in the nuclei and mitochondria are not very large
compared with the amounts of vacuolar polyP. PolyP in yeast
mitochondria consists of short chains of less than 15 residues
(34). Because of the small amount of polyP present or its short
chain length, our procedure using PPBD might not have de-
tected polyP signals in the mitochondria. Many researchers
have described polyP in the cell periphery, the cell envelope, or
the cell wall in yeasts (48-50, 54) and E. magnusii (26). How-
ever, we could not detect polyP signals in such structures in S.
cerevisiae. The presence of polyP in the structures seems to
depend on the fungal species and incubation conditions. Tijs-
sen et al. (48) showed that polyP on the cell envelope was
detected in Saccharomyces fragilis by DAPI staining but not in
S. cerevisiae. However, S. cerevisiae can accumulate polyP on
the outer membrane when the cells are incubated in P;-rich
medium after phosphate starvation (54).

In summary, we demonstrated a new technique, based on
enzymatic affinity and immunocytochemistry, for the analysis
of polyP localization. We also showed that most of the long-
chain polyP detected by our procedure was distributed in the
yeast vacuoles in a dispersed manner, and a much smaller
amount of polyP was localized around the vacuoles. This polyP
detection method will provide new insight into the biology of
polyP. Furthermore, we expect that this kind of method will be
applicable to the detection of other biological macromolecules.
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