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Abstract The influence of phosphate (Pi) deprivation on the
vacuolar H*-translocating pyrophosphatase (PPiase) and ATP-
ase in tonoplast vesicles from Brassica napus suspension cells was
assessed. Pi starvation significantly elevated the ratios of PPi-:
ATP-dependent H* translocation rate and H*-PPiase: H'-
ATPase hydrolytic activities. These increases were reversed 36 h
following resupply of 2.5 mM Pi to the Pi-starved cells.
Immunoblotting indicated that Pi starvation also induced a
two-fold increase in the amount of H-PPiase protein, whereas
the amount of H*-ATPase remained unchanged. It is proposed
that H*-PPiase facilitates the conservation of limited ATP
pools, and Pi recycling during Pi stress. © 2000 Federation of
European Biochemical Societies. Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction

Although phosphate (Pi) plays a critical role in cellular
metabolism and bioenergetics, it is one of the least available
nutrients in many terrestrial and aquatic ecosystems. The ex-
tensive use of Pi fertilizers in agriculture attests to the sub-
optimal free Pi levels of most soils. Studies of the effects of Pi
stress on plant metabolism and gene expression have revealed
some remarkable adaptive mechanisms that contribute, within
species-dependent limits, to ameliorate the negative impact of
Pi deficiency [1,2].

ATP pools may be reduced by as much as 80% as a con-
sequence of the significant decline in cytoplasmic Pi that ac-
companies severe Pi stress [1,3-6], thus diminishing ATP-de-
pendent metabolic pathways. However, enhanced flux through
alternative pathways that circumvent ATP- or Pi-limited re-
actions has been suggested to facilitate the metabolism of Pi-
starved plant cells [1,3-11]. Since large amounts of inorganic
pyrophosphate (PPi) are produced as a byproduct of macro-

*Corresponding author. Fax: (1)-613-533 6617.
E-mail: plaxton@biology.queensu.ca

Abbreviations: +Pi and —Pi, cultured in the presence and absence of
2.5 mM KPi, respectively; PPi, inorganic pyrophosphate; PFP, PPi:
fructose-6-P 1-phosphotransferase

molecule synthesis, reactions that utilize PPi in place of ATP
provide an obvious bioenergetic advantage to plant cells sub-
jected to diminished nucleoside-P pools. The plant cytosol
lacks soluble inorganic alkaline pyrophosphatase (PPiase)
and consequently contains PPi concentrations of up to about
0.5 mM [3-7].

At least three ATP-dependent reactions of the plant cytosol
may use PPi preferentially during environmental stresses such
as anoxia or Pi starvation that deplete cellular ATP pools.
Firstly, the conversion of sucrose to hexose-Ps can proceed
via the ATP-dependent invertase pathway or via the PPi-de-
pendent sucrose synthase pathway. Secondly, the phosphory-
lation of fructose-6-P to fructose-1,6-P, can be achieved by
either the ATP-dependent ATP:fructose-6-P 1-phosphotrans-
ferase or PPi-dependent PPi:fructose-6-P 1-phosphotransfer-
ase (PFP). Upregulation of sucrose synthase and PFP activ-
ities has been reported for both O,- and Pi-deprived plants
[1,3,4,6,7,10-12]. Together with the selective maintenance of
cytosolic PPi pools [1,3-7], this indicates that anaerobic or Pi-
starved plants may preferentially utilize PPi-dependent glyco-
lytic reactions, thereby conserving limited ATP pools.

The vacuolar H*-PPiase (EC 3.6.1.1) represents a third en-
zyme that endows plants with the capability of utilizing PPi —
to circumvent an ATP-consuming cytosolic reaction (the vac-
uolar H*-ATPase; EC 3.6.1.3). Although these alternative H*
pumps are ubiquitous in plant vacuolar membranes (the tono-
plast), their expression varies amongst plants and tissues
[13,14]. Rice seedling anoxia evoked a marked increase in
H*-PPiase protein and specific activity, but had much smaller
influence on the H"-ATPase [12]. It was concluded that V-
PPiase plays a key role during anoxia to maintain the proton
electrochemical gradient between the cytosol and vacuole. It
has similarly been demonstrated that activity of PPi-depen-
dent H" transport was elevated by about 3-fold in root tono-
plast vesicles of rye plants cultivated for 10 days under con-
ditions of mineral deficiency, while the activity of ATP-
dependent H™ transport only increased slightly [15]. Whether
this response of rye roots was due to any or all of the different
limiting nutrients was not determined.

The aim of the present study was to assess the impact of Pi
deprivation on the activities and amounts of the vacuolar H*-
PPiase and H"-ATPase in Brassica napus suspension cell cul-
tures. Here we report that Pi starvation of B. napus suspen-
sion cells resulted in a significant increase in the H*-PPiase
protein levels. This increase was correlated with increased PPi-
dependent tonoplast H' transport and PPi-dependent hydro-
lytic activity.
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2. Materials and methods

2.1. Plant material

An embryogenic microspore-derived heterotrophic cell suspension
of winter oilseed rape (B. napus L. cv. Jet Neuf) was cultured in liquid
NLN media as previously described [6,12]. Cells were maintained as
50 ml cultures on a rotational shaker (125 rpm) at 22°C. For the
generation of experimental samples, two 7-day-old 50 ml cultures
were added to 700 ml of fresh NLN media containing either 0 or
2.5 mM KPi (—Pi and +Pi cells, respectively). After 10 days, cells
were harvested on a Buchner funnel fitted with Whatman #1 filter

paper.

2.2. Isolation of tonoplast vesicles

All procedures were performed at 4°C. Freshly harvested —Pi or
+Pi cells (approximately 50 g fresh weight) were homogenized with
four 30 s pulses of a Biospec Bead Beater in 200 ml of 30 mM Tris—
HCI (pH 7.5), 0.5% (w/v) bovine serum albumin, 10% (v/v) glycerol,
5% (wlv) polyvinylpyrrolidone, 5 mM EGTA, 5 mM MgSOy, 0.25 M
mannitol, 2 mM dithiothreitol, 26 mM potassium metabisulfite, and
0.2% (v/v) of a plant protease inhibitor cocktail (Sigma, cat. #P-9599).
The homogenate was filtered through four layers of cheesecloth and
centrifuged at 8000 X g for 20 min. Supernatants were then centrifuged
at 100000 X g for 45 min. The resulting microsomal pellets were re-
suspended in 10 ml of 6 mM Tris—-MES (pH 8.0), 10% (v/v) glycerol,
0.25 M mannitol, 1 mM EDTA, and 2 mM dithiothreitol using a
Potter—Elvehjem homogenizer. The suspension was centrifuged for
2 h at 100000 X g in a discontinuous sucrose density gradient as previ-
ously described [16]. Tonoplast vesicles were collected from the 0/16%
(w/w) interface, washed with 40 ml suspension buffer, resedimented at
100000 X g, and resuspended in 0.2 ml of the same buffer.

2.3. Measurement of PPi- and ATP-dependent H transport into
tonoplast vesicles

Formation and dissipation of acid-interior pH gradients was moni-
tored by the fluorescence quenching of the permeant amine dye acri-
dine orange [16]. Tonoplast vesicles containing 40 pg of membrane
protein were added to a reaction mixture (0.7 ml final volume) con-
taining 30 mM Tris-MES (pH 7.5), 1 uM acridine orange, 20 mM
KCl, and either 0.6 mM PPi or 1.4 mM ATP. Proton translocation
was initiated by the addition of either 1.6 or 3.2 mM MgSOy (for PPi-
and ATP-dependent assays, respectively). The fluorescence decrease
with time was measured at 25°C with a Perkin-Elmer LS-50B Spec-
trofluorometer, using excitation and emission wavelengths of 495 and
540 nm, respectively, and a slit width of 5 nm for both excitation and
emission. The FL-Winlab program Version 2.0 from Perkin-Elmer
was used to acquire and analyze the data.

2.4. Enzyme assays

Acid phosphatase activity of clarified homogenates from 10-day-old
+Pi and —Pi B. napus cells was determined as previously described [6].
H*-PPiase and H*-ATPase specific activities were calculated from the
rates of PPi or ATP hydrolysis, respectively, by measuring the amount
of Pi released [17]. The reaction was initiated by the addition of
tonoplast vesicles (containing 10 pg membrane protein) isolated
from +Pi or —Pi cells to 0.25 ml of a reaction mixture containing
30 mM Tris-MES (pH 8.0), 50 mM KCl, and 3 mM MgATP or 1.5
mM MgPPi. After 30 min at 37°C the reaction was terminated by the
addition of 0.75 ml of 1.4% (w/v) ascorbic acid containing 0.36% (wW/v)
ammonium molybdate and 2.5% (v/v) H,SO4. The Agy was measured
after 20 min and compared to standards of known Pi concentration.

Protein concentrations of 0.1% (v/v) Triton X-100 solubilized tono-
plast vesicles were determined by the Coomassie blue G-250 dye-bind-
ing method of Bollag et al. [18] with bovine y-globulin as the standard.

2.5. Immunoblotting

SDS-PAGE and electroblotting of gels onto poly(vinylidene di-
fluoride) membranes were performed as described previously [11].
Western blots were probed with antibodies raised against the red
beet vacuolar H-ATPase or the Arabidopsis thaliana vacuolar H*-
PPiase. Immunoreactive polypeptides were visualized using an alka-
line phosphatase-conjugated secondary antibody and chromogenic
staining [11]. Immunological specificity was confirmed by performing
immunoblots in which rabbit preimmune serum was substituted for
the respective antisera. The relative amount of H'-PPiase or H*-

D.A. Palma et al.IFEBS Letters 486 (2000) 155-158

ATPase protein in tonoplast extracts from 10-day-old +Pi vs. —Pi
B. napus cells was determined by quantification of the respective anti-
genic polypeptides on immunoblots (in terms of Ag33) using a LKB
Ultroscan XL laser densitometer and Gel Scan software (ver. 2.1).
Derived Ag33 values were linear with respect to the amount of immu-
noblotted protein.

2.6. Statistical analyses

Means + S.E.M. were computed using Datadesk for Windows Ver-
sion 6.0.2 ISE. Where applicable, means were compared using a
paired two-sample Student’s z-test.

3. Results

3.1. Effect of Pi starvation on growth, acid phosphatase
activity, and relative ATP- and P Pi-dependent vacuolar
H? transport

B. napus suspension cells cultured for 10 days in the absence
of exogenous Pi displayed a significant (50%) decrease in fresh
weight, but a 4-fold increase in extractable acid phosphatase
activity (not shown). These results are consistent with our
previous studies on the response to Pi starvation of B. napus
[6,10,11], and indicate that the 10-day-old —Pi and +Pi cells
were in fact Pi-starved and Pi-sufficient at the time of harvest.

The rate and magnitude of ATP- and PPi-dependent H™
translocation into tonoplast vesicles of +Pi and —Pi cells were
estimated by monitoring fluorescence quenching of acridine
orange (Fig. 1). ATP-dependent H™ transport did not change
following Pi deprivation, whereas the initial rate and steady-
state levels of PPi-dependent H transport increased markedly
upon Pi starvation, suggesting an increased capacity for PPi-
dependent H™ transport (and the concomitant vacuolar acid-
ification) during Pi stress. Resupply of 2.5 mM Pi to 10-day-
old —Pi cells for 36 h resulted in a reduction of PPiase H*
translocation rate and magnitude to that of +Pi cells (not
shown).

3.2. Effect of Pi starvation on H-PPiase and H”-ATPase
hydrolytic activities
The influence of Pi starvation on the hydrolytic activities of
the vacuolar H"-ATPase and H*-PPiase was determined in
tonoplast vesicles isolated from +Pi and —Pi B. napus cells
(Fig. 2). Confirmation that the phosphohydrolase activities
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Fig. 1. ATP- (A) and PPi-dependent (B) H* transport into tono-
plast vesicles isolated from 10-day-old +Pi and —Pi B. napus sus-
pension cells. H" transport was estimated by monitoring the fluores-
cence quenching of acridine orange in tonoplast vesicles isolated
from freshly harvested +Pi and —Pi cells. The reactions were initi-
ated by the addition of 3.2 and 1.6 mM MgSQO,4 for ATP- and PPi-
dependent HT transport, respectively. At the indicated times, 0.05%
(v/v) Triton X-100 was added.
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Fig. 2. Effect of Pi deprivation on the hydrolytic activities of vacuo-
lar HT-ATPase and H*-PPiase in tonoplast vesicles from 10-day-old
+Pi and —Pi B. napus cells. ‘Pi-refed’ denotes 10-day-old —Pi cul-
tures that were resupplied with 2.5 mM Pi and cultured for an addi-
tional 36 h. All values represent means+ S.E.M. of n=4 separate
cultures.

reported in Fig. 2 were solely due to the V-PPiase or V-ATP-
ase was provided by determining their respective sensitivities
to the type-specific inhibitors aminomethylenediphosphonate
and bafilomycin A; [12,14]. The V-PPiase activity of B. napus
tonoplast vesicles was completely suppressed by 20 uM ami-
nomethylenediphosphonate, whereas at least 95% of the V-
ATPase activity was inhibited by 100 nM bafilomycin A;.

Pi-starved cells displayed a moderate increase in HT-ATP-
ase activity (1.6-fold) and a much greater increase in H™-
PPiase activity (3-fold) (Fig. 2). Thus, in response to Pi star-
vation the Ht-PPiase to HT-ATPase specific activity ratio
significantly increased from 0.67+0.10 to 1.26+0.21 (Stu-
dent’s paired t-test, P<0.01). This was largely reversed fol-
lowing 36 h of resupply of 2.5 mM Pi to the 10-day-old —Pi
cells (Fig. 2).

3.3. Effect of Pi starvation on H*-ATPase and H”-PPiase
protein levels

Tonoplast proteins from +Pi and —Pi cells were solubilized
and resolved by SDS-PAGE, blotted and probed with anti-
bodies raised against vacuolar HT-ATPase and H™-PPiase
(Fig. 3). While the amount of the immunoreactive 57 kDa
H*-ATPase subunit was identical in tonoplast extracts from
both +Pi and —Pi B. napus cells (Fig. 3A), the amount of
immunoreactive 65 kDa HT-PPiase subunit was twice as
abundant in tonoplast extracts from —Pi cells (Fig. 3B).

4. Discussion

B. napus is a ‘non-mycotrophic’ plant whose roots do not
form symbiotic associations with mycorrhizal fungi to facili-
tate Pi uptake from Pi-deficient soils [10]. Recent evidence
suggests that, relative to mycorrhizal associating or ‘mycotro-
phic’ plants, the endogenous metabolism of non-mycotrophic
plants is geared to allow a more efficient acclimation to Pi
deprivation [1,10]. We have previously determined that Pi
starvation of B. napus suspension cells results in 4.5-, 2.5-
and 2.8-fold increases in the extractable activities of acid
phosphatase, phosphoenolpyruvate carboxylase, and PFP, re-
spectively [6,10,11]. All three enzymes have been suggested to
contribute to the survival of Pi-starved B. napus in which
significant reductions in cellular pools of Pi and adenine nu-
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cleotides, but not PPi, occur [6]. Here we provide evidence
suggesting that the Pi starvation response of B. napus also
involves the upregulation of the vacuolar H*-PPiase.

Pi deficiency of B. napus significantly increased the initial
rate and steady-state levels of PPi-dependent acridine orange
fluorescence quenching in tonoplast vesicles (Fig. 1), suggest-
ing that —Pi B. napus have a larger PPi-dependent H*-pump-
ing capacity than +Pi B. napus. These results were corrobo-
rated by assessing the tonoplast H"-PPiase hydrolytic activity
(Fig. 2). The H*-PPiase activity was about 3-fold greater, and
the H'-PPiase to H"-ATPase activities ratio almost 2-fold
greater in —Pi cells relative to +Pi cells. Resupply of Pi to
—Pi cells for 36 h resulted in return of ATPase and PPiase H
translocation and phosphatase activities to nearly the levels
observed in +Pi cells. Western blots revealed a good correla-
tion between the HT-PPiase activity and the relative amount
of the enzyme protein (Fig. 3). Thus, the increased capacity
for PPi-dependent tonoplast H* transport and H"-PPiase hy-
drolytic activity that accompanied Pi stress of B. napus arose,
at least partially, from an increased expression of H*-PPiase
protein. The activity of HT-ATPase was about 1.5-fold great-
er in —Pi cells relative to +Pi cells (Fig. 2), whereas the rela-
tive amount of immunoreactive 57 kDa H*-ATPase subunit
appeared to remain unchanged (Fig. 3).

Upregulation of tonoplast H"-PPiase has also been ob-
served in anoxic or chilled rice seedlings [12], which showed
the same pattern of reduced adenylate levels and maintained
PPi levels as do Pi-starved plants [13]. The induction of rice
H*-PPiase by anoxia or chilling stress was similarly reflected
by corresponding increases in PPi-dependent tonoplast H'
transport, and H™-PPiase hydrolytic activity and protein lev-
els [12].

Thermodynamic considerations indicate that PPi would be
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Fig. 3. Immunoblot analysis of tonoplast H* pumps in 10-day-old
+Pi and —Pi B. napus suspension cells. Tonoplast proteins (4 g/
lane) were resolved by SDS-PAGE and blotted as described in Sec-
tion 2. Immunoblotting was performed using antibodies raised
against the vacuolar H"-ATPase (A) or H*-PPiase (B), and antigen-
ic polypeptides were visualized using an alkaline phosphatase-tagged
secondary antibody [12]; phosphatase staining was for 5-10 min at
30°C. Relative amounts of antigenic polypeptides were determined
via laser densitometry. Values represent the average of two different
tonoplast extracts.
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particularly favored as a phosphoryl donor, relative to ATP,
under cytosolic conditions known to accompany stresses such
as anoxia or nutritional Pi deprivation [19]. The upregulation
of H*-PPiase by anoxia in rice [12] or Pi starvation in B.
napus is therefore consistent with the utilization of this alter-
native mechanism of maintaining the vacuole acidification,
employing PPi as an energy donor to conserve diminishing
pools of ATP. The use of PPi versus ATP by PFP or H*-
PPiase also facilitates Pi recycling during Pi stress, since two
and one Pi molecules are produced per PPi and ATP hydro-
lyzed, respectively.

In conclusion, our results support the notion that the Pi
stress response of Brassica sp. includes the upregulation of
PPi-dependent enzymes to circumvent ATP-limited reactions
of the plant cytosol while simultaneously conserving limited
cellular pools of ATP, and recycling of valuable Pi. Recent
studies have revealed that PPi-dependent H* pumps are not
necessarily confined to the tonoplast, but may also be local-
ized in the plasma membrane of plant cells [14]. It would be of
interest to determine the influence of anoxia or Pi stress on
plant plasma membrane PPi- vs. ATP-dependent H* pumps.
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