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1 The concept of close connection between the
metabolism of inorganic polyphosphates (polyP),
consisting of phosphoric acid residues linked by high�
energy phosphorus–anhydride bonds, and energy
metabolism is prevalent in the literature [1, 2]. 

At the same time, the following question requires fur�
ther investigation: in what way do different energetic
states of yeast cells influence the metabolism of these
polymers? One of the approaches to the solution of
this problem is to study the effect of mutations in the
genes encoding the enzymes involved in energy con�
version on the content and chain length of polyP. Such
mutants have been obtained at different laboratories
and are presently available for application, including
the mutants with defective synthetic function of the
mitochondrial ATPase. The ATP22 gene encodes the
protein involved in posttranslational assembly of the
hydrophobic part of Fo of the mitochondrial ATPase
[3]. In the mutants by this gene, the mitochondrial
ATPase retains only hydrolase activity; ATP synthesis
in mitochondria is inhibited, and the cells cannot uti�
lize oxidized substrates [3].

The goal of this work was to reveal the peculiarities
of polyP metabolism in different growth phases of the
yeast S. cerevisiae with mutations in the ATP22 gene
blocking ATP synthesis in the mitochondria.

1 Corresponding author; e�mail: alla@ibpm.pushchino.ru

MATERIALS AND METHODS

The strains of Saccharomyces cerevisiae D273 (par�
ent strain), N417, and E232 (different deletions in the
ATP22 gene) were kindly provided by A. Tzagoloff
(Columbia University, United States) [3]. The geno�
types of the strains were presented in [3]. Yeast cultures
were maintained on YPD agar medium. All strains
were grown on a shaker (120 rpm) at 30°C on YPD
medium (1% yeast extract, 2% peptone, and 2% glu�
cose). KH2PO4 was added to the medium to a concen�
tration of 10 mM. The growth was controlled by opti�
cal density at 600 nm.

The cells were harvested by centrifugation at 5000 g
for 10 min, washed with distilled water, and analyzed.

PolyP was extracted from the cells and assayed as
labile phosphorus content as described [4]. The fol�
lowing polyP fractions were obtained: acid�soluble
fraction polyP1 (extracted with 0.5 N HClO4 at 0°C),
salt�soluble fraction polyP2 (extracted with saturated
NaClO4 solution at 0°C), alkali�soluble fraction
polyP3 (extracted with NaOH solution, pH 9–10, at
0°C), and alkali�soluble fraction polyP4 (extracted
with 0.05 N NaOH at 0°C). The fraction PolyP5 was a
hot perchloric acid extract; its polyP content was
determined by the amount of Pi released after the
treatment of residual biomass with 0.5 N HClO4 at
90°C for 40 min. The polyP5 fraction for electro�
phoresis was extracted with hot distilled water.

PolyP chain length was determined by electro�
phoresis in 20% polyacrylamide gel prepared in
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200 mM Tris⎯borate buffer, pH 8.3, with 7 M urea [5].
Commercial polyphosphates with different average
chain lengths (Sigma and Monsanto, United States)
were used as markers.

Mitochondria were obtained by the method of dif�
ferential centrifugation [6].

Exopolyphosphatase activity was determined by
the rate of Pi release at 30°C during 30 min in 1 ml of
the reaction mixture containing the following:
Tris⎯HCl, 50 mM, pH 7.2; MgSO4, 2.5 mM; and
polyP188, 1 mM (by labile phosphorous). The activity
unit (U) was determined as the amount of the enzyme
producing 1 µmol Pi per 1 min. ATPase activity was
determined by the rate of Pi release at 30°C for 30 min
in 1 ml of the reaction mixture containing the follow�
ing: Tris⎯HCl, 50 mM, pH 8.5; MgSO4, 1 mM; Triton
X�100, 0.1%; and ATP, 1 mM. Pi was assayed as
described [7].

Protein concentration was assayed by the modified
Lowry method [8]. Bovine serum albumin was used as
a standard.

The average values of three experiments are pre�
sented.

RESULTS AND DISCUSSION

The growth curves of S. cerevisiae strains are pre�
sented in Fig. 1. The strains with mutations in the
ATP22 gene grew more slowly and yielded less biomass
than the parent strain, which is typical of many so�
called petite mutants with impaired ATP synthesis in
mitochondria [9]. The growth of strains N417 and
E232 was similar (data not shown). The phenotypes of
both mutant strains used in the work are characterized
by a smaller cell size compared to the parent strain.
The parent and mutant strains contain 1.8 × 1010 and
3.2 × 1010 cells per 1 g of wet biomass, respectively.

The cells of the logarithmic growth phase (7 h for
the parent strain (Fig. 1, curve 1, point A) and 12 h for
the mutant strains (Fig. 1, curve 2, point A)) and of the
stationary growth phase (14 h for the parent strain

(Fig. 1, curve 1, point B) and 17 h for the mutant
strains (Fig. 1, curve 2, point B)) were used for polyP
extraction.

The data on polyP content in the cells of the parent
and mutant strains are presented in Table 1. In the cells
from the logarithmic growth phase, the content of dif�
ferent polyP fractions was nearly the same. This result
had been anticipated, because glycolysis is the main
energy source for yeast cells in this growth phase, while
oxidative phosphorylation at the level of the respira�
tory chain is suppressed by the mechanism of catabolic
repression [10]. The polyP content increased in both
strains during the stationary growth phase, which is
typical also of other S. cerevisiae strains [11]. However,
the total polyP content increased almost fourfold in
the parent strain but only 1.8�fold in the mutant. As a
result, the parent strain in the stationary growth phase
contained 2.5 times more polyP than the mutant one.
This difference is the greatest in the fractions polyP1
and polyP3, which are the most dynamic ones and are
accumulated in larger quantities than other fractions
[4, 11]. Thus, a significant dependence of the content
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Fig. 1. Growth curves of different S. cerevisiae strains
grown on glucose. A, B: the points of biomass sampling for
determination of polyphosphate content. Strain D273 (1)
and strain E232 (2).

Table 1. PolyP content in S. cerevisiae cells in the logarithmic and stationary growth phases (µmol P/g of dry biomass)

Polyphosphate 
fraction

Yeast strain

D273, parent strain E232, the strain with impaired 
mitochondrial ATP synthesis

Logarithmic  Stationary Logarithmic  Stationary

Pi 170 ± 10.6 95.4 ± 12.2 144 ± 16.9 159 ± 19.9

PP1 36.6 ± 3.7 170 ± 26.5 31.8 ± 2.98 64.7 ± 8.9

PP2 6.36 ± 0.53 37.1 ± 5.6 4.975 ± 0.99 12.9 ± 4.9

PP3 13.8 ± 3.18 63.6 ± 7.42 11.4 ± 0.99 22.4 ± 2.4

PP4 1.43 ± 0.21 4.98 ± 1.59 1.12 ± 0.149 2.69 ± 0.3

PP5 3.66 ± 0.26 4.93 ± 1.06 2.09 ± 0.34 3.93 ± 0.4

Total polyP 61.8 ± 6.8 281 ± 26.5 51.4 ± 4.48 107 ± 12
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of these two fractions on the energetic state of yeast
cell was confirmed [12, 13].

Electrophoresis of the polyP obtained from the
cells at the stationary growth phase revealed that the
average polyP chain length in the fractions polyP1 and
polyP2 was less in the mutant than in the parent strain.
For other fractions, the differences in the chain length
between the parent and mutant strains were not
revealed (Fig. 2).

Mutant strains N417 and E232 showed no essential
differences in the contents and chain length of poly�
phosphates; however, the mitochondrial fraction
could be more effectively obtained from strain N417.
We compared the polyP content, as well as ATPase and
exopolyphosphatase activities, in the fractions of iso�
lated mitochondria of the parent strain D273 and of
the mutant strain N417.

Hydrolase activity of mitochondrial ATPase and its
sensitivity to sodium azide were preserved in the

mutant (Table 2). Sodium azide inhibited it by 90%,
demonstrating that the preparation was free from
other ATPase�containing organelles and membranes.
Exopolyphosphatase activities in the isolated mito�
chondria of strains D273 and N417 were similar
(Table 2). The mutant mitochondria exhibited a cer�
tain decrease of polyP content, the significance of
which in the cellular polyP metabolism requires fur�
ther investigation.

Thus, the mutation in the ATP22 gene, which
blocks mitochondrial ATP synthesis and results in the
petite phenotype, reduces the ability of yeast cells to
accumulate polyP in the stationary growth phase, pri�
marily at the expense of the acid�soluble fraction
polyP1 and the alkali�soluble fraction polyP3. This
finding indicates close interrelation between polyP
accumulation and the capacity of yeast cells for oxida�
tive phosphorylation at the level of the respiration
chain. The interrelation of polyphosphate synthesis
and ATP formation in yeast cells is probably not direct.
However, some data suggest the possibility of synthesis
of these polymers due to the electrochemical gradient
on the membranes [1] that is generated on the cyto�
plasmic and vacuolar membranes by the ATP energy.
An ATP�dependent polyphosphate synthetase was
recently found in the vacuolar membrane [14]. It is
also not improbable that additional regulatory mecha�
nisms exist providing the dependence of polyphos�
phate synthesis on ATP concentration, because this
synthesis requires a lot of energy.
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Fig. 2. Electrophoresis of polyphosphates of different fractions obtained from S. cerevisiae cells in the stationary growth phase.
Parent strain D273 (1); strain E232, mutant by the ATP22 gene (2). PolyP15, PolyP25, PolyP45, and PolyP188 are polyphosphate
markers with the chain lengths of 15, 25, 45, and 188 phosphate residues, respectively.

Table 2. PolyP quantity and activity of the enzymes of phos�
phorus metabolism in isolated mitochondria of yeast strains
D273 and N417

Strain
ATPase activ�

ity, U/mg 
of protein

Exopolyphos�
phatase activi�

ty, U/ mg
 of protein

PolyP, 
µmol P/mg 
of protein)

D273, parent 0.47 0.16 0.096

N417, mutant 0.38 0.14 0.088
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