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Abstract
The Saccharomyces cerevisiae polyphosphatase PPN1 (uniprot/Q04119) degrades
inorganic polyphosphates both by cleaving Pi from the chain end and by fragmenting long-chain polymers into shorter ones. In this study, we have found a new activity of this protein: it releases phosphate from dATP. The dATP phosphohydrolase
activity of pure PPN1 was ~7-fold lower compared to the exopolyphosphatase activity. This activity was strongly stimulated by Co2+ ions, as well as by ammonium ions,
and inhibited by heparin and pyrophosphate similar to the exopolyphosphatase activity of PPN1. The Km value for dATP was 0.88 ± 0.14 mM. The dATP phosphohydrolase activity in the cells of PPN1-overexpressing yeast strain was several-fold
higher than that in the parent strain. The other exopolyphosphatase of S. cerevisiae,
PPX1, did not split Pi from dATP.
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1. Introduction
Inorganic polyphosphate (PolyP) is multifunctional biopolymer performing many cellular functions in all living cells, from prokaryotic to human [1]-[8]. The ability of
PolyP metabolizing enzymes to catalyze the conversion of other substrates is one of the
causes of the involvement of these proteins in regulatory pathways. For example, the
gppA exopolyphosphatase splits Pi from guanosine 5’-triphosphate, 3’-diphosphate and
guanosine 5’-diphosphate, 3’-diphosphate, bacterial second messengers [9]. Some bacDOI: 10.4236/aer.2016.44013 December 6, 2016
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terial exopolyphosphatases display NTPase activities [10]. The enzymes belonging to
the polyphosphate kinase 2 subfamily catalyze nucleoside monophosphate phosphorylation [11]. The exopolyphosphatase of Pseudomonas aeruginosa is a polyphosphate:
ADP phosphotransferase [12]. The Saccharomyces cerevisiae protein DDP1 (a diadenosine and diphosphoinositol polyphosphate phosphohydrolase) possess an endopolyphosphatase activity [13]. The exopolyphosphatase PPX1 of S. cerevisiae hydrolyzes
adenosine-tetraphosphate phosphohydrolase and guanosine-tetraphosphate phosphorhydrolase activities [14]. The polyphosphatase PPN1
(http://www.uniprot.org/uniprot/Q04119) of S. cerevisiae degrades PolyP both by cleaving Pi from the chain end and by fragmenting long-chain polymers into shorter ones
[15] [16]. Pi release was predominant in the presence of Co2+, while the fragmentation
of high-molecular PolyP was predominant in the presence of Mg2+ [16]. No other substrates of this enzyme are known; the pyrophosphatase activity of PPN1 was extremely
low [17]. We have attempted to use the pure recombinant PPN1 [18] to reveal PolyP in
the PCR reaction products with the high level of pyrophosphate [19]. In these experiments, the treatment of dNTP mixture with PPN1 resulted in Pi release; i.e., PPN1 catalyzed the reaction:
dNTP → dNDP + Pi
This study was aimed at characterizing the dNTP phosphohydrolase activity of PPN1
with dATP as a substrate.

2. Materials and Methods
2.1. Strain Growth
The ΔPPN1 mutant strain CRN of S. cerevisiae was obtained from N. Rao and A.
Kornberg [15]. The strain CRN/pMB1_PPN1 Sc of S. cerevisiae overexpressing the polyphosphatase PPN1 was designed by Eldarov and co-authors earlier [20]. Yeast strains
were grown in a synthetic minimal YNB medium containing (per 1 l) 1.7 g of bacto
yeast nitrogen bases (Difсo, Detroit, USA), 20 g of glucose, by 20 mg of L-tryptophane,
L-histidine, L-methionine and adenine, and 60 mg of L-leucine. Uracyl (20 mg/l) was
added for cultivation of the strain CRN. The cells were cultivated up to the stationary
growth stage under shaking (145 rpm/h) at 29˚C.

2.2. PPN1 Purification
The cellular extracts were obtained as described [18]. The cellular extract of the strain
CRN/pMB1_PPN1 Sc was used for purification of polyphosphatase PPN1 by a combination of the methods designed earlier for obtaining pure PPN1 [18]. The cellular extract was supplemented by ammonium sulfate up to 50% saturation and incubated for 1
h, followed by centrifugation at 12,000 g for 20 min. The supernatant was absorbed on
the Butyl-Toyopearl 650 M equilibrated with 50 mM Tris-HCl, pH 7.2, with 50% ammonium sulfate. In 45 min, the resin was precipitated at 4000 g for 3 min and washed
three times with 50 mM Tris-HCl, pH 7.2, containing 50% ammonium sulfate. For polyphosphatase elution, the resin was washed four times with 50 mM Tris-HCl, pH 7.2,
145

N. Andreeva et al.

containing 25% ammonium sulfate. Triton X-100 (0.05%) was added to the preparation. After ultrafiltration through an YM-10 membrane, the solution was applied to a
DEAE-Toyopearl 650 M column (1.5 × 7.5 cm) equilibrated with 25 mM Tris-HCl, pH
7.2, with 0.1% Triton X-100. The column was washed with 50 ml of the same buffer and
then with 50 ml of 0.1 M KCl in the same buffer. The polyphosphatase was eluted at a
flow rate of 24 ml/h with an increasing KCl concentration (0.1 - 0.8 M) in the same
buffer. The gradient volume was 200 ml. The fractions with the polyphosphatase activity were pooled, concentrated by ultrafiltration, and incubated with heparin-agarose for
2 h. The resin was pre-equilibrated with 25 mM Tris-HCl, pH 7.2, with 0.1% Triton
X-100. The heparin-agarose washed with 10 ml of the buffer and then 5-fold with 5 ml
of 0.5 M KCl in the same buffer, using centrifugation at 1500 g for 5 min. Then the resin was washed twice with 5 ml of 0.7 M KCl in the buffer; the exopolyphosphatase was
desorbed with 5 ml (4-fold) of 1 M KCl in the same buffer. The preparation had a specific activity with polyP 208 - 2000 E/mg of protein. The protein was assayed with
Pierce Bradford reagent after precipitation with trichloroacetic acid. The preparation
was stored at −20˚C.

2.3. Enzyme Activities Assay
The enzyme activities were assayed at 30˚ in 0.1 ml of 50 mM Tris-HCl, pH 7.2, containing 0.1 mM CoSO4 and 200 mM NH4Cl. The concentrations of MgSO4, MnSO4,
ZnSO4, and other additives are indicated in the legends to the tables and figures. The
amount of the enzyme releasing 1 nmole of phosphate (Pi) per 1 min was taken as a
unit of enzyme activity (mU). Inorganic polyphosphate with an average chain length of
208 phosphate residues (polyP208) (Monsanto, USA) was used as a substrate of exopolyphosphatase at the concentration of 2.5 mM (the concentration was estimated by
phosphorus). PolyP208 was purified from pyrophosphate and orthophosphate as described [21]. The dATP (GE Healthcare Bio-Sciences Corp, Lithuania), ATP, ADP and
pyrophosphate (Sigma) were used at the concentration of 2 mM. Heparin was from
Spofa, Czech Republic. The released Pi was assayed with malachite green [22] with an
immunoplates spectrometer (Sapfir, Russia). The Pi content in the samples without the
enzyme was assayed as a control.

2.4. Statistics
The assays were performed in triplicate; the mean values and standard deviations were
calculated by Excel. The correlation coefficient was calculated using
http://www.alcula.com/calculators/statistics/correlation-coefficient/.

3. Results
The purified PPN1 catalyzed the release of Pi from dATP (Table 1). The other exopolyphosphatase of S. cerevisiae, PPX1 (kindly provided by L. Lichko) [23], did not split
Pi from dATP (Table 1). It is surprising, because PPX1 is more active with polyP3 [23]
and with adenosine-tetraphosphate and guanosine-tetraphosphate [14]. The PPN1 ac146
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tivity was maximal with long-chain PolyP and weak with PolyP3 [17] [18]. The dATP
phosphohydrolase activity of pure PPN1 was ~7-fold lower compared to the exopolyphosphatase activity (Table 1). The activity of PPN1 with ATP was nearly twofold lower than with dATP; the activity with ADP and PPi was still lower (Table 2). The concentration dependence of dATPase activity of this enzyme corresponded to the Michaelis-Menten equation, and Km was 0.88 ± 0.14 mM.
The exopolyphosphatase activity of PPN1 displays the non-Michaelis kinetics, with
the apparent Km of 0.0035 and 1.1 mM with PolyP208 and PolyP3, respectively [17]. The
substrate affinity and hydrolysis rate of PolyP3 [17] and dATP were similar. Both exopolyphosphatase and dATPase activities of PPN1 were stimulated by NH4Cl (200 mM)
nearly twofold (not shown).
Figure 1 shows the dependence of dATPase activity on the concentration of divalent
cations. Co2+ was more effective than Mn2+; Mg2+ and Zn2+ had no stimulatory effects.
Heparin and PPi inhibited this activity and the inhibitory effect of ADP was low (Figure 2). The effects of divalent cations and the above inhibitors on the dATPase (Figure
1, Figure 2) and exopolyphosphatase [18] activities of PPN1 were similar.
The dATP phosphohydrolase (dATPase) activity of cellular extract of the PPN1overexpressing yeast strain was several-fold higher than that in the parent strain (Table
3). This increase was comparable with the increase in exopolyphosphatase activity. In
addition, the dATPase and exopolyphosphatase activities of the cellular extract of transformant cells were similarly inhibited by heparin, the known suppressor of polyphosphatases [1], while the dATPase activity of the cellular extract of ΔPPN1 mutant was
little affected by heparin. Probably, some other enzymes perform the dATPase activity
in this strain.
Table 1. The exopolyphosphatase and dATP phosphohydrolase activities of pure PPN1 and
PPX1 of S. cerevisiae.
Activity with different substrates

Enzyme

Substrate

Activity, mU/ml

PPN1

PolyP208

244.0 ± 28.5

PPN1

dATP

34.9 ± 3.9

PPX1

PolyP208

311 ± 32.0

PPХ1

dATP

0

Table 2. Pi release by PPN1 from some substrates (2 mM).
Substrate

Pi release, % of control

dATP

100 ± 5.0

ATP

57 ± 5.0

ADP

20.0 ± 2.1

PPi

11.0 ± 1.0
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Figure 1. The effects of Co2+ (white squares), Mg2+ (open circles), Zn2+
(black triangles), and Mn2+ (open triangles) on the dATP phosphohydrolase
activity of polyphosphatase.

Figure 2. The effects of inhibitors on the dATP phosphohydrolase activity
of polyphosphatase PPN1. The activity was assayed in 50 mM Tris-HCl,
pH 7.2, containing 0.1 mM CoSO4 and 200 mM NH4Cl.
Table 3. The hydrolysis of PolyP208 and dATP by the cellular extracts of ΔPPN1 and PPN1overexpressing strains of S. cerevisiae.
Yeast strain

Enzyme activity, mU/mg protein

148

ΔPPN1

PPN1-overexpressing strain

Polyphosphatase

88 ± 9.0

3640 ± 10

Polyphosphatase, 10 mg/l heparin

88 ± 7.0

420 ± 30

dATP phosphohydrolase

30 ± 2.8

370 ± 62

dATP phosphohydrolase, 10 mg/l heparin

26 ± 1.0

55 ± 4.0
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4. Discussion
In this study, we have found the dATP phosphohydrolase activity of the S. cerevisiae
protein РРN1. The activity is similar to the exopolyphosphatase activity of this protein
in the dependence on divalent cations, stimulation by NH4 ions, and inhibition by heparin and PPi. The activity decreased in the following order: dATP > ATP > ADP. The
preliminary data on the hydrolysis of dNTP mixture suggest the ability of hydrolysis of
other dNTP. It should be noted that the PPX1 exopolyphosphatase of S. cerevisiae hydrolyzes neither dATP (this study) nor dNTP mixture [19].
The catabolism of dNTPs is performed by many enzymes. First, the alkaline and acid
phosphatases are able to hydrolyze these substrates (http://www.brenda-enzymes.org).
Second, the DEAH-box splicing factor Prp22 of yeasts can hydrolyze all common
NTPs and dNTPs with a comparable efficiency [24], catalyzing the reaction:
(d) nucleoside triphosphate + H2O → (d) nucleoside diphosphate + phosphate (EC
3.6.1.15). Finally, deoxynucleotide triphosphate triphosphohydrolases (dNTPases) hydrolyze deoxynucleotide triphosphates (dNTPs) into nucleosides and tripolyphosphate
(3.1.5.B1, http://www.brenda-enzymes.org). In mammalian cells, the sterile alpha motif
and HD domain-containing protein 1 (SAMHD1) is a dNTPase and a major regulator
of cellular dNTP levels [25]. This protein prevents the infection of nondividing cells by
retroviruses, including HIV, by depleting the cellular dNTP pool [25]. The importance
of dNTP metabolism and SAMHD1 in cancer development was discussed [26]. It seems
that the dNTP catabolism becomes particularly important under the conditions when a
decrease in proliferative activity is necessary for the survival of an organism or a cell
population. For further investigation of the role of PPN1 as a putative regulator of cellular dNTP level in yeast cells, it is necessary to take into account the following two
facts. First, PPN1 gene is responsible for the exopolyphosphatase activity in yeast nuclei
[27]. Second, ΔPPN1 mutants displayed the impairment of the cell cycle when the cells
were grown under Pi limitation [4].

5. Conclusion
Yeast polyphosphatase PPN1 is deoxyadenosine triphosphate phosphohydrolase while
the exopolyphosphatase PPX1 did not split Pi from dATP. The exopolyphosphatase
and deoxyadenosine triphosphate phosphohydrolase activities of this protein are similar in ion and inhibitor effects.

Acknowledgements
The authors thank Elena Makeeva for her help with preparing the manuscript. This
study is supported by Russian Basic Research Foundation (Grant 14-04-00515).

References
[1]

Kulaev, I.S., Vagabov, V.M. and Kulakovskaya T.V. (2004) The Biochemistry of Inorganic
Polyphosphates. John Wiley & Sons Ltd., Chichester. https://doi.org/10.1002/0470858192

[2]

Rao, N.N., Gómez-García, M.R. and Kornberg, A. (2009) Inorganic Polyphosphate: Essen149

N. Andreeva et al.
tial for Growth and Survival. Annual Review of Biochemistry, 78, 605-647.
https://doi.org/10.1146/annurev.biochem.77.083007.093039
[3]

Morrissey, J.H. (2012) Polyphosphate Multi-Tasks. Journal of Thrombosis and Haemostasis, 10, 102313-2314. https://doi.org/10.1111/jth.12001

[4]

Jiménez, J., Bru, S., Ribeiro, M.P.C. and Clotet, J. (2016) Polyphosphate: Popping up from
Oblivion. Current Genetics, 1-4. https://doi.org/10.1007/s00294-016-0611-5

[5]

Pavlov, E., Aschar-Sobbi, R., Campanella, M., Turner, R.J., Gomez-Garcia, M.R. and Abramov, A.Y. (2010) Inorganic Polyphosphate and Energy Metabolism in Mammalian Cells.
The Journal of Biological Chemistry, 285, 9420–9428.
https://doi.org/10.1074/jbc.M109.013011

[6]

Omelon, S., Ariganello, M., Bonucci, E., Grynpas, M. and Nanci, A. (2013) A Review of
Phosphate Mineral Nucleation in Biology and Geobiology. Calcified Tissue International,
93, 382-396. https://doi.org/10.1007/s00223-013-9784-9

[7]

Angelova, P.R., Baev, A.Y., Berezhnov, A.V. and Abramov, A.Y. (2016) Role of Inorganic
Polyphosphate in Mammalian Cells: From Signal Transduction and Mitochondrial Metabolism to Cell Death. Biochemical Society Transactions, 44, 40-45.
https://doi.org/10.1042/BST20150223

[8]

Albi, T. and Serrano, A. (2016) Inorganic Polyphosphate in the Microbial World. Emerging
roles for a Multifaceted Biopolymer. World Journal of Microbiology and Biotechnology, 32,
27. https://doi.org/10.1007/s11274-015-1983-2

[9]

Keasling, J.D., Bertsh, L. and Kornberg, A. (1993) Guanosine Pentaphosphate Phosphohydrolase of Escherichia coli Is a Long-Chain Exopolyphosphatase. Proceedings of the National Academy of Sciences of the United States of America, 90, 7029-7033.
https://doi.org/10.1073/pnas.90.15.7029

[10] Albi, T. and Serrano, A. (2014) Two Exopolyphosphatases with Distinct Molecular Architectures and Substrate Specificities from the Thermophilic Green-Sulfur Bacterium Chlorobium tepidum TLS. Microbiology, 160, 2067-2078. https://doi.org/10.1099/mic.0.080952-0
[11] Motomura, K., Hirota, R., Okada, M., Ikeda, T., Ishida, T. and Kuroda, A. (2014) A New
Subfamily of Polyphosphate Kinase 2 (Class III PPK2) Catalyzes Both Nucleoside Monophosphate Phosphorylation and Nucleoside Diphosphate Phosphorylation. Applied and
Environmental Microbiology, 80, 2602-2608. https://doi.org/10.1128/AEM.03971-13
[12] Beassoni, P.R., Gallarato, L.A., Boetsch, C., Garrido, M.N. and Lisa, A.T. (2015) Pseudomonas aeruginosa Exopolyphosphatase Is Also a Polyphosphate: ADP Phosphotransferase.
Enzyme Research, 2015, Article ID: 404607. https://doi.org/10.1155/2015/404607
[13] Lonetti, A., Szijgyarto, Z., Bosch, D., Loss, O., Azevedo, C. and Saiardi, A. (2011) Identification of an Evolutionarily Conserved Family of Inorganic Polyphosphate Endopolyphosphatases. Journal of Biological Chemistry, 286, 31966-31974.
https://doi.org/10.1074/jbc.M111.266320
[14] Kulakovskaya, T.V., Andreeva, N.A. and Kulaev, I.S. (1997) Adenosine-5’-Tetraphosphate
and Guanosine-5’-Tetraphosphate-New Substrates of the Cytosol Exopolyphosphatase of
Saccharomyces cerevisiae. Biochemistry, 62, 1180-1184.
[15] Sethuraman, A., Rao, N.N. and Kornberg, A. (2001) The Endopolyphosphatase Gene: Essential in Saccharomyces cerevisiae. Proceedings of the National Academy of Sciences of
the United States of America, 98, 8542-8547. https://doi.org/10.1073/pnas.151269398
[16] Andreeva, N., Trilisenko, L., Eldarov, M. and Kulakovskaya, T. (2015) Polyphosphatase
PPN1 of Saccharomyces cerevisiae: Switching of Exopolyphosphatase and Endopolyphosphatase Activities. PLoS ONE, 10, e0119594. https://doi.org/10.1371/journal.pone.0119594
150

N. Andreeva et al.
[17] Andreeva, N.A., Kulakovskaya, T.V. and Kulaev, I.S. (2004) Purification and Properties of
Exopolyphosphatase from the Cytosol of Saccharomyces cerevisiae Not Encoded by the
PPX1 Gene. Biochemistry, 69, 387-293. https://doi.org/10.1023/b:biry.0000026193.44046.29
[18] Andreeva, N., Trilisenko, L., Kulakovskaya, T., Dumina, M. and Eldarov, M. (2015) Purification and Properties of Recombinant Exopolyphosphatase PPN1 and Effects of Its Overexpression on Polyphosphate in Saccharomyces cerevisiae. Journal of Bioscience and Bioengineering, 119, 52-56. https://doi.org/10.1016/j.jbiosc.2014.06.006
[19] Danilevich, V.N., Machulin, A.V., Lipkin, A.V., Kulakovskaya, T.V., Smith, S.S. and Mulyukin, A.L. (2016) New Insight into Formation of DNA-Containing Microparticles during
PCR: The Scaffolding Role of Magnesium Pyrophosphate Crystals. Journal of Biomolecular
Structure & Dynamics, 34, 625-639. https://doi.org/10.1080/07391102.2015.1040842
[20] Eldarov, M.A., Baranov, M.V., Dumina, M.V., Shgun, A.A., Andreeva, N.A., Trilisenko,
L.V., Kulakovskaya, T.V., Ryasanova, L.P. and Kulaev, I.S. (2013) Polyphosphates and Exopolyphosphatase Activities in the Yeast Saccharomyces cerevisiae under Overexpression of
Homologous and Heterologous PPN1 Genes. Biochemistry, 78, 946-953.
[21] Andreeva, N.A. and Okorokov, L.A. (1993) Purification and Characterization of Highly Active and Stable Polyphosphatase from Saccharomyces cerevisiae Cell Envelope. Yeast, 9,
127-139. https://doi.org/10.1002/yea.320090204
[22] Carter, S.G. and Karl, D.W. (1982) Inorganic Phosphate Assay with Malachite Green: An
Improvement and Evaluation. Journal of Biochemical and Biophysical Methods, 7, 7-13.
https://doi.org/10.1016/0165-022X(82)90031-8
[23] Lichko, L. and Kulakovskaya, T. (2015) Polyphosphatase PPX1 of Saccharomyces cerevisiae
as a Tool for Polyphosphate Assay. Advances in Enzyme Research, 3, 93-100.
https://doi.org/10.4236/aer.2015.34010
[24] Tanaka, N. and Schwer, B. (2005) Characterization of the NTPase, RNA-Binding, and RNA
Helicase Activities of the DEAH-Box Splicing Factor Prp22. Biochemistry, 44, 9795-9803.
https://doi.org/10.1021/bi050407m
[25] Ji, X., Tang, C., Zhao, Q., Wang, W. and Xiong, Y. (2014) Structural Basis of Cellular dNTP
Regulation by SAMHD1. Proceedings of the National Academy of Sciences of the United
States of America, 111, 4305-4314. https://doi.org/10.1073/pnas.1412289111
[26] Kohnken, R., Kodigepalli, K.M. and Wu, L. (2015) Regulation of Deoxynucleotide Metabolism in Cancer: Novel Mechanisms and Therapeutic Implications. Molecular Cancer, 14,
176. https://doi.org/10.1186/s12943-015-0446-6
[27] Lichko, L.P., Kulakovskaya, T.V. and Kulaev, I.S. (2003) Nuclear Exopolyphosphatase of
Saccharomyces cerevisiae Is Not Encoded by PPX1 Gene Encoding the Major Yeast Exopolyphosphatase. FEMS Yeast Research, 3, 113-117.

List of Abbreviations
PolyP—inorganic polyphosphates, PolyP208—inorganic polyphosphates with an average chain length of 208 phosphate residues, PolyP3—tripolyphosphate, Pi—orthophosphate, PPi—pyrophosphate; dATPase—deoxyadenosine triphosphate phosphohydrolase.
151

Submit or recommend next manuscript to SCIRP and we will provide best service
for you:
Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.
A wide selection of journals (inclusive of 9 subjects, more than 200 journals)
Providing 24-hour high-quality service
User-friendly online submission system
Fair and swift peer-review system
Efficient typesetting and proofreading procedure
Display of the result of downloads and visits, as well as the number of cited articles
Maximum dissemination of your research work

Submit your manuscript at: http://papersubmission.scirp.org/
Or contact aer@scirp.org

