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THE ROLE OF POLYPHOSPHATASES IN THE CELL
WALL AND CYTOPLASMIC MEMBRANE RESPONSE
TO THE ACTION OF STRESS

The impact of an altered phosphorus metabolism on the content of the cell wall and
cytoplasmic membrane components under the influence of physical and chemical stress
factors was investigated. In this study, Saccharomyces cerevisiae strains with deleted
PPNI and PPXI exopolyphosphatases were used. Osmotic shock, peroxide and acidic
shocks, and radiofrequency electromagnetic radiation were applied to induce stress
response reactions. The strains with deleted PPN1 and PPXI had an increased content of
the weakly linked and alkali—sensitive components of the cell wall proteins and a two—fold
decreased content of glucosamines. The cellular fatty acid composition did not change,
while the content of sterols varied depending on the strain peculiarities. The efficiency
and direction of stress factors action showed an individual factor—specificity. The minor
components were found to be the most labile and actively responding units to the effects of
stress. That demonstrates a potential for their application as biomarkers and in industrial
biotechnology. Thus, PPN1 and PPXI polyphosphatases are involved in regulation of the
biosynthesis of the cell wall and membrane components, they support their structure and
are responsible for the changes in response to the influence of stress factors.
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The main focus of modern biology is the study of functional patterns in
biological systems at molecular and genetic levels. Together with physiological,
biochemical and morphological studies, it enables to determine the underlying
mechanisms of interaction between cells and environmental factors or other
biological objects. Environmental stress factors, including electromagnetic
radiation, can significantly affect the functioning of microorganisms in their
natural habitats and the efficiency of biotechnological processes. All molecular,
genetic, physiological and biochemical mechanisms activated by intracellular
regulatory systems as a response to external signals are associated with the
biosynthesis of the cytoplasmic membrane and cell wall components. The
latter connect the adaptation of eukaryotic organisms to the action of physical
and/or chemical stresses and are considered to be the primary outpost, which
perceives the non—ionizing electromagnetic radiation exposure. However,
the real biological molecules, providing the perception, transformation, and
transduction of non—ionizing EMFs, are still unestablished. In the last decades,
great attention was devoted to polyphosphates, which are thought now to be
the fundamental biological units, which originated from the inorganic world
and evolved to be a part of every living matter. They are short and long
linear molecules that significantly vary in length and are found in all cellular
compartments in association with other molecules or as separate structures
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(volutin grains, for example). It is known that inorganic polyphosphates take
part in the stress response of cells. However, their role in the synthesis of the
cell wall and cytoplasmic membrane components induced by adverse factors
is poorly understood [5]. There is only some evidence that polyP is able to
activate cell wall enzymes such as glucan transferase Bg12p and may be other
glycolytic enzymes too, inducing cell wall autolysis [4]. Radiobiological
reactions of cells largely depend on the induced changes in the structure and
functions of their membranes. The effects of ionizing radiation are studied
in detail within radiation membranology, and the mechanisms of their
biological action are thought to be established. However, the mechanisms of
radiofrequency EMFs influence on the structure, chemical composition and
characteristics of membrane functions (transport functions, signal perception,
bioenergetic processes, etc.) are still under study.

We obtained data suggesting that the biosynthesis of the yeast cell wall and
cytoplasmic membrane is sensitive to the exposure to radiofrequency EMF and
that the outcome depends on the activity of two polyphosphatases (polyPases)
PPNI1 and PPX1, which are the best-known polyPases of yeast.

PolyPases are the enzymes that participate in the cellular energy metabolism,
by means of elimination (dephosphorylation) of phosphoric acid residues
from polyphosphate molecules. Inorganic polyphosphates are multifunctional
molecules directly or indirectly involved in numerous processes, including
gene expression, energy metabolism, motility, virulence, etc. One of the main
causes of violations in the plurality of biological processes after a deletion of
one of the polyPases may be explained by the accumulation of polyP in the
cells that leads to an inhibition of cell wall components synthesis [10, 12].

Both polyPases (PPN1 and PPX1) are involved in the regulation of the
JAK/STAT (Janus kinase/signal transducers and activators of transcription)
signaling pathway, which transmits information from external chemical signals
to the genes promoters on the DNA, which trigger the process of transcription
activation. PPN1 performs the basic function in this process, as it provides
inhibition of SOCS1 (suppressor of cytokine signaling—1), an important
component of the JAK/STAT signaling pathway [15]. The functional role of
PPNI1 is extremely important, as it provides for dephosphorylation processes
in the nucleus. Without its function, such important factors, as the transducer
and activator protein of STAT1 transcription, cannot leave the nucleus to the
cytoplasm and perform their regulatory functions [15]. Defects in one or both
polyphosphatases resulted in a malfunction of signaling pathways and an
inability to generate a response to an external stimulus.

Using the yeast Saccharomyces cerevisiae strains with deletions in the genes
of the polyPases PPN1 and PPX1 (Table) we determined that the strains lacking
polyPases possess an increased content of at least two types of cell wall proteins
and changed quantities of various sugar residues. Cell wall components are the
main factors of biological adhesion thus an increased quantity of proteins with
weak non—covalent bonds or disulfide linkages along with a decreased content
of glucosamine may be assumed as the main factors causing perturbations
of yeast adhesion in the case of PPN1 and PPX1 deletion. Deficiency in the
PPXI1 resulted in an increased content of the alpha—form of D—mannose and
D—glucose (to 17-25 %) and of NeuSAc (to 31-33 %) and a corresponding
decrease of GIcNAc (to 4-6 %) and GalNAc (to 11-19 %). A defect in PPN1
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led to a decrease of GalNAc (to 19 %) and an increase of the Neu5Ac content
(13 %). These changes are associated with an increased hardness of the cell
walls of the mutant strain. However, this parameter decreased in the polyPases
defective strains after the EMFs exposure and increased in the wild—type strain.
The EMF treatment, in addition, caused a formation of the outer extracellular
polymeric layer [13] and we assume that this may happen because of the
breakage of weak protein bonds, induced by EMFs, and a consequent leakage
of the cell wall components. However, the EMFs—induced layer was observed
in the wild—type strains only. This may suggest that the specific polyP are
necessary to preserve the cells as they form an obvious surrounding structure.
At the same time, in the case of polyPases defectiveness, the components of
this layer were eluted and wasted after the cell washing procedure.

Table
Genome peculiarities of Sacchromyces cerevisiae
strains used in the study*
Strain Genotype Reference
CRY MATa ade?2 his3 leu2 trpl ura3 [14]
CRN MATa ade?2 his3 ura3 ppnid::CgTRPI [10]
CRX MATa ade? his3 trpl ura3 ppx14::LEU2 [14]
CNX MATa ade?2 his3 ura3 ppnlA::CgTRPI ppxI1A::LEU2 [10]

* Yeast strains were obtained by A. Kornberg and co—authors and were kindly provided
by the laboratory of I.S. Kulaev of the Skryabin Institute of Biochemistry and Physiology of
Microorganisms, RAS (Pushchino, Russia).

These results clearly indicate that both polyPases (PPN1 and PPX1) and
their products (polyP) are the essential units supporting cell wall integrity and
ensuring protein binding to other cell wall components, mainly polysaccharides.

The action of chemical stresses, induced by oxygen peroxide, acetic acid,
and sorbitol, causes major changes (index of variability achieved 40 %) in
the content of minor components of the cell wall polysaccharides (CW PS)
indicating that just these components are the main stress—response units. The
osmotic shock and acetic acid affected mainly the quantities of D—galactose
and alpha forms of D—mannose and D—glucose, while hydrogen peroxide
caused a slight effect on the content of beta—forms of D—mannose and D—
glucose, GIcNAc and GalNAc. The osmotic shock showed linear dose—effect
dependence on the total PS content, while acetic acid had a strong nonlinear
effect. At the same time, the RF EMF changed the character of dose—response
curves for the content of GlcNAc and GalNAc under the influence of stress
factors. In most cases, the curves became the opposite of the results obtained
for the untreated control samples.

These results indicate that RF EMFs, along with the individual impact on
the cell wall structure, may affect the influence of other stresses.

It was shown that this type of RF EMF (40.68 MHz) may increase the cell
membrane permeability [13]. Thus, the character of changes of CW PS content
after irradiation may be a result of the necessity of cellular adaptation to such
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EMEF’s impact. We evaluated the fatty acids and sterols content in cells treated
with the RF EMF and detected that the total content of fatty acids was fairly
stable for the yeast strains without any obvious dependence on the polyPases
defectiveness or EMF treatment.

However, the analysis of sterols showed that a defectiveness in one or both
polyPases leads to an altered sterol composition that easily lets to recognize
the wild-type strains from the mutants. A direct correlation between the yeast
cell viability and squalene concentration in the PPX1 lacking strains (as well as
in the double mutant) was observed. No similar dependence was observed for
the wild type and PPN1 defective strains and thus this result may suggest the
participation of PPX1 enzyme in the regulation of synthesis or transformation
of squalene, at least.

The action of stress factors such as peroxide and acetic acid caused a linear
dose—dependent reduction of various sterol quantities. The wild type appeared
to be sensitive to the action of acetic acid, while the PPX1 deficient strain
depended mainly on the action of peroxide. The double mutant showed (with a
few exceptions) a negative linear dependence on the action of acetic acid and a
nonlinear (quadratic) dependence on the action of peroxide. The PPN mutant
had a very low content of sterols in membranes and, in this case, their quantity
did not decrease additionally after the EMF treatment, thus, indicating some
stability of the content, but in fact being a result of the presumably critical
biological minimum of sterols necessary for maintaining cell viability and
functioning.

Thus, all the studied features of the yeast cell walls and membranes were
found to be dependent on the action of the polyPases PPN1 and PPX1, which
have a direct impact on both the initial state of the tested structures and their
changes in response to stresses. Our findings indicate that polyPases are
the necessary components for the correct fulfillment of the polysaccharide
chains biosynthesis in cell walls, as well as for the formation of strong non—
covalent protein bonds. Polysaccharides are important structural elements of
all living organisms. A lot of them have a commercial potential in various
biotechnological processes and provide for a set of functions including the
resistance to chemical and physical stresses. They are very labile cellular
structures, which change in response to environmental perturbations and, thus,
can be good indicators of biological effects of non—ionizing electromagnetic
fields. There is a direct correlation between the quantity of alkali—sensitive
polyphosphates (fraction polyP4) and mannoproteins in yeast cell walls [5]. In
the case of PPN1 mutation the level of polyP4 decreased almost two—fold, which
did not happen after the PPX1 deletion [6]. Nevertheless, there is no data on
any connection between PPN1 and PPX1 and the synthesis of mannoproteins.
However, in our study, we did not observe any significant changes in mannose
amounts but determined a two—fold decrease in glucosamine content. This
may be due to the accumulation of polyP fractions within cell walls, as it was
suggested by [12].

Additionally, it is obvious that the biosynthesis of sterols is also associated
with the functional properties of these two polyPases, and their absence will
affect all levels of intracellular processes associated with the functional role of
sterols. The genes of sterols biosynthesis in yeast and humans are orthologues
and can be successfully replaced. This indicates common metabolic pathways
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of synthesis of these polymers [3]. Thus, it can be assumed that the involvement
of polyPases in this process, determined for the yeast cells, can be adopted for
human biology as well. The possible cause of disorders in the biosynthesis
of sterols in the absence of polyPases may be explained by the impossibility
of implementation of the key proteins dephosphorylation, that is assumed for
PPN1, which affects the process of dephosphorylation of the STAT1 protein
(the transducer and activator of transcription) [15]. STAT1 induces the synthesis
of cholesterol 25—hydroxylase, an enzyme necessary for the production of
25-hydroxycholesterol — the main cholesterol derivative formed by
macrophages [7].

An overexpression of PPX1, which leads to a shortage in the accumulation
of polyphosphates in cells, influences the expression of stress—inducible
genes rpoS (which encode the 6**—subunit of RNA polymerase responsible
for the expression of approximately 50 genes) and recA at the level of their
transcription. Thus, it additionally affects the expression of the related genes
that are induced by stressful conditions (genes of SOS—regulon, actually recA
and umuDC), or DNA damage with mitomycin and ultraviolet, or the osmotic
(osmB) and heat shocks (otsBA), or an oxidative stress (katE), while also being
activated during the cell’s stationary phase [11]. Therefore, it is obvious that
both, the accumulation and the absence of polyphosphates in cells will have
a negative impact on the function of intracellular processes and can even lead
to the cell death.

In summary, the results of our study demonstrate that polyPases PPN1 and
PPX1 are important units in the integrity support of the yeast cell wall and
membrane. They are needed to provide strong linkages in proteins—protein
and proteins—polysaccharide complexes and seem to participate in sterol
biosynthesis. In the absence of any of these two polyPases the cell reaction
to the influence of various stresses changes, however, the cell response is still
specific to each of the factors.
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B.C. Hiozopcvkui, C.I. Boiiuyk, O.M. I pomo3osa

Incmumym mikpobionoeii i eipyconoeii im. J{.K. 3a6onomnoco HAH Yxpainu,
syn. 3abonomnozo, 154, Kuie , 03143, Yxpaina
POJIb MOJII®OCPATA3 Y PEAKIIAX KJITUHHOI CTIHKH
1 MU TOTVIASMATAYHOI MEMBPAHU HA CTPEC
Pesome
JocnimkeHo BIUUB 3MiH Y (ochopHOMY MeTabOMi3Mi KIITHH HA BMICT KOMIIOHCHTIB
KIITHHHOI CTIHKM 1 IIUTOIUIa3MaTH4HOI MeMOpaHHu miJl Ji€to (i3udHUX 1 XIMIYHUX (ak-
TOpiB. Y JOCHIKeHH] OyI0 BUKOPUCTAHO IITaMH APIKIKIB Saccharomyces cerevisiae,
nedexTtHi 3a ex3ononidocdarazamu PPN1 1 PPX1. Crpec ingykyBaau 3a JOIIOMOTOIO
OCMOTHYHOIO LIIOKY, IIEPEKICHOTO 1 KMCJIOTHOT'O ILIOKY, & TAKOX 3a JJOMOMOI'0I0 pajiodac-
TOTHOTO eJIeKTpoMarHiTHoro BunpomintoBanus. [lItamu 3 Bunaneanmu PPN1 i PPX1 mamu
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MIBUIIICHAN BMICT CJIa003B’s13aHUX 1 JTy)KHO-UyTIIMBUAX OUIKIB KJIITHHHOT CTIHKH Ta BABIYl
3HIKEHUI BMICT mTfoko3amiHy. CKita JKUPHUX KHCIIOT HEe 3MIHIOBABCS, Y TOH Yac sIK BMICT
CTEpOJIiB BapifOBaB y 3aJICKHOCTI BiJ] ITAMOBUX ocobnuBocTel. EQekTuBHICTS 1 Hanpas-
JICHICTB Aii cTpecoBUX (akTopiB Oyna iHIUBIIyaNIbHOIO, (akTop-crenudivno0. MiHOpHI
KOMITOHEHTH BHSIBIUTHCS HAWOUTHII TaOiTbHUMH 1 aKTUBHO PEAaryIOYNMH Ha JIif0 CTPECIB.
Lle BKazye Ha IX TOTEHIIAN IS 3aCTOCYBAHHS SIK O10MapKepiB, a TAKOXK y O10TEXHOJIOT1Y-
HUX Tponecax. Takum unHoM, nomidocdarazu PPN1 i PPX1 Gepyts yuyactb y perysasuii
6iocHHTE3y KOMIIOHEHTIB KJIITHHHOI CTIHKH i MeMOpaH!; BOHU MiATPUMYIOTb X CTPYKTYpPY
1 HECyTh BI/IIIOBIIAIBHICTB 3a 3MiHH y BIAMOBI/Ib HA BIUINB CTPECOBHX (DaKTOPIB.
Kmiouosi cnosa: npixmki, nomidocdarasu, crpec, KIITHHHA CTIHKA, MEMOpaHH.

B.C. Hoozopckuii, C.H. Bouuyk, E.H. I'pomoszosa

Hnemumym muxpoduonozuu u eupyconoeuu um. /K. 3abonomnoeo HAH Ykpaunui,
yn. 3abonommnoeo, 154, Kues, 03143, Ykpauna
POJIb MOJIU®OCDATA3 B PEAKIIUSAX KJIETOUYHOM CTEHKA
U LU TOILJIASMATUYECKOM MEMBPAHBI HA CTPECC
Pesome

HccrnenoBano BiIHsHUE U3MCHEHUH B (hOCPOPHOM MeTaboIm3Me KICTOK Ha ColIepKa-
HHE KOMIIOHEHTOB KJIECTOYHOM CTEHKH U IIUTOINIA3MaTHYECKO MeMOpaHbl 101 ieiiCTBUEM
(hM3NYIECKIX W XUMHUYECKUX (akTOpoB. B mccnemoBanny OBUTH MCTIONB30BAHbBI IITAMMBI
npoxoxeit Saccharomyces cerevisiae, nedextasle o sx3onomudocdarazam PPN1 u PPX1.
Crpecc MHIYIUPOBAIH C MOMOIIBI0 OCMOTHYECKOTO II0Ka, NEPEKUCHOTO U KHUCIOTHOTO
II0Ka, a TAKXKe C TIOMOIIBI0 PAJOY9aCTOTHOTO IEKTPOMAarHUTHOTO m3mydeHus. LIITaMMbt
¢ ynanenHpiMu PPN1 n PPX1 mmenn moBBIIEHHOE CONEpiKaHUE CIA0OCBSI3aHHBIX H
I1eJI04e—4yBCTBUTEIBHBIX OCIIKOB KIETOYHOM CTEHKH U BJIBOE CHIXXEHHOE COJEpIKaHHe
mrroko3aMuHa. COCTaB JKUPHBIX KACIOT HE U3MEHSIICS, B TO BpeMs KaK COAEpIKaHUe CTe-
POJIOB BapbHUPOBAJIO B 3aBUCUMOCTHU OT IITAMMOBBIX 0coOeHHOCTeH. DPpPeKTUBHOCTD U
HaIpaBJIEHHOCTb JIEUCTBUSI CTPECCOBBIX (DAaKTOPOB ObLIA MHIMBHIYaIIbHOM, (haKkTop-crie-
nnpuIeckoil. MUHOpPHBIE KOMIOHEHTHI OKa3aJIuCh Hanboee TabMIbHBIMA M aKTUBHO pe-
arvpyroIUMY Ha IEHCTBUE CTPECCOB. DTO YKa3bIBAET HA UX MOTEHLMAI JJIsl IPUMEHEHUS
B KauecTBe OMOMapKepoB, a TaKKe B OMOTEXHOJIOIMYECKHX Iporieccax. Takum odpaszom,
nonudocdarazsr PPN1 u PPX1 ygacTByioT B perymsamun OHOCHHTE3a KOMIIOHEHTOB KITe-
TOYHOW CTCHKH I MEMOPaHbI, OHU TOAJCPIKUBAIOT X CTPYKTYPY ¥ HECYT OTBETCTBEHHOCTH
3a U3MEHEHUS B OTBET Ha BO3JCHUCTBHE CTPECCOBBIX (DAaKTOPOB.

Knioueswvie crnosa: npoxoxn, monudocdarasbl, cTpecc, KICTOYHAs CTeHKa, MEMOPaHbL
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