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Pretreatment with Ozone Elevates the Resistance
of Saccharomyces cerevisiae Yeast Membranes
during Freeze-Thawing

Pedepat: Metogamyn dnyopecLeHTHOro OKpaliMBaHWS U NPOTOYHOM UUTOMNyopuMeTpun uccnegoBanu BNusiHWE 030HaA Ha
noepexaeHne membpaH apoxkenn Saccharomyces cerevesiae npu 3amopaxueaHum o —196°C u nocnepgytowem otorpese go 30°C.
Moka3aHo, 4YTO 3amMmopaxnBaHNE-OTOrpeEB KNEToK S. cerevesiae B U3MONOrMYECKOM PacTBOPE NPUBOAUIIO K NOBpEXAEHUI0 MembBpaH
y (65,6 £ 1,6)% kneTok n3 obuiei nonynauun. O6paboTka kneTok 03oHOM B fose 29-240 nmonb O,/10° kn nepea 3amopaxuBaHmem
no3Bornisna 3Ha4YnTeNbHO YMEHbLUUTL KONMYECTBO MOBPEeXAeHHbIX kneTok Ao (16,1 £ 0,9)% ot obiwen nonynaumn. JaHHbIn addekT
obbsACHseTCS NepekpecTHON aganTauunen, BbiI3BaHHON BBEAEHMEM 030Ha: B COCTOSIHMM afanTUBHOroO oTBeTa Ha cnabblii okuc-
NUTENbHBIA CTPecCc 3anyckaloTCsA reHeTUYeckn AeTepMUHUPOBAHHbIE MeXaHW3Mbl 3alWTbl OT APYrMX BMAOB CTpecca, B TOM
4yucne n OT cTpecca Npu 3aMOpPaxXuBaHUN-OTOrPeBe.

KnroueBble cnoBa: Saccharomyces cerevesiae, 3amopaxnBaHue-oTorpeB, 030H, NepekpecTHas agantauus, OKUCIUTENbHbIN
cTpecc, aganTuBHbIA OTBET.

Pedepar: MeTogamu cnyopecueHTHoro 3abapBroBaHHs Ta NPOTOYHOI LMTONyopuMeTpii gocniaxyBanu BnvB 030HY Ha
NOLLKOAXEHHS1 MeMbpaH ApixmxiB Saccharomyces cerevesiae npu 3amMopoxyBaHHi Ao —196°C i HacTynHomy BigirpisaHHi go 30°C.
MokasaHo, Lo 3amMopoXyBaHHS-BidirpiBaHHs KNiTUH S. cerevesiae y i3ioNnoriyHOMy po34unHi NPU3BOAUIIO A0 MOLIKOOAXKEHHST MeMBpaH
y (65,6 = 1,6)% kniTuH i3 3aranbHoi nonynauii. O6pobka kniTMH 030HOM y 003i 29-240 nmonb O,/10° kN nepea 3amMOPOXyBaHHAM
[03BONSANa 3HU3UTKU KiNbKICTb MOLIKOAKEHUX KNiTuH Ao (16,1 + 0,9)% Big 3aranbHoOi nonynauii. EPekT nosACHIOETLCA NepexpecHoo
afanTadieto, WO BUKMKaHa BBEOEHHSIM O30HY: Yy CTaHi aganTMBHOI BignoBidi Ha cnabkuii okCMAaTUBHUIA CTPEC 3anycKalTbCst
reHeTUYHO AeTepMiHOBaHi MexaHi3aMun 3axucTy Bif iHWMX BUAIB CTpecy, B TOMY YUCHi W Big CTpecy npu 3aMOpOXyBaHHI-BidirpiBaHHi.

KnrouoBi cnoBa: Saccharomyces cerevesiae, 3aMOpOXyBaHHA-BIgirpiBaHHsA, 030H, NepexpecHa aganTauisi, OKUCHUIA CTpec,
aganTvBHa Bignosigb.

Abstract: The effect of ozone on injury of Saccharomyces cerevisiae yeast membranes following freezing (down to —196°C)
and warming (up to 30°C) was investigated using fluorescent staining and flow cytometry. It has been shown that freeze-thawing of
S. cerevisiae cells in physiological solution resulted in the injury of membranes in 65.6% of total cells population. Treatment of the cells
with ozone in a dose of 29-240 pmol O,/10° cells prior to freezing allowed to reduce significantly the number of damaged cells: (16.1 +
0.9)% of total population. The observed effect was explained by cross-adaptation caused by ozone introduction: the adaptive
response to slight oxidative stress initiated the genetically determined mechanisms of responces to other stresses, including the one
caused by freeze-thawing.

Key words: Saccharomyces cerevesiae, freeze-thawing, ozone, cross adaptation, oxidative stress, adaptive response.

Hpoxoku Saccharomyces cerevisiae, Kak U BCe
OJIHOKJIETOUYHBIE OPTaHU3MBbI, B €CTECTBEHHBIX yCIIO-
BUSIX CYLIECTBOBAHUS MOJABEPTAOTCS BIUSHUIO OKPY-
JKaromen cpenl (M3MEHEHNE TUTaHNS, KUCIIOTHOCTH,
OCMOJISIPHOCTH, TEMITEPATyPHhI, a TAK)KE BO3/ICHCTBHE
TOKCUYECKHUX areHTOB U paguanuu). i BBDKUBaHUS
B U3MEHSIOIINXCSA NPUPOIHBIX YCIOBUSAX BCE XKUBBIC
OpPraHWU3MBl 3alMpoOrpaMMHUPOBAaHBl OTBEYAaTh Ha
CTpecCOpHbIe BO3eCcTBUA. KIIeTKH ApOoXxKEN TaKkKe
CHOCOOHBI aJaNITUPOBATHCS K Pa3HBIM BUaM CTpecca.
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Like all the protozoans, Saccharomyces cerevisiae
yeasts during their existence are affected by an envi-
ronment (changes in nutrition, pH, osmolarity, tempera-
ture, influence of toxic agents and radiation as well).
Living organisms are programmed for response to
stresses to survive under changing environmental con-
ditions. Yeast cells are capable of adaptation to diffe-
rent types of stresses. For example, they respond to
heat shock [4], effect of hydrogen peroxide [3], free
radicals generating agents [8], and osmotic stress [22].
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Hampumep, B HUX HHAYLIUPYETCS OTBET Ha TEMJIOBON
ok [8], nelicTBue nepekucu Bogopoaa [7], areHrsl,
reHepupyronme cBoO00 HbIe pagukaisl [12], ocMOTH-
yeckuil ctpecc [25].

OmHUM U3 CTPECCOBBIX COCTOSTHHI )KMBOTO Opra-
HU3Ma SBIIAETCS OTKIOHEHHE TEMITepaTyphl BHEITHEN
cpenbl oT (PU3NOIOTHUECKUX 3HAYCHUH. BrDKUBaHmEe
Y POCT KJIETOK ITPH HU3KUX TeMIIepaTypax CBA3aHHI C
M3MEHEHUSIMU (PU3HUECKUX 1 OMOXMMUYIECKUX CBOHCTB
kieTok. Hanpumep, moHmxeHre TeMreparypsl BIHSIET
Ha TEKY4eCTb KJIETOYHBIX MeMOpaH, YTO MOBBIIIAET
WX YCTOMYMBOCTH K HU3KOTEMIIEPATypHBIM BO3JEIHCT-
BusiM [S]. [lpu cHUKEHNU TEKy4YeCTH MeMOpaH 3aMe/l-
JSTIOTCS 1arepaibHas A y3us MeMOpaHHBIX OCIKOB
U TpaHCMeMOpaHHBIH MEPEHOC BEIIECTB, a TAKXKE
YMEHBIIAETCSI AKTUBHOCTH MEMOpPaHO-CBA3aHHBIX
dhepmenToB [26]. U3BecTHO, YTO MeMOpaHHasI TEKY-
YECTh MOXET OBITh MOAU(HUITPOBAHA OJHIM M3 IBYX
ITyTeil: CBA3bIBaHUEM caxapuaoB [ 14] nim n3MeHeHneM
coaepkanus (pocorunHII0B M HEUTPATEHBIX JIUIHI0B
[21]. Tak>xe mpu MOHMKEHUU TEMIIEPATYPHI B S. cere-
visiae CUHTE3UPYIOTCS METa0OJMTHI — Tperaao3a u
IMLEPUH, 00Tagaronue KpHOMPOTEeKTOPHOH aKTHB-
HOocThIO [14, 18]. HabmromaeTcss 3HAYUTEIBHOE «IIe-
PEKPBITHE) SKCIPECCHU T€HOB TEIUIOBOT'O I0Ka, OKUC-
JUTEIBHOTO CTpecca U APYrux BUAoB cTpecca [9, 11,
13, 23]. OxcuaaTHBHBIN CTpecc, KaK U TEIIOBOM IIOK
MIPUBOJIAT K MOSIBIEHHUIO, IO KpaiHel Mepe, 10 nomu-
MEeTNTHI0B, KOTOPBIE OTBEYAIOT 332 MEPEKPECTHYIO
aJarnTaIuio K 3TUM IBYM BHAaM cTpeccoB [5]. Takum
00pa3oM, eCTeCTBEHHbIE 3aIIUTHHIE MEXaHU3MBI,
KOTOpbIe 00eCIeYnBarOT KJIETKaM CITIOCOOHOCTH CO-
XPaHATh CBOIO CTPYKTYPY U (PYHKIIUHU MPH AEHCTBUU
OJTHOTO CTPECCOPHOro (pakTopa, MOTYT 3alycKaThCs
B OTBET Ha JICHCTBHE Ipyroro. Bo3MoKHOCT NCTIONb-
30BaHMsI IaHHOT'O CBOMCTBA B KpHOOMOJIOTHH IS TIO-
BBIIIEHHS YCTONYHMBOCTH KJIETOK K XOJOJOBBIM BO3-
JEHUCTBUSAM K HACTOSIIEMY BPEMEHM HCCIEAOBaHa
HEJOCTaTOYHO.

enpro manHON pabOTHI SABUIOCH MCCIICIOBAHHE
BIUSHUS OKACIUTEIHFHOTO CTPecca Ha 3aIlyCcK Mexa-
HU3MOB €CTECTBEHHON XOJIOJJ0yCTOMYNBOCTH KIETOK
S. cerevisiae Ipu NX 3aMOPAKUBAHII-OTOTPEBE.

Martepuajbl 4 MeTOABI

HccnenoBanus npoBOAWIM Ha MPOMBIIUIEHHOM
mramme Apoxokedt S. cerevisiae (paca 608), mony-
yeHHoM u3 Poccuiickoro HUU xnebonekapHoii mpo-
MebIieHHOCTH (Poccust). Jposxoku BeIpamuBaiv Ha
CKOLIEHHOM cycio-arape B TeueHue 48 4 npu 30°C u
CMBIBAIM C THUTATENFHON Cpeabl (PU3UOIOTHYECKIM
pactBopoM. O30H MONyYaly MyTeM JIEKTPOCHHTE3a,
MIPOITyCKasi Ta3000pa3HbIi KUCIOPO depe3 pas3pa-
OoTaHHBIH HaMK 030HATOP [ 1] 1 pacTBOpsIIH 6apOOTH-
pOBaHHEM 030HO-KHCIOPOIHON cCMecH uepe3 (PHU3H0II0-
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Variation of temperatures of external environment
around physiological values is one of the stressors for
a living organism. Survival of cells and their growth
under low temperature conditions are associated with
the changes of physical and biochemical properties of
cells. For instance, temperature reduction affects flui-
dity of cell membranes, increasing their resistance to
low temperature influences [1]. Decreased membrane
fluidity impedes lateral diffusion of membrane proteins
and transmembrane transport of substances, as well
as inhibits membrane-linked enzymes [23]. It has been
known that membrane fluidity may be modified either
by binding saccharides [10] or changes in phospholipid
and neutral lipid contents [19]. Decreasing of tempe-
rature is accompanied also by a synthesis of such meta-
bolites as trehalose and glycerol, known as cryopro-
tectants [10, 18]. There is a significant ‘overlapping’
in expression of genes associated with heat shock, oxi-
dative stress and other types of stress [5, 7, 9, 20].
Oxidative stress along with thermal shock lead to the
appearance of at least 10 polypeptides, responsible for
a cross adaptation to these two types of stresses [1].
Thus, the natural protection mechanisms, which provide
the ability of cells to preserve their structure and
functions under the action of a stress factor, could be
initiated in response to the action of another one. The
possibility of using such property in cryobiology to
elevate the resistance of cells to cold exposures is
studied insufficiently to date.

The research aim was to investigate the influence
of oxidative stress on initiation of mechanisms of a
natural cold resistance for S. cerevisiae cells during
their freeze-thawing.

Materials and methods

The investigations were carried out with industrial
yeast strain S. cerevisiae obtained from Russian
Research Institute of Baking Industry (St. Petersburg,
Russia). The yeast were grown on slant wort-agar for
48 hours at 30°C and washed with physiological solu-
tion to remove growth medium. Ozone was obtained
by electrosynthesis by passing gaseous oxygen through
the ozonator of our construction [24] and then the
ozone-oxygen mixture was dissolved in physiological
saline (0.15 M NaCl) by bubbling. Concentration of
dissolved ozone was determined spectrophotometrically
with Specord UV VIS (Carl Zeiss, Germany) assess-
ing the extinction in Hartley’s band [16]. Ozonized
physiological saline was added directly into the cell
suspension prior to freezing. Thereafter the cell suspen-
sions of 2 ml were frozen in plastic tubes (Corning,
USA) by plunging into liquid nitrogen. The samples
were thawed in water bath at 30°C.

Chemiluminescence was recorded using lumino-
meter of our design [25]. The samples were investiga-
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ruyeckuid pactBop. KoHIleHTpauuo pacTBOPEHHOTO
030HA OTPEAENIIN CIEKTPOPOTOMETPHIECKIUM Me-
TostoM Ha ciekTpodoTtomerpe Specord UV VIS («Carl
Zeiss Jenay, 'epMaHus) 1o 3HAYSHHUIO IKCTUHKIIUY Ha
nontoce Xaptiu [2]. O30HUPOBaHHKIN QPHU3HUOIOTHYEC-
KM pacTBOp BBOJWIIN B CYCIIEH3HIO KJIETOK HEMIOCPE-
CTBEHHO Nepes 3aMopaxuBaHieM. CyClIeH3uH KIETOK
B (PM3HOJIOTHYECKOM pacTBOpe 00bEMOM 2 MII 3aMO-
paXuBaNIH B IJIACTHKOBBIX mpobupkax («Corning»,
CIIIA) morpy>xeHHeM B )KUIKAN a30T, OTOTPEBAIH Ha
BOJsTHOM Oane mpu Temmeparype 30°C.

XeMITIOMUHECIIEHITUIO PETHUCTPUPOBAIIH C TI0O-
MOIIBI0 pa3paboTaHHOTO HaMU JOMUHOMeTpa [3].
J1s paboThI ¢ MccieAyeMbIMH 00pa3IiaMy UCIIOIb30-
BaJIM CIEIUAJIbHYIO KIOBETY C IPO3pavyHbIM B YJIBTPa-
¢uoseToBOil 00IaCTH OKHOM M3 (PTOPOIIACTOBOM
ieHkH [4]. KroBeTy, conepikaliyro CyCIeH3HI0 KJIETOK
S. cerevisiae ¢ xoHUueHTpauen 5x107 kin/mi, nome-
many B OModroMuHOMETp. Peakiuio 3amyckanu go-
6aBnenneM 0,1 M1 030HHPOBAHHOTO (PU3HOIOTUUECKOTO
pacTBopa ¢ TpedyeMoii KoHIIeHTpaIei o30Ha K 0,5 Mt
CYCIIEH3UH KJIETOK. BCTIBINIKY TFOMUHECTIEHITUH PErr-
CTPUPOBAJIM Ha KOMIIBIOTEPE, B KauecTBe HHTepQeiica
WCTOJB30BaJIM IEKTPOHHBIN ocimniorpad «Hantek
DSO-2150» (Kurait).

[HoBpexxnenrne memMOpaH PETHCTPUPOBAIN C TIO-
MOIIBIO JTUMOQUIBHOTO (IIyOpPECIEHTHOTO 30HAa
Square-460 («Setabiomedicalsy, CILIA), okpamuBaro-
LIEr0 B HOPMAaJIbHBIX YCJIOBHAX IJIa3MaTHUECKYIO
MeMOpaHy, a IpU €€ MOBPEXKACHUH IPOHHUKAIOLIETO B
KJIeTKy. brarogaps jaHHOMY CBOMCTBY 30HJA C IIO-
MOIIBIO METOAa LUTO(PIYyOPUMETPUU MOTYT OBIThH
3aperuCTpUPOBAHBI KIETKHU C TOBPEKICHHBIMU MEM-
Opanamu [1]. JImst okpammBaHus KJIETOK 30H]I, PacT-
BOPEHHBIN B 3TaHOJIE, BBOIIIN IIOCJIE OTOTPEBA B CyC-
MIEH3UIO KJIETOK B KOHIIEHTpaIuu 40 MKMOJIB/JT U TIOCIIe
15-MHUHYTHOM HHKYOAIIUK OTMBIBAIIH ITyTEM IIEHTPU]Y-
rupoBanus npu 800g B Teuenne 3 MmuH. OKpamieHHbIe
KJIETKH HCCJIEIOBAIH Ha MPOTOYHOM HHUTO(DIYOpH-
Mmetpe «FACS Calibur» («BD», CILIA) npu Bo30yx-
JIEHUH Ha JJIWHE BOJIHEI 488 HM.

Pesynbrarel npencTaBiaeHsl 10 JaHHBIM HE MEHEe
5 HE3aBHCHMBIX 3KCHEPUMEHTOB. CTaTHCTUYECKYIO
00paboOTKy MOJyYEeHHBIX PE3YIBTATOB HPOBOAWIH C
MOMOIIBI0 KOMIIBIOTEPHBIX MporpaMm «Microsoft
Excel 2010» u «Origin 8.5», ucronp3yst napaMeTpu-
geckuit t-kputepuit CTeroneHTa. JlaHHbIe TPUBEICHEI
B BHJIC CPETHHUX apu(PMETHUECKUX + CpeTHEKBapa-
TAYecKas ommubOKa cpeiaHed BeIWYMHBI. Paznuuus
MEXAy TaHHBIMU CUMTAIHN 3HAYUMBIMHE 11pH p < 0,05.

Pe3syabTarsl m o0cyxaeHne

Ha puc. 1 npencraBneHnsl ToueuHble AUarpaMMbl
KJIETOK S. cerevisiae Tepes 3aMOpa)XMBaHUEM 0
—196°C u nocne oTorpeBa 3aMOpPOKEHHBIX KJIETOK 710
30°C.
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ted in a special cuvette with ultraviolet-transparent
window of fluoroplastic film to investigate the studied
samples [26]. Cuvette containing suspension of
S. cerevisiae cells with concentration of 5%107 cells
per ml was placed into bioluminometer. The reaction
was initiated by adding 0.1 ml of physiological saline
with appropriate concentration of ozone to 0.5 ml of
cell suspension. Data of luminescence bursts were re-
corded with computer. Electron oscillograph Hantek
DSO-2150 USB (China) was used as an interface.

Membrane damage was assessed with lipophilic
fluorescence probe Square-460 (Setabiomedicals,
USA), which normally stains cell plasma membrane
and after its damage penetrates into the cell. This fea-
ture of the probe could be used for cytofluorimetrical
assessing the number of damaged cells [9]. To stain
cells the ethanol solution of the probe (40 umol/l) was
added following thawing into a cell suspension and after
15-minute incubation washed-out using centrifugation
at 800g for 3 min. The stained cell suspensions were
examined with FACS Calibur (Becton Dickinson,
USA) at excitation wavelength of 488 nm.

The results are based on at least 5 independent ex-
periments. Statistical processing of the results was per-
formed using Microsoft Excel and Origin 8.5 software
and Student’s t-test. The data are presented as arith-
metic mean values =+ error of the mean. Differences bet-
ween the data were considered as significant at p <0.05.

Results and discussion

Fig. 1 represents dot plots of S. cerevisiae cell
suspension fluorescence before freezing down to
—196°C and following thawing up to 30°C.

Fluorescence of cells bound Square-460 probe was
recorded in ‘red’ channel FL3 (650 nm). For cells not
exposed to freezing or ozone treatment the fluores-
cence was found within the range values of FL3 0-
102, After freeze-thawing the cells with damaged
membranes had higher fluorescence (gate within the
range values of FL3 10*-10%, Fig. 1, B).

After freeze-thawing the samples not treated with
ozone had (65.6 £ 1.6)% of cells with damaged
membranes.

Pre-freezing treatment of cells with ozone doses
0f29-240 pmol O,/10° resulted in a decreased number
of cells with damaged membranes measured after
freeze-thawing (Fig. 1C, D). In dot plots of fluores-
cence measured in the cells post thaw, the gate shifted
to FL3 values below 102 that corresponded to the
indices of cells with intact membranes (Fig.1, A, B).

Increasing of ozone dose up to 320 pmol O,/10° of
cells the number of cells with damaged was high even
before freezing, and the following freeze-thawing the
index increased even more (Fig. 1F).

Fig. 2 shows the relative number of cells with
damaged membranes after freeze-thawing averaged
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Jannble 0 QryopeceHuN KIETOK, CBS3aBIINX
30H7 «Square-460», perucTpupoBaId B «KPACHOM»
kanaie FL3 (650 um). [Ins kieTok He moaBepraB-
IMXCSI 3aMOPAXUBAHUIO MM 00pabOTKEe 030HOM,
(yopecueHIHs perucTpupoBaiach B 00JacTu 3Ha-
gyenuii FL3 0-10% (puc. 1, A). [Tocne 3amopaxuBaHusi-
OTOIpeBa MOSIBJISUIMCH KIETKH C MOBPEKICHHBIMU
MeMOpaHaMu, OTIWYaBIIKecs 0oJiee MHTEHCUBHOM
(yopecuennueii (reiiT B obnactu suagenuii FL3 10>
104, puc. 1, B).

[Ipu 3amMopaKuBaHUHU-0TOTPEBE 0OPA3IOB, HE 0Opa-
OOTaHHBIX 030HOM, MEMOpPaHBI MOBPEXKAATUCH Y
(65,6 = 1,6)% KIIeTOK.

O06paboTKa KIIETOK 030HOM B 103ax 29—240 mMoITh
0,/10° k1t mepe1 3aMOpaKMBaHUEM TIPHBOIKIIA K TOMY,
YTO KOJMYECTBO KJIETOK C MOBPEXKICHHBIMUA MEMOpa-
HaMH [0CIIe UKIIA 3aMOPaKUBAaHUS-0TOTPEBa CHIKA-
nock (puc. 1, C, D). Ha ToueuHbIX auarpammax Kie-
TOK TMIOCJIE UX OTOTPEBa FeUT CMELIACs K 3HAaUCHUSIM
FL3 uwmxe 102, cOOTBETCTBOBABIIMM KJIETKaM C
HETNOBPEKACHHBIMU MeMOpaHamu (puc. 1, A, B).

from 5 experiments. Cells were treated with ozone of
different doses prior to freezing. Such treatment
reduced the number of cells with damaged membranes
post thaw, and the effect depended on the dose of
ozone. If the ozone dose was 29 pmol O,/10° cells the
effect was the most pronounced: in this case we
observed (16.1 = 0.8)% of cells with damaged mem-
branes vs. (65.6 = 1.6)% in the samples not treated
with ozone. Increasing ozone dose resulted in decrease
of the effect: the number of cells with damaged
membranes reached (33.6 + 1.3)% of total population
if ozone dose was 240 pmol O,/10° cells, and the cells
were damaged before freezing if the dose was
320 pmol O,/10° cells (data not shown in Fig. 2). Thus,
the ozone treatment of S. cerevisiae cells prior to
freezing enabled to reduce membrane damage during
freeze-thawing of cells without cryoprotectants
application, and the effect depended on ozone dose.
The response of S. cerevisiae cells to treatment
by various ozone doses was assessed by a chemilumi-
nescence, which bursts were observed following intro-
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TouyeuHble rMcTorpammbl cpriyopecueHummn apoxoken S. cerevisiae 6e3/nocrne o6paboTkM 030HOM B pasnmyHbIX

posax: A, C, E — 6e3 3amopaxuBaHusi; B, D, F — nocne 3amopaxuBaHus-otorpesa. OkpawmnBaHme «Square-460».

LinTocbnyopumeTpudeckoe 1ccriegosaHue.

Fig. 1. Dot plots of fluorescence measured in S. cerevisiae yeast without/after treatment with ozone in various doses: A,
C, E —without freezing; B, D, F — after freeze-thawing. Cytofluorimetric study.
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IoBbimenne 10361 030Ha 10 320 mmonb O,/10° ki
MPUBOJWIO K TIOBPEXKICHUI0O MeMOpaH ele mepej
3aMopaxuBaHueM kietok (puc. 1, E), konuuecTtBo
KIIETOK C MOBPEKICHHBIMU MEMOpaHaMU JTOTIOIHH-
TEJILHO YBEJIIMYUBAJIOCH TIOCIE 3aMOPAKUBaHUSI-0TO-
rpesa (puc. 1, E).

Ha puc. 2 npencraBneHs! ycpeqHEHHBIE 110 PE3yIlb-
TaTaM 5 3KCIIEPUMEHTOB 3HAUEHUSI OTHOCHTEIHLHOTO
COJIEpKaHHMs KJIETOK C MOBPEKACHHBIMA MEMOpaHaMH
nocJyie 3aMopakuBaHus-oTorpesa. [lepen 3amopaxu-
BaHHEM KJIETKH 00pabaThIBalli 030HOM B Pa3HBIX J10-
3ax. Takas 006paboTKa MO3BOJISIA YMEHBIITUTH KOJIH-
YeCTBO KJIETOK C MMOBPEXKICHHBIMH MEMOpaHaMu TOC-
Jie 3aMOpPaKHBaHUI-0TOTPEBA, TIPUYEM JICHCTBHE 030-
Ha 3aBUCENO OT ero a03bl. DdexT 030Ha Hauboee
OBLT BEIPAXKEH MOCIIE UCTIONB30BAHUS 03Bl 29 TMOITh
0,/10° x1: B 3TOM cityuae Habmonamu (16,1 = 0,8)%
KJIETOK C TIOBPEXJICHHBIMH MeMOpaHaMU TPOTHB
(65,6 +1,6)% B 0Opa3iax, He 00pabOTaHHBIX 030HOM.
[Ipu yBenuveHun A03bI 030HA YKa3aHHBIH dQPeKT
YMEHBIIAJICS: KJIETKH C IIOBPEXICHHBIMU MeMOpaHa-
MU rpu 103€ 030Ha 240 nmoinb O,/10° ki1 cocTaBsiu
(33,6 = 1,3)% ot oOmieit momynsauuu, a Ipu J03e
320 mMoIb 03/ 10° KJT ¥ BBIIIIE KJIETKU MTOBPEKIATNCH
erme 10 3amMopaknBaHus. Takum oOpa3om, 06paboTka
KIIETOK S. cerevisiae 030HOM TIepe]] 3aMOPaKHBAHUEM
MO3BOJIMJIA CHU3UTh YPOBEHB MOBPEXKICHHSI MEMOpaH
[IPY 3aMOPAXKUBAHUH-OTOTPEBE KIETOK O€3 MpUMeHe-
HUS «KJACCUYECKHUX» KPHOMPOTEKTOPOB, IpHUYEM
a3 dexT 3aBrcen OT T036I 030HA.

Jlig vccnemoBaHus peakiuu KIETOK S. cerevisiae
Ha 00paboOTKy pa3nWYHBIMH JO3aMU 030HA HCIIOJIb-
30BaJTd METOJI XeMHUITIOMHHECIICHITUH, BCIIBITIIKA KOTO-
PO HabMroanach NpU BBEJICHUH B CyCIICH3HIO KIIETOK
o3oHa. Ilo HameMy MHEHHIO, 3TOT 3P PEKT CBSA3aH C
paboTol aHTHOKCHIAHTHBIX CUCTEM KJIETKH B ITPOIIEC-
ce HelTpaM3alii H30BITOYHOTO 3K30I€HHOTO OKHCITHU-
TeJsl, MOCKOJIBKY XEMHIIIOMUHECIICHITUST Hcue3ana
[ocJie MHaKTUBALMK KJIETOK HarpeBanuem 1o 100°C.
[Ipu moctukeHHn ompeAesIeHHON MOPOroBOH 03B
030Ha XEMHJIIOMUHECIICHTHBIA OTBET KIIETOK HE pe-
THECTPUPOBAIICS.

Ha puc. 3 npeacraBneHa 3aBUCMIMOCTh HHTCHCHB-
HOCTH BCITBIIIIKHA XEMUTFOMUHECIICHITUY OT CyMMapHOH
JI03bI BBEJICHHOT'O 030HA TIPH MTOCIIEI0BATEIHHOM JI0-
0aBIICHHUH B CYCIICH3HIO KJIETOK OJIHHAKOBBIX MTOPIIHIA
030HUPOBAHHOTO (PU3NOIOTHYECKOTO pacTBopa. [Ipu
cyMMapHo# o3¢ 030Ha MeHee 240 mvons O,/10° ki
BCITBIIITKA JTFOMHHECIICHIIMU COMPOBOXKIANA KaXI0€e
BBEJICHHUE TIOPIIMU 030HUPOBAHHOTO (PH3HOIOTHIECKOTO
pacTBopa, mpuyeM €€ HHTEHCUBHOCTb B JIAHHOM JIHa-
Ma3oHe /103 030Ha u3MeHsach cinabo. [Tocne npesbl-
HICHUsI YKa3aHHOTO 3HAUYEHHSI ”HTEHCUBHOCTD BCIIBIIII-
KH JIFOMHUHECIISHIINN TTOCTETICHHO CHUXKAJAch, a MPH
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Puc. 2. OTHOCUTENBLHOE CoaepXXaHue KNeTok S. cerevisiae
C NOBpeXAeHHbIMM MembpaHamun nocne obpaboTkm 030-
HOM B pasnnyHbix go3ax: [0 — obpaboTka o3oHOM Ge3
3amopaxmanus; O — nocne o6paboTkM 030HOM M nocrne-
OYIOLLEro 3amopaxunsaHus-otorpesa. [JaHHble ycpeaHEeHbI
no pesynsrataM 5 3KCNEPUMEHTOB.

Fig. 2. Relative number of S. cerevisiae cells with damaged
membranes after treatment with different doses of ozone:
O - treated with ozone without freezing; O - after treatment
with ozone and following freeze-thawing. Data are the
averaged values of 5 experiments.

duction of ozone to cell suspension. In our opinion, this
effect was the result of cell antioxidant systems activity
for neutralization of excessive exogenous oxidant, as
far as the chemiluminescence disappeared after cell
inactivation caused by heating up to 100°C. When rea-
ching a certain threshold ozone dose a chemilumines-
cent response of cells was absent.

Fig. 3 represents the dependence of chemilumines-
cence burst intensity vs. total dose of introduced ozone,
which was the sum of equal portions of ozonized
physiological solution sequentially introduced to cell sus-
pesion. If total dose of ozone was less than 240 pmol
0,/10° cells the luminescence burst accompanied each
introduction of ozonized saline portion, moreover its
intensity changed slightly within mentioned range. After
surpassing of the stated value the intensity of
luminescence burst reduced gradually, and if total ozone
dose was higher than 510 pmol O,/10° of cells no che-
miluminescent response of cells to ozone introduction
was observed.

Comparing the obtained dependence with the above
data of ozone effect on the integrity of cell membranes,
it can be concluded that the cell membranes are
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cymmapHoit 1o3e Bbiie 510 nvmonb O,/10° ki xemu-
JIFOMUHECIIEHTHBIM OTBET KJIETOK Ha O30H HE OBLI
OOHapy KeH.

CpaBHHBas MOIYYEHHYIO 3aBUCUMOCTH C Npen-
CTaBJICHHBIMH BBIIIE JAHHBIMHU O BIMSHHUH 030HA Ha
LIEJIOCTHOCTh MEMOpPaH KIIETOK, MOXKHO 3aKJIIOYNTh,
YTO MEMOpaHBI KJIETOK ITOBPEXKAAIOTCS MPH UCIIOIb-
30BaHMM BBICOKHX /03 O30Ha, Aaxke 0e3 3aMOpaKu-
BaHus (cm. puc. 1, E).

MOo’HO CUNTaTh, YTO CHIDKEHNE WHTEHCHUBHOCTH
XEMUJIIOMHHECIICHIMH [TPY TMOBBIIEHUH CYMMapHOM
JI03BbI BBEIEHHOI'O O30HA CBS3aHO C MOBPEXKIAECHUEM
YacTH KJIETOK O30HOM M YMEHBIIIEHHEM KOJIMYeCTBa
YKU3HECTIOCOOHBIX KJIETOK, aHTHOKCHIAHTHBIE CHCTE-
MBI KOTOPBIX CIIOCOOHBI HEUTPaIN30BaTh €ro ACUCT-
Bue (cM. puc. 3). [loBbIlIeHUe YCTOWYNBOCTH MEM-
OpaH KIeTok S. cerevisiae K TOBPEXIACHUIO TPHU
3aMOpaKMBAaHUH HAONIONAeTCs MPH HU3KHUX J103aX
030Ha, KOTOpPHIE HE UCTOIIAIOT AaHTHOKCUAAHTHBIE
pecypcsl kieTok. [lpu 3Tom ux aganTuBHas peakuus
KJICTOK Ha C1a0bIil OKUCIIUTEIBHBIA CTPECC 3aITyCKACT
3alMTHBIE MEXaHW3MBI Ha JIPYTHE BUJIBI CTPECCOB, B
TOM YHCJIE U Ha JIEHCTBUE HU3KUX TEMIIEpaTyp.

Takum 00pa3zoM HamM pe3ynbTaThl MOKA3bIBAIOT,
YTO KJIETKH S. cerevisiae TPUOOPETAIOT UHIAYIIHPO-
BaHHYIO YCTOWYMBOCTD K 3aMOPaKNBAHUIO-OTOTPEBY
B COCTOSTHUH a/IalITUBHOTO OTBETA Ha OKUCIIUTEIBHBIN
crpecc. BripaxkeHHOCTB 3¢ eKTa 3aBUCHT OT CTEIICHN
BO3ICHCTBUS CTPECCOPHOTO (haKkTopa, T. €. OT CTETIeHN
OTKJIOHEHHUSI JAHHOW >KMBOM CHCTEMBI OT YCJIOBUU
HOpMasbHOTO roMeocTtasa. Crnadblii OKHCIUTENbHBIH
CTpecC SBJISIETCS] CUTHAJIOM «TPEBOTH JUISI a1al THB-
HBIX CHCTEM KJIETKH, PEaKIINs Ha KOTOPBIH MperycMar-
pUBaeT TEHETUYECKH NETEPMUHUPOBAHHYIO YIPEXK-
JAIOIIYI0 3alIUTY OT HEOIarompHusITHBIX (aKTOPOB
Cpeabl.

Crnenyer OTMETHTH CYIIECTBOBaHWE OOIIUX Me-
XaHU3MOB BOCIIPHSITHS B OBICTPON PEaKIH OPTaHu3-
MOB Ha BHEIIHWE BO3JIEHCTBHUA: HAOOP 3alIUTHBIX
peaknuii uMeeTcs y 1000ro opraHu3Ma, He3aBUCHMO
oT ero npucrnocodnenHocTr. OpraHu3Mbl, UMEIOITHE
Pa3HyI0 YCTOWYHUBOCTH, MOTYT pearupoBaTh Ha BO3-
JeiCTBUE OIHOTUITHO, HO CKOPOCTh M aMIUIUTYA (H-
3MOJIOTMYECKHUX NIEPECTPOEK Y HUX MPH 3TOM PA3IIH-
garoTcs [6]. B oTBeT Ha neficTBHe HEOIArOMPUATHBIX
(hakTOpOB cpeapl BOSHUKAIOT Hecnenupuyeckne u
crendruIecKkue peakLnm, XapaKTepHbIE A5l KOHKPET-
HOTO cTpeccoBoro Bo3aeictaust. [Ipumep Hecnienmnpu-
YEeCKOW peakiuu — TOPMOKEHHE OOMEHa BEIIEeCTB,
[TOCKOJIBKY ITPH 3TOM YYBCTBUTEIBHOCTD 00BEKTa CHH-
xaetcs [5, 18]. Ko BropoMy THmy peakiuii MOXHO
OTHECTHU yBEIMUYEHUE KOHIIEHTPALUN HOHOB B KIIETKE
TIpH TOBBIIIIEHUH OCMOJISIPHOCTH BHETIHEH cpenpi [ 19,
25]. Tem HE MEHEE IMEHHO HECTICTIH(DIMUECKIE 3aIIINT-
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Puc. 3. 3aBUCMMOCTb MHTEHCMBHOCTW BCMbILLKN XEMUIIO-
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ycn. ea. NpUHATO HanpsaXeHune Ha BbiXxoge mnsmeputena
CBETOBOIo I'IOTOKa).

Fig. 3. Dependence of chemiluminescence burst intensity
vs. total dose of introduced ozone (arbitrary units represent
the output voltage of light-flux detector).

damaged by high doses of ozone, even without freezing
(Fig. 1E).

We can assume that the decrease of chemilumines-
cence intensity in case of high total doses of introduced
ozone is associated with damage of part of cells by
ozone molecules and corresponding reduction of
number of viable cells, which antioxidant systems are
able to neutralize the oxidative effect (see Fig. 3). The
increasing of S. cerevisiae cell membranes resistance
to damage caused by freeze-thawing is observed in
case of low doses of ozone, which do not exhaust the
antioxidant capabilities of cells. Moreover, their adap-
tive response to a weak oxidative stress initiates pro-
tective mechanisms to other types of stress, including
those associated with low temperatures.

Thus, our results indicate that S. cerevisiae cells
gain a resistance to freeze-thawing initiated by a adap-
tive response to oxidative stress. The power of the ef-
fect depends on level of stress factor impact, i. e. how
far the living system diverges from normal homeostasis
conditions. Weak oxidative stress could be an ‘alarm’
signal for adaptive systems of cell, initiating a reaction
of genetically determined preventive protection from
unfavourable environmental factors.

It should be noted that there are common mecha-
nisms of perception and quick response of organisms
to an external influence: any organism, regardless of
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HBIE peaKkuu — HanOoJee «IKOHOMHBIN» U YHUBED-
CaJIbHBIN c1I0c00 COXpaHEHHs paBHOBECHS OMOCHCTEM
C BHEIIIHEW CpeloH, 00eCTeUnBAIONUN X HaIeK-
HOCTB B OBICTPO U3MEHSIIOIIUXCS YCIOBHUAX CYLIECT-
BoBaHMs. Ha 3TOH cTraguu oTBETa Ha CTPECC JKHUBAs
cCUCTeMa, MOJIBEpKEeHHAas JEHCTBUIO OJHOTO CTpec-
COPHOT0 areHTa, MOKET YBEJIMYUBATh CBOIO COITPOTHB-
JEMOCTh K ACHCTBHUIO OPYTHUX HEOIarompusATHBIX
(haxTopoB (mepekpectHas amantanus). Hampuwmep,
BOJIHBIN JIEPUIIUT yBEITUYNBAET COMPOTHBISEMOCTD
pacTeHHH K HU3KUM TeMIieparypam [6], OKUCIUTENb-
HBIIl CTpPECC MOBBIIIAET OCMOTHYECKYIO YCTOWUH-
BOCTh S. cerevesiae [19], TEIIIOBOM U COJICBOM IIOK
S. cerevesiae IOBBIIIAIOT X TOJIEPAHTHOCTH K 3aMO-
paXXMBaHMIO U IPYTMM CTPECCOPHBIM BO3AEHCTBUAM
[18]. OnHako MOBHIICHUE YCTOMYUBOCTH XKMUBOU CHC-
TEMBI K CTpecCy 10 MEXaHU3MY NEPEeKPEeCTHON ajar-
Taluy HaOoaeTcs He BCeraa, M3BECTHBI IPUMEPHI
CHHEpPru3Ma B HETaTUBHOM JIEHCTBUH Pa3HbIX CTpEC-
COPHBIX areHToB [6].

[Tocne Toro, kak mepBUYHAS KPATKOBPEMEHHAS
aZanTanus TOCTUTHYTa M IPHpPOAa CTpeccopa s
OpraHu3Ma sICHa, 3aITyCKatTCsl MEXaHU3Mbl OCHOBHOMN
(a3el ajanTanuy, B KOTOPO BMECTE C MHOXECTBOM
Hecnenn(pUIecKuX peaxkiuii 00HapyKUBAIOTCS U CIie-
unpugeckue oreetsl [10, 15-20, 25, 26]. Opranuzm
MpPHUCIIOCA0TUBAETCS K CYILIECTBOBAHUIO B U3MEHUB-
LINXCS YCIOBUAX BHEIIHEH cpenbl. CTpeccoBoe coc-
TOSIHHE TIPEOJI0NIEBAETCS IIyTEM M3MEHEHUs oOMeHa
BEIIECTB, T. €. METa0OIMUECKUX ITpHcIiocobenuit 21,
22,24]. llocaenaue TpeOyIOT OONBIINX SHEpreTHIeC-
KHX 3aTpaT, TaK KaK CBSI3aHBI C BKIIOUEHUEM perapa-
THUBHBIX MEXaHU3MOB, HAIIPaBIEHHBIX Ha MPEAOTBPa-
[IEHNE W UCTIPABIICHHUE MTOBPEKICHHS.

HanbHelilme nccienoBaHus B JaHHOW o0riacTy,
paciypsis Hallli 3HaHUS O PEaKIMH pa3INyHbIX opra-
HH3MOB Ha HEOJArompHATHBIE YCIOBHUS CYIIECTBO-
BaHHUA, MOTYT MPEIOCTABUTH HOBBIE JJII KPHOOHOIIO-
THH ITyTH yITy4IIEHNs aIalTalllOHHBIX BO3MOXHOCTEH
KUBBIX CHCTEM K HU3KOTEMIEPATypHBIM BO3ZEHCT-
BHSIM.

BriBoaBI

OO0paboTka KIETOK S. cerevesiae 030HOM Tepe
3aMOpaKMBaHHEM MO3BOJISIET YMEHBIIIUTH KOJIYECTBO
KIIETOK C TIOBPEXJICHHBIMHU B XOJI€ 3aMOPaKHBAHUSI-
ororpea MemOpanamiu. JlelicTBUE 030HA 3aBUCHUT OT
7036l ¥ Hambosiee BbIpaxkeHO mpu 29 mmois/10° kit
nocie 3amopaxkuBanus (10 —196°C) u ororpesa (10
30°C) mMeMOpaHBI TTOBPEXKIAIOTCS Y MEHBIIETO
konmuvecTBa kKieTok ((16,1 £0,9)%) mo cpaBHEHHIO ¢
KJIETKaMH, He 00paboTaHHBEIMH 030HOM ((65,6 =+
1,6)%). HaGmromaemsriit 3pdext oObsICHIeTCS anai-
THUBHOM peaklyel KIETOK Ha OKUCIIUTEIbHBINA CTpecC,
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individual fitness, has several sets of protective reac-
tions. Organisms possessing different resistance may
respond to impact in the same manner, but the rate
and amplitude of physiological alterations would be
different [2]. Unfavourable environmental factors re-
sult in nonspecific or specific reactions characteristic
for certain stress. Inhibition of metabolism is an examp-
le of nonspecific reactions, since it is accompanied
with reduction of an biological specimen sensitivity [1,
14]. To other type of reactions could be referred a rise
in concentration of ions observed in a cell under in-
creased osmolarity of extracellular environment [15,
22]. Nevertheless, exactly non-specific protective reac-
tions are the most ‘sparing’ and universal way to keep
the balance of biological systems and external envi-
ronment, which provide their safety under rapidly chan-
ging conditions of an organism existence. At this stage
of response to stress the living system, exposed to one
particular stress agent could increase the resistance
to the action of other unfavourable factors (cross-
adaptation). For instance, water deficiency increases
the resistance of plants to low temperatures [2], oxida-
tive stress rises the osmotic resistance of S. cerevisiae
[15], thermal and saline shock survived by S. cerevi-
siae elevates their tolerance to freezing and other stress
influences [14]. However, such an increased resistance
of living system to stress caused by cross-adaptation
is not universal, there are the examples about synergy
of negative effect caused by different stress agents
[2].

When the initial short-term adaptation is achieved
and the nature of stressor is clear for an organism, the
mechanisms of main phase of adaptation are initiated,
which contain both nonspecific reactions and several
specific responses [6, 11-15, 17,22, 23]. An organism
adapts for existence in changing environments. Stress-
initiated state is conquered by the changes in metabo-
lism, i.e. metabolic adaptations [18, 19, 21]. The latter
requires a high metabolic expedintures, as they are
associated with initiation of reparative mechanisms
directed to prevent or repair damages.

Further research in this field would expand our
knowledge about the response of different organisms
for unfavorable conditions of existence and could
provide cryobiology with new ways to improve adaptive
capabilities of living systems to low temperature
exposures.

Conclusions

Ozone treatment of S. cerevisiae cells prior to
freezing enables to reduce the number of cells with
damaged membranes following freeze-thawing. Ozone
impact depends on its dose and is the most expressed
in the dose of 29 pmol O,/10° cells: after freezing
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B PE3YJbTATE KOTOPOTO 3aITyCKArOTCA €CTCCTBCHHBIC
MCXaHU3MBbI 3allTUTHI OT APYIUX BUAOB CTpPECCA, B TOM
YHUCJIC U CTpECCa PHU 3aMOPAKUBAHUN-OTOTPCBC.
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(down to —196°C) and thawing (up to 30°C) the
membranes are damaged in (16.1 £0.9)% of the cells,
that is considerably lower if compared with the cells
not treated with ozone ((65.6£1.6)%). The observed
effect is explained with the adaptive response of cells
to oxidative stress, leading to initiation of natural
protective mechanisms against other types of stress,
including those of freeze-thawing.
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