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EPR Study of Freezing Effect on Structural-Functional
State of Mitochondrial Membrane

Mertonom DTIP cinHOBBIX 30HAOB H3YUSHBI CTPYKTYpPa U 3JIEKTPOHTPAHCIOPTHAS (GYHKINS MeMOpaH MUTOXOHAPHUI IEYSHH KPBIC.
YcTaHOBIICHO, YTO ITPHU OJJHOKPATHOM OBICTPOM 3aMOpaKUBaHUH OpraHesi1 0 TeMieparypsl —196°C yBennanBaeTcs ppIXJIOCTh MEMOPaHbI
MHTOXOHAPHI 6€3 CTPYKTYpPHBIX H3MEHEHHH, 3aTPAaruBaloOIKX COCTOsIHUE OSIIKOB LeNH [IepeHOoca MIEKTPOHOB. J[BykpaTHOe ObIcTpoe
3aMOpa’KUBaHHUE CYCIIEH3UNU MUTOXOHAPHH NPUBOAUT K 3HAUUTEILHOMY HapyIICHUIO CTPYKTYPHOM OpraHu3aluu MeMOpaH, BbI3bIBas
HCUYC3HOBCHHE TEPMOTPOITHOTO CTPYKTYPHOTO mepexosa B oomactu 10°C.

Kniouegvie cnoga: 3amopaxuBaHUE-0TOTPEB, MUTOXOHIPHH, SJIEKTPOHHBIN ITapaMarHUTHBII pe30HAHC, BOCCTAHOBIICHUE CITMHOBOT'O
30H7a, CTPYKTYpHBIE NI€PECTPOHKY.

Metoznom EITP cniiHOBUX 30H[iB BUBUYEHI CTPYKTYypa i €JIEKTPOHTPAHCIIOPTHA (QYHKIIiSI MeMOpaH MITOXOH/Piil MEYiHKU IIypiB.
VCTaHOBIICHO, 1110 OTHOKPATHE IIBUJIKE 3aMOPOXKYBaHHS OpraHesn 10 TeMneparypu —196°C npuBoIuTh 10 3MiHU PUXIIOCTI MeMOpaHH
MITOXOH/Ipil 63 CTPYKTYPHHUX 3MiH y Hilf, sKi HOPYIIYIOTH CTaH OUIKIB JIAaHIIOTa MEPEHOCY €JIeKTPOHIB. J[BOKpaTHE IIBUAKE
3aMOpPOXKYBaHHSI CyCHeH311 MITOXOH/PIN NMPU3BOANTH [0 3HAYHOTO MOPYIIEHHS CTPYKTYPHOI opraHizauii MeMOpaH, BUKINKAIOUH
3HUKHEHHS TEPMOTPOITHOIO CTPYKTYPHOrO mepexoay B 30Hi 10°C.

Knrouogi cnosa: 3aMopoxyBaHHS-BiJIrpiB, MITOXOH/IPIi, EIEKTPOHHUI apaMarHiTHUIl pe30HaHC, BiJTHOBJICHHS CIIIHOBOTO 30H1a,
CTPYKTYpHI 1epeOynoBH.

Structure and electron transport function of rat liver mitochondria membranes have been studied by EPR method of spin probes.
It is established that at single rapid freezing of organelles down to —196°C there is an increase in the looseness of membranes of
mitochondria without its structural changes, affecting the condition of proteins of electron transfer chain. Two-fold rapid freezing of
suspension of mitochondria results in significant damage of membrane structural organization, inducing the disappearing of thermotropic
structural transition in the range of 10°C.

Keywords: freeze-thawing, mitochondria, electron paramagnetic resonance, spin probe reduction, structure reorganization.

MHUTOXOHAPHUH NPEACTABISIIOT COOOH TOCTATOYHO
YAOOHYIO MOJEJNb ISl U3YUEHHUsT KPUOTIOBPEXKACHUI
[1, 4, 24], TOCKOIBKY UMEIOT CTPYKTypHPOBAHHYIO
MeMOpaHy, B KOTOPOH COCPEIOTOYECHBI KaTaTuTHIEC-
KM€ CUCTEMBI JILIXaHUSI ¥ OKUCIUTETHHOTO (hochopu-
nupoBaHud [9, 22]. DT0O MO3BOJIET OJTHOBPEMEHHO
pPEerucTpUpPOBATH B3aUMO3aBUCUMOCTh CTPYKTYPHBIX
1 GyHKIHMOHAIBHBIX U3MEHEHUN NMPH MOHUKEHUU
TEMIIepaTypbl ¥ 3aMOpaKUBaHUM oprasen [2, 15, 19].
W3BecTHO, 4TO Y 3aMOpPaXKMBAHWH U OCTIETYIOILEM
OTOTPeBEe MUTOXOHAPHATBEHOH (hpaKvy KIIETOK EYeHH
KpBIC MMPOUCXOAUT MOBpEKIEHUE opraHena [25].
[TockomnbKy AbIXaTenbHbIE IEPEHOCUNKU U (EPMEHTHI,
PEryJIHNpYIONIHE YHEPTrOTPAHCIOPTHBIE MPOLECCHI,
pactoI0KeHbI Ha BHYTPEHHEH MeMOpaHe MUTOXOH/I-
puii, OCHOBHBIE KPHOOHOIOTHYECKNE MCCIEI0BAHNUS
9THX OpraHeut ObUTH C()OKYCHPOBAHKI IJTABHBIM 00pa-
30M Ha CTPYKTYPHBIX U3MEHEHHUAX BHYTPEHHEH MEM-
Opansl. HapyxHas ke MeMOpaHa mpu OOBITHBIX
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Mitochondria are quite convenient model for the
studying of cryodamage [1, 4, 24], as having the struc-
tured membrane with the enzymatic respiratory oxi-
dative phosphorylation systems [9, 22]. It enables to
register at the same time the correlation of structural
and functional changes at temperature decrease and
freezing of organelles [2, 15, 19]. It has been known,
that during freezing and following thawing of mito-
chondrial fraction of rats’ liver cells the damage of
organelle occurs [25]. As respiratory mediators and
enzymes regulating the energy-transport processes are
situated in internal membrane of mitochondria, major
cryobiological research of these organelles was focu-
sed mainly to structural changes of internal membrane.
But external membrane under standard conditions is
permeable for biomolecules, having the molecular mass
of several thousands of dalton. Protein components of
mitochondrial membranes have a significant role in low-
temperature resistance of organelles, because lateral
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YCIIOBHSX MIPOHUIIAEMA JIJ1s1 OMOMOJIEKYJI C MOJIEKYIISIP-
HOM MacCOM B HECKOJIBKO THICSY JAaNbTOH. beaKkoBeIe
KOMITOHEHTBI MEMOpaH MHUTOXOHAPUN HIPAIOT, IO-
BUANMOMY, CyIIECTBEHHYIO POJb B XOJOJI0YCTOMH-
YUBOCTHU OpTraHesll, TOCKONbKY JIaTepasibHas U TpaHc-
MeMOpaHHasi MOABM)KHOCTh JUIUAOB B MeMOpaHe
3aBUCHT OT COCTOSTHHS MEMOPaHHBIX OEJIKOB, KOTOPEIE
CHMXKAIOT YHEPTUI0 B3aMMOAEHCTBUSA KOMIIOHEHTOB
MeMOpPaHBI ¥ U3MEHSIIOT TEMITEPaTypy (HazoBbIX Mepe-
xomoB [16, 20]. OgHaKo 10 KOHITA HE BRISICHEHO, KAKUM
o0pazoM mMoaudUKaLUs CTPYKTYphl MEMOpaHBI 1O/
BIHsIHEEM (Da30BBIX IIEPEXOA0B CBA3aHA C HAPYIIICHH-
€M OCHOBHBIX (QYHKIIMH MeMOpaHbI IPH OXJIAKICHUH.
Crnenyert monarath, 4TO MPUYNHAMU U3MEHEHHUH SB-
JISIFOTCS HapyLIEHUE TPaHCTIOPTAa MOHOB, aKTHBALIHA ITe-
PEKUCHOTO OKHCIICHHUS JTUHUI0B, MEMOPaHOBCTPOCH-
HBIX pocdonunas u T.4. He nckmoveHo, 9to oxaxzae-
HUE MPUBOJNUT K U3MEHEHHIO aKTUBHOCTH ()ePMEHTOB
HE TOJIBKO MO BIUSHUEM HecliennpuIecKkux (pakTopos
(HanpuMep M3MEHEHUs IPOHUIIAEMOCTH M aKTHBALIH
(dochonumnaz), HO U B pe3yNbTaTe HAPYIICHUS CTPYKTY-
PBI MUKPOOKpYKeHHs PepMEHTOB.

Y4uurteIBasi, 9T0 TEPMOTPOITHBIE CTPYKTYpPHBIE T1e-
pecTpoiiku MeMOpaH MUTOXOH/IPHIA OKa3bIBAIOT BIIHSI-
HUE Ha MPOIECC BOCCTAHOBICHUS CIIMHOBBIX 30HI0B
LIEMBIO IbIXaHUs CyOKIETOUHBIX CTPYKTYP (M37I0M Ha
3aBucuMocTH Appenuyca [ 10]), nHTepecHO UCIob30-
BaTh 3TOT MOIXOJ Ul U3YUYEHHUS CTPYKTYPHO-PyHK-
LUOHAJIBHOTO COCTOSHHUS MEMOpaH MUTOXOHAPHI HOC-
Jie 3aMOpaXMBAaHMS U MTOCIEAYIOETO OTOTPEBA.

Lenb paboThl — N3yyeHHE BIUSIHUS 3aMOPaKUBa-
HUS 1 IOCIIEAYIOILETO OTOTPEBA CyCIIEH3UU MUTOXOH/I-
pHH Ha IPOLIECC BOCCTAHOBJIEHHUS CIIMHOBOTO 30H]1a B
CYCIIEH3WH B TEMIIEPaTypPHOM JHana3oHe, PX KOTOPOM
MIPOUCXOMAT CTPYKTYpHBIC TlepecTpoiiku MeMmOpaH
KJIETOYHBIX OpPTaHeul, JIIsl OIEHKH COCTOSTHUA JbIXa-
TeIbHON (PyHKIMH MeMOpaH OpraHeiul B 3TUX yCIIO-
BHUSIX.

Matepnaabl 1 meToAbI

MHUTOXOHIPHH KIIETOK IIEYEHHU KPBIC BBLACISIINA IPH
oMoy 1udpepeHInAIEHOTO HEHTPU(YTUPOBaHUs,
HCHONB3Ys HE3HAYUTEIbHYI0 MOAN(DUKALIMIO METOAa
[11].

OKHUCINTENHEHO-BOCCTAHOBUTEIBHYIO aKTUBHOCTD
OMOJIOTHYECKUX CYCIIEH3UIH HCCIIEeI0BaIN METOIOM
OIIP ciiHOBBIX 30HIIOB [, 7] ¢ TOMOIIIBIO BOAOPACT-
Bopumoro 3012 TEMIIOH (2,2,6,6-TeTpameTni-4-
okcornunepuanH-1-okcui) upmst “Aldrich”. lannbrit
MMUHOKCHJIBHBIN PauKal XOPOIIO PAaCTBOPHUM B BOJIE
Y APYTUX MOJIIPHBIX pacTBopuTeNsax. Koneunast koH-
LeHTpaIus 30H1a B o6pasiax cocrasisuia 0,8X104M.
Crnextpsl OIIP peructpupoBain Ha CIEKTPOMETpE
“bpyxep” ER 100D (I'epmanust) co craHmapTHOH Tep-
MONpPUCTaBKON. Pa3BepTka MarHUTHOTO TOJISI COCTAB-
nana 100 T'e, moctostuas Bpemenu — 0,5 ¢, Bpems

NMPOBJIEMbI
KPMOBMOJIOITUM
T. 19, 2009, Ne1

and transmembrane motility of lipids in membrane
depends on state of membrane proteins, decreasing
the energy of membrane components interaction and
changing temperature of phase transitions [16, 20].
However it was not cleared completely, how the modifi-
cation of membrane structure under effect of phase
transitions was associated with the damages of basic
functions of membrane during cooling. One should
suppose that these changes are caused by disorders
of ion transport, activation of lipid peroxidation and
membrane phospholipases etc. It is possible that cooling
changes the enzymatic activity not only through non-
specific factors (e. g. changes in permeability and
phospholipase activity), but also as the result of damage
of enzyme microenvironment structure.

Considering that the thermotropic transformation
of mitochondrial membranes affects the process of
spin probe reduction by the respiratory chain of sub-
cellular structures (kink on the Arrhenius’ dependence
[10]), it is interesting to use this method for studying
the structure-functional state of mitochondria membra-
nes after freezing and following thawing.

The research aim was to study the effect of freezing
and following thawing of mitochondria suspension on
reduction process of spin probe in suspension within
temperature range, wherein the restructuring of cell
membranes of organelles takes place, to evaluate the
state respiratory function of organelle membranes
under these conditions.

Materials and methods

Rat liver cell mitochondria were isolated with diffe-
rential centrifugation, using insignificant modification
of the method [11].

Redox activity of biological suspensions was studied
by spin probes EPR method [5, 7] with water-soluble
TEMPON probe (2,2,6,6-tetramethyl-4-oxopiperidine-
1-oxyl, Aldrich, USA). This iminoxyl radical is highly
soluble in water and other polar solvents. The final
concentration of probe in the samples was 0.8x10“M.
The spectra of EPR were recorded with “Bruker” ER
100D spectrometer (Germany) with standard thermo-
attachment. Sweep of magnetic field was 100 Gs,
response time was 0.5 sec, sweep time was 100 sec.
In experiments the glass capillaries with inner diameter
of 500 nm and 0.1 ml volume were used. The control
experiments showed that under described conditions
the spectra were not distorted due to over-modulation
or inertial effects.

For standardization of experimental conditions the
EPR signal of the standard crystal with chrome inclu-
sions was recorded at the same time with EPR probe
signal.

As a kinetic parameter of spin probe reduction the
relative time changes of mean field component ampli-
tude of probe EPR spectra (/) were used.
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pasBeptku — 100 c. B nccienoBaHusIx UCIOIB30BAIH
CTEKJISTHHBIE KaWIISIPBl C BHYTPEHHUM HaMETPOM
500 am u o6vemom 0,1 M. KoHTpodbHBIE OIBITHI
[TOKa3aJIM, YTO IPH ONMCAHHBIX YCIOBHAX CIIEKTPHI HE
HCKa)KAIOTCS B PE3YJIbTATE IEPEMOAYISALMH UIU HHEP-
LUOHHBIX 3()(HeKTOB.

Jlns cTaHIapTH3alluy yCJIOBUN 3KCIEPUMEHTA
onHOBpeMeHHO ¢ curHanoM JIIP 3o0u1a peructpupo-
Basn curHan DIIP cranmapTa, mpeICcTaBIsSIONIHA CO-
00 KpHCTaJT C BKPAIUICHUSIMHA XpOMa.

B kxagecTBe mapameTpa KHHETHKH BOCCTAHOBIECHUS
CIIMHOBBIX 30HJIOB MCIOJIB30BAJIM OTHOCHUTEIbHBIE
M3MEHEeHHS aMIUTUTY/IBI CPETHETIONHHOT0 KOMITOHEHTA
cnekrpa JIIP 30u1a (/,) BO BpeMeHH.

CycneH3MI0 MUTOXOHAPUHN 3aMOpa)XHBaJIU B
MOJMMEPHBIX aMITysax 00beMoM 0,7 MJI CO CKOPOCTBIO
300—400°C/mun mo temnepatypsl —196°C, otorpe-
BaJIM Ha BOAsHOH Oane mpu 36°C.

TemnnoByro AeHATypaLi0 MUTOXOHPHM OCYyIIECT-
BIISITM HAIPEBaHHEM CYCIEH3UHM MHUTOXOHAPUH IO
100°C.

Craructuyaeckyro 00paboTKy pe3yIbTaToB IMPOBO-
JIAUTY TIPY TIOMOIITH IIPOTPaMMHOT0 o0ectiedeHus “Sta-
tistica v. 5.0” u “Origin 6.1”. Mcroib30Baium METOIBI
napameTpuyeckoro (t-kpurepuit CThIOfEHTA) U He-
rmapaMeTpu4eckoro (Kpurepuii Buikokcona) ana-
JIN30B.

Pe3yAbTatbl M 00CyXAeHUe

HccnenoBanus cBEKENPUTOTOBICHHBIX Mpemnapa-
TOB MUTOXOHAPHUH 1 CyOMUTOXOHIPHAIBHBIX YaCTHUI]
METOJIOM CITHHOBBIX 30HOB JI€MOHCTPUPYIOT OBICT-
pO€ BOCCTaHOBJIEHUE UMUHOKCHIIbHBIX PaUKAJIOB [7,
8, 13]. Cumraercs, 4TO B 3TOM MPOSBISAETCS POJIb
OKHCITUTEIbHO-BOCCTAHOBUTEILHEIX CHCTEM OpTa-
HEJUT, B YaCTHOCTH HX JbIXaTeIbHOU memu. Iloareepxk-
JICHUEM POJIM OKHCIHTEIbHO-BOCCTAHOBUTEIBHOM
(hyHKITIY MUTOXOHAPHUH B BOCCTAHOBJICHUH CITHHOBBIX
30HJIOB SBJISIETCS MEHBIIAs BOCCTaHABIMBAIOIAS
CHocOOHOCTh MUTOXOHPUH, TOIBEPTHYTHIX IECTPYK-
UMM, 4yeM Lensix mutoxoHapuit [7]. Kpome Toro,
TEIUIOBas IeHATypalus (PepMEHTOB MTOTHOCTHIO HApY-
LIAET POLECCHI, CBSI3aHHBIE C IEPEHOCOM 3JIEKTPOHOB,
Y 30H] IIpU 3TOM He BoccTaHaBiuBaercs [7, 13]. Cy-
LIECTBYET MPEANOIOKEHHUE O BOCCTAHOBICHUH HUTPOK-
CHJIOB B OCHOBHOM 3a CUET B3aMMOJICUCTBHS C CEMU-
XHUHOHAMU, B 9aCTHOCTH KodH3UMOM Q [5]. MarnbduTop-
HBIM aHaIu3 JIbIXaHUS MUTOXOHJPHUU IMOKa3aj, 4yTo
CITMHOBBIN 30H] MIPUHUMACT JIEKTPOHBI HA YJaCTKE
JIbIXaTEIbHOM 1IN MEXK]ly MECTaMU JIEUCTBUSI pOTE-
HOoHa W aHTHMHUIMHA A [14, 23]. [lony4ueHHBIC MaH-
HbIE€ CBUIECTEIBCTBYIOT O JIOKAJIM3ALUU BOCCTAHAB-
JMUBAOIMUX (GEPMEHTOB B 001aCTH JIEKTPOHTPAHC-
HOPTHOM LEenH MKy (IaBUHOM U IMTOXpoMoM B..
[ToaTomy mporiecc BOCCTaHOBIEHHSI CIIMHOBBIX 30HI0B
MUTOXOHIPUSIMHU MOXHO HCIIONB30BATh KAK JJI OLIEH-
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Suspension of mitochondria wase frozen in 0.7 ml
polymer tubes at 300—-400°C/min rate down to —196°C,
thawed on water bath at 36°C.

Thermal denaturation of mitochondria was perfor-
med by heating of mitochondial suspension up to
100°C.

Obtained results were statistically processed using
Statistica v. 5.0. and Origin 6.1 software. Parametric
(Student’s t-criterion) and non-parametric (Wilcoxon’s
criterion) methods of analysis were used.

Results and discussion

The studies of freshly isolated mitochondria and
sub-mitochondrial particles by spin probe method show
rapid reduction of aminoxyl radicals [7, 8, 13]. It is
assumed that the role of redox systems of organelles
is manifested in such a manner, particularly, of their
respiratory chain. Confirmation of role of mitochondria
redox function in reduction of spin probes lies in lower
reduction ability of destructed mitochondria, when
compared to the undamaged mitochondria [7]. In
addition, thermal denaturation of enzymes completely
breaks the processes, associated with electron transfer,
and the probe reduction does not occur here. There is
a suggestion that reduction of nitroxyls is a result of
interaction with semiquinones, particularly, coenzyme
Q[5]. Inhibititory test of mitochondria respiration has
shown that the spin probe accepts the electrons on the
respiratory chain between the action sites of rotenon
and antimycin A [14, 23]. Obtained data testify to
localization of reductive enzymes in the region of
electron transport chain between flavin and cytochrome
B,. Therefore the spin probe reduction process by
mitochondria may be used for evaluation of both
inhibition mechanism of mitochondria aerobic respira-
tion, and disruption of structural organization of orga-
nelle membranes in a whole caused by effect of
different agents. This approach was applied in this
investigation to study the effect on mitochondria of
freezing and following thawing.

In biological systems the component of spin probe
reduction reaction being the electron donor is not spent,
proton concentration in medium is high, therefore one
may conclude that only iminoxyl and herewith hydro-
xylamin concentrations change during reaction pro-
cess. Herewith the time dependence of iminoxyl con-
centration in reaction of spin probes reduction is a
exponent, and in /n ¢ vs. ¢ coordinates it represents a
direct line (semilogarithmic anamorphosis), where
tangent of the slope angle is equal to effective constant
of reaction rate (ke//) [8, 13].

Kinetics of spin probe reduction must depend on
quantity and activity of reductive centers as well as on
their availability for radical. To confirm the dependence
of reduction on quantity of reductive centers this pro-
cess was studied in mitochondrial suspensions with
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KM UHTUOMPOBaHMSI MEXaHU3Ma UX adpoOHOTO JbIXa-
HHUsl, TAK U HAPYLIEHUI CTPYKTYpHOH OpraHu3anuu
MeMOpaH OpraHeis B I€JOM IOJ BO3AEHCTBUEM
Pa3NUYHBIX (PaKTOPOB. DTOT NOAXOM M ObLII IPUMEHEH
B IIPEICTABICHHOMN paboTe I NCCIIeAOBAHMS BIUS-
HUS HA MUTOXOHAPHUH 3aMOPaKUBaHUS U MOCIEAYIO-
LIET0 OTOTPEBaA.

B Ouonornyeckux cucremax He pacxoayeTcs KOM-
MTOHEHT PEAKIIMH BOCCTAHOBJICHHUS CITHHOBBIX 30HJIOB,
ABIISTOLIUIICS JOHOPOM 3JIEKTPOHOB; KOHIEHTPALIKS
IIPOTOHOB B CpPeZi€ BEJIHMKA, TI03TOMY MOKHO 3aKITIO-
YHUTh, YTO B MPOILIECCE PEAKIINH U3MEHSIOTCS TOIBKO
KOHIIEHTPAITMN IMHUHOKCHJIA ¥ THAPOKcHiIaMuHa. [pn
3TOM 3aBUCHMOCTh KOHLIEHTPAIIUH HMHHOKCHIIA OT Bpe-
MEHH B PEaKLUH BOCCTAHOBJICHHS CIIMHOBBIX 30HIOB
MpEeICTaBiIsieT COOON IKCIIOHEHTY, a B KOOpAWHATaX
In ¢, t—npsMy1o TUHUIO (TIoynorapupmMuyecKas aHa-
Mop¢o3a), TaHIeHC YIIa HAKJIOHA KOTOPOH paBeH 3¢-
(exTUBHOM KOHCTaHTE CKOPOCTH peakimu (k, [p) [8,13].

KuneTtnka BOCCTaHOBIEHHUS CIIMHOBOIO 30HJa
JOJDKHA 3aBUCETH OT KOJIMYECTBA, AaKTHBHOCTH BOCCTa-
HaBJIMBAIOIINX [IEHTPOB M X JOCTYITHOCTH JUISI PafH-
kana. Iy moATBep K AeHNS 3aBUCUMOCTH BOCCTAHOB-
JIEHUS OT KOJMYECTBA BOCCTAHABIMBAIOIINX IEHTPOB
OBLT HICCIIEI0BAH 3TOT MPOIIECC B CYCMEH3UAX MUTO-
XOHJIPUH C pPa3HBIMH KOHIIEHTPALUSIMH OPTaHEII.
Takue 3KCIepUMEHTHI MPOBOAMIIN MO CIERyOLEH
CXeMe: UMEIOIYIOCS CYCIIEH3HIO OpTaHeI ¢ HCXOI-
HOM KOHIeHTpauuei obmiero 6enka C = 30 mr/mi pas-
BOMWIM cpenoit makyOamuu B 1,2; 1,5; 2 paza ¢
COOTBETCTBYIOIUM YMEHbILICHHEM KOHLIEHTPALMU 00-
miero Oenka. [Ipennonaraercs, 4To KOJINYECTBO Opra-
HeJIJ1 B CYCIIEH3UU TPOIIOPLUOHATIBHO KOHIIEHTPALUH
oOmiero Genka B KaKIOM KOHKpeTHOM ciydae. [Ipu
3TOM CUMTAJIH TAK)KE, UTO B KaXKJOM KOHKPETHOU MU-
TOXOH/IPHY KOJIMYECTBO BOCCTAHABIIMBAIOIINX IEHTPOB
OJIMHAKOBO M TIOCTOSIHHO, @ U3MEHEHHE KOIMYecTBa
OpraHeJul MPUBOIUT K MPOTIOPIHOHATIEHOMY U3MEHe-
HUIO KOJINYECTBA BOCCTAHABIMBAIOIINX [IEHTPOB. 13
puc. 1 BUIHO, 4TO CKOPOCTH BOCCTAHOBJIEHHS CIIMHOBO-
0 30H/1a yMEHBLIAETCSI CO CHIPKEHUEM KOHLIEHTPaLuH
opraHeil B cyclieH3uH. TemnoBas ke HHaKTHBaLHS
(hepMEeHTOB HapyIIAEeT POLIECCHI, CBSI3aHHBIE C TIepe-
HOCOM D3JIEKTPOHOB, M 30H] HE BOCCTaHABINBACTCS
(puc. 1, 3aBucumocTs 5). U3 npuBeaeHHbIX Ha pHc. 1
noxynorapupMudeckux aHaMmopgo3 Mo TaHTeHCaM yT-
Jla HAKJIOHA COOTBETCTBYIOIINX 3aBUCUMOCTEH OIpe-
JIeTICHBI KOHCTAHTHI CKOPOCTH BOCCTAHOBJICHHUS CITMHO-
BOI'O 30H/A B CYCIIEH3UAX C Pa3HOM KOHLEHTpauuei
BOCCTaHaBJIMBAIOIIKUX 1EHTPOB: npu C = 30 Mr/mu,
k= 0,048 + 0,005 mun'; C=25,k  =0,037 £+ 0,004;
C=20,k, 002110003 C=15, l? =0,014+0,003.

Panee 6BIJ'II/I BBISIBJICHBI OCO6€HHOCTI/I TemIneparyp-
HBIX 3aBUCHMOCTEN ITpOIiecCa BOCCTAHOBIIEHHS CITMHO-
BOI'O 30HAa B MUTOXOHJIpUsX [12]. YcTaHOBIEHO, UTO
3aBUCUMOCTH AppEeHHYCa BOCCTAHOBJIEHUS CIUHO-
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different concentrations of the organelles. These expe-
riments were carried-out on following scheme: the pre-
sent organelle suspension with total initial protein
concentration of C =30 mg/ml was diluted with incuba-
tion medium in 1.2, 1.5 and 2 times with corresponding
decrease of total protein concentration. It is assumed
that organelle quantity in suspension is proportional to
total protein concentration in each particular case. It
was suggested also that in each particular mitochondrion
the number of reductive centers was equal and constant,
and changing organelles number results in proportional
change of reductive centers. It has been shown in Fig. 1
that regeneration rate of spin probe decreases with
the reducing of organelle concentration in suspension.
But thermal inactivation of enzymes (Fig. 1, depen-
dence 5) disturbs the processes, associated with
electron transfer and reduction of the probe does not
occur. With the presented in Fig. 1 semi-logarithmic
anamorphoses for tangent of the slope angle of corres-
ponding dependencies the constants of spin probe
reduction rate in suspensions with different con-
centrations of reductive centers are as follows: at C=

30 mg/ml, k= 0.048 £0.005 min™; C=25 ,k,,=0.037 %
0.004; C = 20, k= 0.021 £ 0.003; C =15, k,, =
0.014 +0.003.

Previously the peculiarities of temperature depen-
dencies of spin probe reduction process in mitochondria
was revealed [12]. It has been established that Arrhe-
nius’ dependencies of TEMPON spin probe reduction
manifest the clearly expressed kink in the range of

4,6-
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o 4,2_

In h

4,01

3,84

36+—F—T—7—7—
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Bpewms, MyuH
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Time, min

Puc. 1. Boccranosnenne cnnaoBoro 3081a TEMITOH Bo
BPEMEHHM B CYCIEH3MM MHUTOXOHJPUU TPU PA3IMIHOM
pa3BeneHuu: 1— KoHTpob; 2, 3,4 —pa3zBenenue B 1,2; 1,5; 2
pa3a COOTBETCTBCHHO; 5 — ICHATYPUPOBAHHBIC MUTOXOH/I-
pHH.

Fig. 1. Recovery of TEMPON spin probe in time in suspen-
sion of mitochondria at different dilution: 1 — control; 2, 3,
4 —dilution on 1.2, 1.5, 2 times, respectively 5 — denaturated
mitochondria.
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Boro 30812 TEMITOH nposiBistoT SIBHO BBIpaKEHHBIN
uznom B obmactu 10°C, 4TO CBHUICTENBCTBYET O Ha-
JIMYUHU TEPMUYECKOTO CTPYKTYPHOTO Iepexoja B
MeMOpaHax opraHeIl, THUIIMAaTOpaMHi KOTOPOTO BhIC-
TYNaroT OEJIKOBBIE CTPYKTYPHI, B Y4CTHOCTH (DepPMEHT-
HBII KOMIUIEKC L[N MepeHoca 3JIEKTPOHa, COCpe-
JOTOYEHHBIN BO BHYTPEHHE MEMOpaHe MUTOXOHIPHH.
Otot xe nepexon npu 10°C nposiBisieTcss B 3aBUCH-
MOCTH AppeHHyca 4acTOThl BpAIIeHHUS CIIMHOBOTO
30HAa [12]. AHamornyHbIe 3TOMY HEPEXOIy TepMO-
TPOIMHBIE CTPYKTypHBIE MepexXoabl HaOIomaIn B
Pa3HbBIX TEMIIepaTypHBIX AUaNa30Hax v Ha IPYTUX PH-
ponubIx MeMOpanax [1, 3, 10, 17]. Takue nepexoms
ABIISIIOTCSL CBOCOOPA3HBIM IOKa3aTesneM (pu3moio-
THYECKON aKTUBHOCTH Ui OOJIBIIMHCTBA HATUBHBIX
MeMOpas. [Ipu 3ToM gecTpyKTupylomuye BIUsHAS Ha
MeMOpaHHBIE CTPYKTYPBI IPUBOJAAT K HCUE3HOBEHHIO
TEPMOTPONHBIX MEPEXOJOB MM MX CMEIIEHHUIO 1O
TeMIepaTypHOMY Anamnasony [1, 18, 21].

Ha ocHOBaHUM BBIIEN310)KEHHOTO OBUIO H3YYEHO
BITUSTHHIE 3aMOPXUBAHHS U TTOCIIEAYIONIETO OTOTPEBa
Ha BOCCTaHABJIMBAIONINE CBONCTBA MEMOpaH MUTO-
XOHJAPUHM MO OTHONMIEHWIO K CIIHHOBOMY 30HIY
TEMIIOH. YcraHOBIE€HO, YTO OAHO- U IBYKpPaTHOE
ObICTpOE 3aMOPAKUBAHKE CYCIIEH3UI MUTOXOHAPHN 10
TEMIEPATYPHI )KUIKOTO a30Ta MPUBOAMT K yBeJInde-
HUIO CKOPOCTH BOCCTAHOBJIEHHUS CIIMHOBOIO 30H/a B
Pa3sMOpOKEHHBIX cycneH3usx (puc. 2). Takue namene-
HUSI MOTYT CBHIETENLCTBOBATh 00 yIy4IIEHHH AOC-
TYIHOCTH K ()epMEHTaM LENH MepeHoca HIEKTPoHa
OpraHesul AJs CIHHOBOro 30HAa. Ilpu aTom crenens
BIIMSIHUS 3aMOPa)KUBaHNsI MUTOXOHIPUI Ha CTPYKTYp-
HO€ COCTOSTHHE MX MEMOpaH MOXHO ONPEACIHUTH I10
aHANMHU3y COCTOSIHHSI TEPMOTPOIHOTO CTPYKTYPHOTO
nepexoza B MeMOpaHax opraHesul [10cjie HU3KOTeMIIe-
parypHoro Bo3aeicTBus. 13 pe3yiabTaroB IPOBEACH-
HBIX SKCIIEPHMEHTOB CIIEAYET, UTO CTPYKTYPHBII T1e-
pexoJ, KOTOPBIH UMEET MECTO B MEMOpaHaxX MHTAKT-
HBIX MUTOXOHJIPHI, COXpaHIETCS U B CIlydae OJIHO-
KpaTHOTO OBICTPOro 3aMOpa)XKHBaHHs OpPraHelll J10
temmnepatypsl —196°C 1 mocnenyoero ux 0Torpesa
(puc. 3, 3aBucumocts 2). OnHAKO yke ABYKpaTHOE
ObICTpOE 3aMOpaKMBaHNE IPUBOAUT K UCUE3HOBEHHIO
TEPMOTPOIHOI0 CTPYKTYPHOTO nepexozaa (puc. 4).

[IpuBenenusie Ha puc. 3 3aBUCUMOCTU AppeHuyca
napameTpa BpamaressHoi 1uddy3un cnimHOBOTO 30H-
J1a B CyCHEH3UAX MUTOXOHIPHH TIOCIIE OTHOKPATHOTO
OBICTPOr0O 3aMOpAXUBAHUSI OPTaHEII 10 TeMIlepa-
Typbl —196°C 1 MHTaKTHBIX OpPTaHeUl CBUETEIb-
CTBYIOT HE TOJIBKO O COXPaHEHUH TEPMOTPOITHOTO TIepe-
X0Ja MPH TaKOM TeMIIepaTypHOM BO3IEHCTBUH, HO U
0 coBnajeHnu Ha yyactke remneparyp 0...10°C naxe
HaKJIOHOB 3aBUCHMOCTEH AJIsI ONBITHBIX U KOHT-
POJBHBIX 00pa3LOB. DHEPIHs aKTUBALMU BPalaTellb-
HoWi nuddys3un Ha 3THX ydyacTkax paBHa 0,59 u
0,60 kxan/MoIb COOTBETCTBEHHO. [Ipu TemmepaTypax
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Puc. 2. Boccranosnenue cnnHoBoro 30812 TEMITOH Bo
BPEMEHU B CyCIIEH3UU MUTOXOHAPUH: 1 — KOHTpOIb; 2, 3 —
IOCJIE OJJHO- U IBYKPATHOTO OBICTPOTO 3aMOPaKUBAHHS 1O
Temriieparypbl —196°C cOOTBETCTBEHHO.

Fig. 2. Reconstruction of TEMPON spin probe at time in
suspension: 1 — control; 2, 3 — after single and two-fold ra-
pid freezing down to —196°C, correspondingly.

10°C, that testify to thermal structural transition in
organelles’ membranes, initiated by protein structures,
particularly enzymatic complex of electron transfer
chain, located in mitochondial inner membrane. At
10°C the same transition manifests in Arrhenius’
dependence of spin probe rotational frequency [12].
Thermotropic structural transitions similar to this one
were observed at different temperatures and in diffe-
rent natural membranes [1, 3, 10, 17]. These transitions
are specific index of physiological activity for most
native membranes. Herewith disturbant effects on
membrane structures result in the disappearing of ther-
motropic transitions or their shift along the temperature
range [1, 18, 21].

Based on the above mentioned the effect of freezing
and following thawing on reductive properties of
mitochondria membranes in relation to TEMPON spin
probe was studied. It has been established that single
and two-fold rapid freezing of mitochondrial suspen-
sions down to liquid nitrogen temperature results in
the increasing of spin probe reduction rate in thawed
suspensions (Fig. 2). These changes may testify to
improving accessibility to enzymes of electron transfer
chain of organelles for the spin probe. Herewith the
extent of the effect of mitochondria freezing on struc-
tural condition of their membranes may be determined
by analysis of the condition of thermotropic structural
transition in organelle membranes after low temperature
effect. From the results of carried-out experiments
follows that structural transition, which occurs in
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Boiitie 10°C 3HaUCHHUS PHEPTUH aKTUBALIMN BPaIaTe b
HOM r(dy3uH CIMHOBOTO 30H/1a JJ1s1 KOHTPOIBHBIX U
OIIBITHBIX 00Pa3LOB OTIINYatOTCs. Tak, s MUTOXOH-
PHii, TOABEPTHYTHIX OAHOKPATHOMY OBICTPOMY 3aMO-
paXXMBaHMIO, 3HAUCHUE SHEPIrUN aKTHBALIMHA COCTAaB-
nset 1,51 kkai/Moib, a 71 KOHTPOJIBHBIX MUTOXOH/I-
puit — 1,98 kkan/mons. Takue oTInuMs B 3HAYCHUAX
SHEpPIruM aKTUBAIlMM CBHUAETEIBCTBYIOT O TOM, YTO
OJTHOKPATHOE 3aMOPAKUBAHUE OPTaHeII HPUBOINT K
HW3MEHEHHUIO TEKyYeCTH MEeMOpaHbl, YTO, B CBOKO
o4epeib, BEI3BIBAET IOCTYITHOCTH OETIKOB IETH Iepe-
HOCA AJIEKTPOHOB ISl CTUHOBOT'O 30H/12.

Takum 0O6pazom, OHOKpaTHOE OBICTPOE 3aMopa-
JKUBAHUE CyCIIEH3UH MUTOXOHIPHUI 10 TEMIepaTyphl
—196°C u mocneaytomuii 0TOrpeB MPUBOAAT K HE3HA-
YUTEJIbHBIM U3MEHEHUSM MeMOpaH MHUTOXOHIPHA,
KOTOpBIE HE BIUAIOT HAa OCHOBHBIE €€ CTPYKTYpHBIE
CBOMCTBA, COXPAaHssl TEPMOTPONHBIA CTPYKTYpPHBIN
Mepexo/l, U 3aKI0Yal0TCsd B OCHOBHOM B M3MEHEHHUHU
TEKy4eCTH MEMOpaHbl, B UTOTEe — YIIy4dlIaeTcsl AOC-
TYITHOCTh CTUHOBOTO 30H]1a K OEJIKOBBIM CTPYKTYpam
LIETIA TIepeHoca 3JeKTpoHa opraHeiut. Hapymenus
MeMOpaH MUTOXOHPUH yCyTYOJSIOTCS B CITydae BY-
KpPaTHOTO OBICTPOTO 3aMOPaKUBAHNS, UTO TPOSIBIISET-
Csl HE TOJIBKO B YBEJIMYEHHOHN JOCTYMHOCTH 30H/AA K
LIEHTPAM BOCCTaHOBJIEHHS, HO U B MCYE3HOBEHUU
XapaKTepHOIo /Ul OpraHell TEPMOTPOITHOTO CTPYK-
TypHOTo nepexozna (puc. 4). DHeprusi akTHBaLUH Bpa-
maTenbHoi AngGy3un CIMHOBOTO 30H/1a IPH 3TOM BO

Temnepartypa, °C  Temperature, °C
45 40 35 30 25 20 15 10 5 O
1 1 1 1 1 1 1

11,15

_ 11,10+

o

® 11,05

2

2 11,00

_ 10,95

o

= 10,90

k=)
10,85
10,80

T T
3,2 3,3 3,4 3,5 3,6 3,7
1000/T, K-

Puc. 3.3aBucumocts AppeHunyca napameTpa Bpaiareab-
Ho¥ uddy3nu cnrrosoro 3oH1a TEMITIOH B cycnensun
MHTOXOH/IpUiA: 1 —KOHTpPOIIB; 2 — IOCIIE OJHOKPATHOTO OBICT-
POro 3aMOpa)XMBaHHs OpraHeIut 10 TemiepaTypbl —196°C.

Fig. 3. Arrhenius’ dependence of rotational diffusion para-
meter of TEMPON spin probe in mitochondria suspension:
1 — control; 2 — after single rapid freezing of organelles
down to —196°C.
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Temnepatypa, °C  Temperature, °C
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Puc. 4. 3aBucumocth AppeHuyca nmapameTpa Bpamarenb-
Hoit nuddy3un cnimaosoro 3ouma TEMITOH B cycniensuu
MHUTOXOHJIPHH TIOCIIE IBYKPATHOTO OBICTPOTO 3aMOpaKHUBa-
HUs opraHesu1 10 TemmepaTtypsl —196C.

Fig. 4. Arrhenius’ dependence of rotational diffusion para-
meter of TEMPON spin probe in mitochondria suspension
after two-fold rapid freezing of organelles down to —196°C.

membranes of intact mitochondria is preserved both
at a single rapid freezing of organelles down to —196°C
and after their following thawing (Fig. 3, dependence
2). But the two-fold rapid freezing results in the disap-
pearing of thermotropic structural transition (Fig. 4).

The presented in Fig. 3 Arrhenius’ dependencies
of rotational diffusion parameter of spin probe in mito-
chondrial suspensions after single rapid freezing of
organelles down to —196°C and intact organelles testify
not only to preservation of thermotropic transition at
this temperature effect, but even to the coincidence of
dependencies’ slopes for experimental and control
samples on temperature range of 0...10°C. Values of
activation energy of rotational diffusion in these ranges
are 0.59 and 0.60 kcal/mol, accordingly. At tempera-
tures over 10°C the activation energies of spin probe
rotational diffusion for experimental and control
samples are different. So, for mitochondria, exposed
to single rapid freezing, the value of activation energy
makes 1.51 kcal/mol, and 1.98 kcal/mol for the control
mitochondria. These differences in activation energy
values testify to the fact that a single freezing of
organel-les results in the change of membrane fluidity
that in its turn triggers the accessibility of proteins of
electron transfer chain for the spin probe.

Thus, single rapid freezing of mitochondria sus-
pension down to —196°C and following thawing result
in non-significant changes of mitochondrial membranes
with no effect on its basic structural properties, and
with preserving thermotropic structural transition and
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BCEM HCCIIEZIOBAHHOM JUana3oHe TEMIEpaTyp UMEET
3HaueHue 1,41 kkaia/mMonb, OJIM3KOE K 3HAUECHHIO SHEp-
THH aKTUBAINH JJ151 BEICOKOTEMITEPaTypHOTO HHTEPBa-
JIa TIpY OFJHOKPATHOM 3aMopakuBaHnu. [lokazaHo, 4To
MocJje ABYX LUKIOB OBICTPOTO 3aMOpaXMBaHUS H
MOCJIEAYIOIIEro OTOrpeBa MUTOXOHIPHI TIOJHOCTBIO
Hapymiaiack ¥ MPOHUIIAEMOCTh UX MeMOpaH [6], uTo
COTJIaCyeTCs C IPUBEIEHHBIMU Pe3yIbTaTaMH KCIIe-
PUMEHTOB.

BbiBOAbI

B npencraBnennoit paboTe onmmcaHbl MOIXOABI K
ncnonb30oBaHuio metofa DIIP caabocBsI3aHHBIX
CIIMHOBBIX 30HAOB AJIA MU3YUYEHHs AJIEKTPOHIIEPEHO-
CAUX MeMOpaH MUTOXOHAPUN U TIPUMEHEHHE dTOTO
METO/1a ISl U3YYCHHSI BO3ACHCTBIS HAa OMOMEMOpaHbI
HU3KUX Temnepatyp. U3yueHo BiusiHIE 3aMOpaKuBa-
HUS U MOCTEAYIOIIET0 OTOrpeBa Ha IpoLecc BOCCTa-
HOBJICHHS CIITHOBOTO 30H/1a B CYCIICH3UH MUTOXOHIPUH
U CTPYKTYpPHBIN Iepexoa B MeMOpaHax opraHeii. B
paboTe MmoKa3aHo, YTO OHO- U JBYKpaTHOE OBICTpOE
3aMOpaKUBAHUE CYCIICH3UM MUTOXOHAPUIA 10 TEMIIE-
paTypsl KHIKOTO a30Ta MPUBOIUT K YBEIUUCHHIO
CKOPOCTH BOCCTAaHOBIICHUS CTTHOBOTO 30H/1a B pa3MO-
POKEHHBIX CYCIICH3HSX, YTO CBUACTEIHCTBYET 00
YIAYUYIICHHH TOCTYITHOCTH K (DePMEHTaM IIeTIH epe-
HOCa 3JIEKTPOHA OPTraHeul ISl CITMHOBOTO 30HAa. [Ipn
ATOM yCTaHOBIICHO, UYTO OAHOKPATHOE OBICTPOE 3aMO-
paXHBaHKE U MOCIEAYIONINI OTOTPEB HE IPUBOIAT K
HCYEe3HOBEHHIO HAOIFO]AeMOT0 B HOpME TEPMOTPOTI-
HOTO Tiepexoaa. B To jke BpeMs oTMedaeTcss YMEHb-
[ICHNE YHEPTUH AKTUBAIMH BpamaTeabHoi nuddy3nn
CIIMHOBOI'O 30HJa pH Temneparype Boiue 10°C ms
OJTHOKPATHO 3aMOPOKEHHBIX MUTOXOHApUi. CrienoBa-
TEJIHHO, OJTHOKPATHOE OBICTPOE 3aMOPAKUBAHUE TTPH-
BOJHT K U3MEHEHUIO TEKYUECTH MEMOPaHBI MUTOXOH-
JIpUii, HE BBI3bIBAs 3HAYUTEIBHBIX CTPYKTYPHBIX
M3MEHEHUH B HEW, BKJIIOYAast U COCTOSIHUE OEJIKOB LIENHU
TepeHoca MMEKTPOHOB. OTHAKO TP TIOBTOPHOM OBICT-
POM 3aMOpPaKUBAHUU CYCTICH3UH MUTOXOHIPUH HCUe-
3a€T XapaKTePHBIN I OpraHeJul TEPMOTPOIHBIN
CTPYKTYPHBIH IEpexojl, 4TO Hapsay C JaHHBIMHU O
MIOJTHOM HAPYIICHUH MPOHUIIAEMOCTH MUTOXOHIPUI
MIOATBEPKAACT 3HAUNTEIHLHOE HAPYIICHUE CTPYKTYP-
HO¥ OpraHu3anuu MeMOpaH.

Asmop sevipasicaem uUcKpenHio 01a200apHOCmb 348.
omoenom ouoxumuu UITKuK HAH Yxpaumnwt 0.6.H., npo-
¢eccopy A.FO I[lempenko u acnupanmy omoena E.H. Tka-
uegoll 3a npedocmasienue MUmoxouoputl 0us npogeoe-
HUsL OAHHOU paboOmbl.
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generally consist in changing of membrane fluidity, and
finally the access of spin probe to the protein structures
of organelle electron transfer chain improves. Distur-
bances of mitochondria membranes are getting worse
at two-fold rapid freezing, that manifests not only in
high accessibility of probe to reductive centers, but in
disappearing of specific for the organelles thermo-
tropic structure transition (Fig. 4). Activation energy
of rotational diffusion of spin probe in a whole studied
temperature range has the value of 1.41 kcal/mol and
is close to the value of activation energy for high tempe-
rature interval at single freezing. It has been shown
that after two cycles of rapid freezing and following
thawing of mitochondria their membrane penetration
was completely impaired [6], that agree with the
presented results of experiments.

Conclusions

In presented research there are described the
approaches of using the EPR method for weakly bound
spin probes to study electron-transferring membranes
of mitochondria and application of this method to
investigate the effect of low temperatures on biomem-
branes. The effect of freezing and following thawing
on spin probe reduction process in mitochondrial
suspension as well as on structural transition in organelle
membranes has been studied. It has been shown in
the research that single and two-fold rapid freezing of
mitochondrial suspensions down to liquid nitrogen
temperature results in the increase of the spin probe
reduction rate in frozen-thawed suspensions that testify
to the improvement of accessibility of the spin probe
to enzymes of organelle electron transfer chain. Here-
with it has been established that a single rapid freezing
and following thawing do not result in the disappearing
of observing thermotropic transition. At the same time
the reducing of activation energy of spin probe rotatio-
nal diffusion at temperature over 10°C for single frozen
mitochondria is noted. Therefore the single rapid
freezing results in changing the mitochondria mem-
branes fluidity, causing no significant structure changes
in it, including the state of proteins of electron transfer
chain. However a repeated rapid freezing of mito-
chondrial suspensions cause the disapearing of the ther-
motropic structural transfer specific for the organelles,
that together with the data of complete impairment of
mitochondria penetration properties confirms a signi-
ficant disturbance of structure organization of mem-
branes.
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Ukraine, doctor of biological sciences, Professor Petren-
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investigation.
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