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Temperature Effect on Erythrocyte Membrane Permeability
for Cryoprotectants with Different Hydrophobicities

W3mepens! k023G GUIUESHTH IPOHUIIaeMOCTH HaTUBHBIX 1 pPCMBS-00paboTaHHBIX SPUTPOLIUTOB YesioBeKa st 1,2-nponananoia
(1,2-110) n aumernncyasdpokcuna (AMCO) B nuanazone temmneparyp 3—-37°C u onpenesieHbl 3HaYCHUsS] YHEPIHU aKTHBALMH
IPOHUKHOBEHHUS 9TUX KPHUOIPOTEKTOPOB B OTIENIbHBIX TEMIICPATYPHBIX AUana3oHax. [loka3zaHo, 4TO OXJIaXA€HUE SPUTPOLIUTOB HIXKE
(H3HMOJIOTHUECKUX TEMIIEPATyp IIPUBOIMUT K TEPMOTPOITHBIM H3MEHEHHUSIM COCTOSIHUS nX MeMOpaH. Hanbosee BoipaskeHHbIE N3MEHEHHS
SHEPruy aKTUBALMK HaOoAaloTCes B AnarnasoHe temieparyp 27-30 u 12°C. Pe3koe yMeHbIIICHHE YHEPT U aKTHBALIMY IIPOHUKHOBEHUS
ruapo¢uisHoro kpuonporekropa 1,2-I1/1 B obnactu Temneparyp 30—37°C ucuesaer nocie o6paborku spurpountoB pCMBS, urto
CBHUJICTEILCTBYET O CYIIICCTBCHHOM BKJIa/¢ B TpaHCMeMOpaHHbIii moTok 1,2-T1]] 6eKoBBIX THAPOPUIBHBIX KaHa 0B, Hamuuue n3ioMoB
rpadukoB AppeHnyca 1 yBeJIMUeHHE SJHEPT U aKTUBALIUH TPOHUKHOBEHUs Kak ruapodunsHoro 1,2-I1]1, Tak u ruapododroro IMCO
B Anana3zoHe TeMmmneparyp Hmwke 12°C He ycTpaHstoTcs: 00paboTKOM 3pUTPOLUTOB CYIb(PrUIPUIEHBIM peareHToM. Takum obpaszom,
9TH 3P PeKThI He MOTYT OBITh OOBSICHEHBI 3aKPBITHEM OCJIKOBBIX Iy Teil IPOHUIIAEMOCTH JUIS HCCIICJOBAaHHBIX BEIIECTB U CBSI3aHBI, [10-
BUIIIMOMY, C COCTOSTHHEM JIMITHJHOTO OHCII0s, KOTOPOE 00YCIIOBICHO CTPYKTYPHBIM IIEPEX0I0M OEIOK-JIUITNAHOTO KOMIUIeKca MeMOpaH
3PUTPOLUTOB.

Knrouesvie cnoea: spuTpoLUTHI, KPUOIIPOTEKTOPHI, IPOHUIIAEMOCTh, JHEPT U AKTUBALMH.

Bumipsiai koedinienTr npoHrkHoCTi HaTHBHEX Ta pCMBS-00p00iennx epurpouuTis itonunu st 1,2-nponanaiony (1,2-I11) Ta
numeruicyibdokeuny (AMCO) B mianazoni Temmeparyp 3—37°C i BU3HA4YCHI BEJIMYMHU SHEpril akTHBaLii MPOHUKAHHS IMX
KpPiOIIPOTEKTOPIB B OKPEMHUX TEMIIEpaTypHUX Jiana3oHax. [lokazaHo, 1110 0XOJI0KEHHS €PUTPOLIMTIB HIDKYE (i3i0NIOTYHUX TEMIIepaTyp
HNPUBOAMTH O TEPMOTPOIHUX 3MiH CTaHy X MeMOpaH. HaiiGinbIu BupaskeHi 3MiHM eHeprii akTUBaLii CIIOCTepPIraloThes B Tiaa3oHi
temmepatyp 27-30 ta 12°C. Pizke 3MeHIIeHHs eHeprii akTuBauii NpoHUKaHHs riapodineHoro kpionporekropa 1,2-I1]] B niama3oni
temmnepatyp 30-37°C 3uukae miciist 06podku eputporutie pPCMBS, 110 cBiAYHUTh PO iCTOTHUH BHECOK B TPAHCMEMOPaHHHN HOTIK
1,2-I1]1 GinkoBux rigpodinbHux kaHamiB. HasBHICTH 3mamiB rpagikiB Apeniyca i 30inblIeHHs eHeprii akTHBauii NPOHUKAHHS SK
rigpodinsroro 1,2-T11, Tak i rigpodobroro AMCO, B nianazoni Temueparyp Hikue 12°C He ycyBalOThesi 0OpPOOKOIO EpUTPOLIUTIB
CynbhriapuIbHUM peareHToM. TakiuM YuHOM, 11l ehEeKTH He MOJKHA OSICHUTH 3aKPUTTSIM OLIKOBUX IIISXiB MPOHUKHOCTI JJIST TOCTIIKESHUX
PEYOBHH i 110OB’sI3aHi, OYEBUAHO, 31 CTAHOM JIiNiAHOro Oimapy, 00yMOBIEHUM CTPYKTYPHUM IIE€PEX0J0M O1IOK-JIiIIJHOTO KOMILICKCY
MeMOpaH epUTPOLHTIB.

Knrwouosi cnosa: eputpoiuTi, KPiONMPOTEKTOPH, IPOHUKHICTh, CHEPTis aKTHBAIII].

There were measured the permeability coefficients for native and pCMBS-treated human erythrocytes for 1,2-propane diol
(1,2-PD) and dimethyl sulfoxide (DMSO) within 3—-37°C temperature range and the values of activation energy for these cryoprotectants’
penetration within certain temperature ranges were determined. Erythrocyte cooling below physiological temperatures was shown to
result in thermotropic changes of membrane state. The most pronounced changes in activation energy were observed within 27-30 and
12°C range. Sharp decrease in activation energy of penetration of 1,2-PD hydrophilic cryoprotectant within 30—37°C range disappears
after erythrocyte treatment with pCMBS, testifying to a significant contribution of 1,2-PD protein hydrophilic channels into a
transmembrane flow. The presence of kinks in Arrhenius plots and an increase in activation energy of penetration of both hydrophilic
1,2-PD and hydrophobic DMSO within temperature range below 12°C is not eliminated via erythrocyte treatment with sulphhydryl
reagent. Thus, these effects can not be explained by closing the protein pathways of permeability for studied substances and they are
apparently associated to the lipid bilayer state, stipulated by a structural transfer of protein—lipid complex of erythrocyte membranes.

Key-words: erythrocytes, cryoprotectants, permeability, activation energy.

HccnenoBanusi pOHUIIAEMOCTH OMOJIOTHYECKHIX U
HCKYCCTBEHHBIX MEMOpaH SIBUJINCH OCHOBOH CYIIECT-
BYIOLIMX MPECTABICHUN O CTPOCHUH OMOJIOTUIECKUX
MeMOpaH. OfHa U3 BaXXHBIX XapakTEPUCTUK TPaHC-
MeMOpaHHBIX MPOLIECCOB — 3aBUCUMOCTh X OT TE€M-
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The study of permeability for biological and artificial
membranes occurred to be the base for current notions
about biological membrane structure. One of the impor-
tant characteristics of transmembrane processes is
their temperature-dependency. Water and dissolved
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neparypsl. [[poHIKHOBEHHE BOABI U PACTBOPEHHBIX
BEIIECTB Yepe3 Pa3InyHbIe CTPYKTYPHO 00yCIIOBIICH-
HBIE IyTH B KJIETOYHOI MeMOpaHe XapaKTepU3yIoTCs
Pa3HBIMU 3HAYCHUSIMU SHEPTUU aKTuBaluu [22, 25, 33].
OTKIIOHEHUE apPEHIYCOBOM 3aBHCUMOCTH TPAHCIIOPT-
HOTO ITpOoIiecca OT MPOCTOTO JMHEHHOTO COOTHOLIEHHUS
CBUJIETENBCTBYET O TOM, YTO OJUH WIIU HECKOJIBKO
(akTOpOB, ONpEAETAIOMINX €r0 TeYCHHE, U3MEHSET
CBOM XapaKTEPHUCTUKHU B 3aBUCUMOCTH OT TEMIIepaTy-
pol. [l MeMOpaHOCBSI3aHHBIX TPAHCIIOPTHBIX CUCTEM
U SH3MMOB YacTO IOJIy4aloT HEIUHEHHBIN rpaduk
AppeHuyca, coaepKaliui OTHOCUTENIBHO PE3KUN 13-
JIOM MEXIy ABYMS (MHOTZA OOJIBIE) JTUHEHHBIMU
cermeHTamu [24, 31]. UtoObl HalTH TaKHe HU3TOMBI
Ha appeHNYCOBBIX 3aBUCUMOCTAX, HEOOXOANMO HccIIe-
JIOBaTh KaK MOXKHO OOJIbIlIE TEMIEPaTypHBIX TOYEK
TeMIepaTypHOro quamasona [13, 32, 34].

Wznom, nnm n3mMeHeHne HakiIoHa B rpaduxe Appe-
HUYCa, MOKET OBITh BBI3BaH MHOTMMHU NPHYMHAMH
[17,20]. beina ycTaHOBJIEHA CBA3b MEXKY U3IOMAMH
appEeHNYCOBBIX 3aBUCHMOCTE MeMOpPaHOCBI3aHHBIX
IIpOIIeCcCcOB C (pa30BBIMH MIEPEXOJAMH B JINTTHUIAX MEM-
Opan. Hanmuuume cTpyKTypHBIX IEPEXO/0B B IIa3MaTH-
yecknx MeMmOpaHax KiIeTok omucano B [1, 11, 15].
MeMOpaHbI 3pUTPOIUTOB XapaKTEPU3YIOTCS BRICOKUM
coJiepKaHreM XoJecTeprHa. FIMEHHO mosToMy mpu
KaJIOPUMETPHUECKUX U pEHTTEHOCKOITMUECKHX HCCIe-
JOBAaHUSAX B HUX HE OOHApPYKEHO TEPMOTPOIIHBIX
[IEPEXO0/IOB B TNAMTa30HE MOIOKUTEIHHBIX TEMIIEPaTyp
[1, 11]. Ho Hanu4ne Takux CTPYKTYPHBIX IIEPEXOA0B
B MeMOpaHax 3puTpoiuToB B nuarnazoHe 0—50°C Obu10
BBISIBJICHO JPYTHMH (PU3UKO-XUMHYECKIMHU METOAAMH
[15, 16, 26].

Takum 06pazom, U3yUeHHE TEMIIEPaTyPHOH 3aBH-
CHMOCTH NAaCCUBHON NMPOHULAEMOCTH MO3BOJISIET
MOJTYYUTh HEHHYIO HH(OPMAIIHIO O MpoLieccax, MPoHc-
XOIAIINX B KJIETOUHOW MeMOpaHe MpH OXJITaKICHHH.
Ha mpumMepe mpoHHUIIaeMOCTH SpUTPOIIUTOB YEIOBEKA
s 1,2-nponanguona (1,2-111) u aumeTuncymib-
tdoxcuna (JIMCO) nns OoTACIBHBIX JOHOPOB HAMU
OBIJIO TTOKA3aHO HAJWYHE W3JIOMOB appPEHUYCOBBIX
3aBUCHMOCTEH B AMamna3oHax temmeparyp 8—12, 25—
26 u 30-32°C [2]. Hamu ObUTO BBICKa3aHO MPE/IIO-
JIOKEHNUE, 4TO PE3KOE U3MEHEHNE SHEPTHH AKTUBALINN
MpoHUIIaeMOCTH B nuama3zoHe 8—12°C cBs3aHo C
YMEHBIIIEHHEM TTPOHUIIAEMOCTH OEITKOBBIX KaHAJOB,
MPEIONIOKUTETHHO 00eCIeYNBaEMBIX OEITKOM T0JIO-
cel 3 [23, 28, 33, 35, 36], BcinencTBHE CTPYKTYPHOTO
repexoaa B MeMOpaHax dpUTPOITUTOB.

Lens pa®oTh — H3yUeHHE TEMITEPATyPHOI 3aBHCH-
MOCTH IIPOHUIIAEMOCTH TS KpUonpoTekTopoB 1,2-T1]]
u JIMCO memOpaH HaTUBHBIX U 00paboTaHHBIX 0J10-
KaTropoM OEJTKOBBIX KaHAJIOB IPUTPOLIMTOB B TEMIIe-
parypaoM auanazone 37-0°C.
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substance penetration through different structurally
stipulated ways into a cell membrane is characterised
by various values of activation energy [22, 25, 33].
Deviation of Arrhenius dependency of a transport pro-
cess from a simple linear ratio testifies to one or several
factors, determining its proceeding, as changing its cha-
racteristics depending on temperature. For membrane-
bound transport systems and enzymes one often obtains
a non-linear Arrhenius plot, comprising quite a sharp
kink between two (sometimes more) linear segments
[24, 31]. In order to find these kinks in Arrhenius plots
it is necessary to study as much as possible the tempe-
rature points of its range [13, 32, 34].

The kink or a changed slope in Arrhenius plot may
be caused by many reasons [17, 20]. A link between
the kinks of Arrhenius dependencies of membrane-
bound processes with phase transfers in membrane li-
pids was established. The presence of structural trans-
fers in cell plasmatic membranes is described in the
papers [1, 11, 15]. Erythrocyte membranes are charac-
terised by a high cholesterol content. This is why during
calorimetric and X-ray studies no thermotropic trans-
fers within positive temperature range was found [1,
11]. However the presence of these structural transfers
in erythrocyte membranes within 0—15°C was revealed
using the other physical and chemical methods [15,
16, 26].

Thus, studying a temperature dependency of pas-
sive permeability enables the obtaining of a valuable
infor-mation about the processes, proceeding in a cell
membrane under cooling. Taking as an example the
human erythrocyte permeability for 1,2-propane diol
(1,2-PD) and dimethyl sulfoxide (DMSO) for some
donors we demonstrated the presence of kinks in Ar-
rhenius dependencies within 8—12,25-26 and 30-32°C
temperature range [2]. We suggested a sharp change
in activation energy of permeability within 8—12°C to
be associated to a decreased permeability in protein
channels, presumably provided by band 3 protein [23,
28,33, 35, 36] due to a structural transfer in erythrocyte
membranes. The research was aimed to study a tempe-
rature dependency of membrane permeability for 1,2-
PD and DMSO of native erythrocytes and those trea-
ted with protein channel blocking agent within 37-0°C.

Materials and methods

Researches were performed in donor blood erythro-
cytes, procured with “Glygicir” preservative.

As a blocking agent for aqueous protein channels
we used the p-chloromercuribenzenesulfonic acid mo-
nosodium salt (pCMBS, Sigma, USA). Erythrocytes
were incubated with 2 mM pCMBS within 1 hr at 22°C
[23]. Following incubation the erythrocytes were
washed with phosphate buffer, pH 7.4.
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Matepnaabl 1 meToAbI

UccnenoBanusi mpoBeaeHBl HA 3PUTPOLIUTAX JO-
HOPCKOHM KPOBH, KOTOPYIO TOJTY4al Ha KOHCEPBaHTE
“I'mrorummp”.

B kadectBe OnmokaTopa BOIHBIX OEJNKOBBIX KaHa-
JI0B HMcmonb30Banu p-chloromercuribenzenesulfonic
acid monosodium salt (pCMBS, “Sigma”, CILIA).
Opurpouutsl HHKyOupoaiu ¢ 2 MM pCMBS B Teue-
uue | 9 mpu 22°C [23]. [locne nHKYOaIuy 3pUTPOLUTHL
orMbiBasn hocharasiM Oydepom pH 7,4.

[MponnmaemMocTs MEMOpPaH 3pPUTPOLIUTOB OTpeie-
JISUTH [T IPOHUKAIONTUX KpruonpoTekTopos 1,2-11/1 u
JIMCO c¢ untepBanom 1,5-2°C meromom, pa3pabo-
TaHHBIM B [4, 7, 12]. I 5TOTO METOJOM MaJOyTJIO-
BOTO paccesiHUsI 3aIHChIBaIH KHHETHIECKYIO KPHBYIO
THUIMIOTOHUYECKOTO TeMOJTH3a 3pUTPOLIUTOB B 1 M BoJI-
HOM pacTBOpe NPOHUKAIOLIET0 KpHompoTekropa. [1o-
JYYEHHYIO SKCTIEPUMEHTAIbHYO0 KPUBYIO COBMELLATTN
C TEOPETUYECKOM, pACCUUTAHHON Ha OCHOBE (PH3HKO-
MaTeMaTUYeCKOW MOAENN THIOTOHMYECKOTO I'eMo-
732 B BOJHOM PacTBOpE MPOHHUKAIOIIETO BEIIECTBA
IIPU COOTBETCTBYIOIIUX 3HAUEHUSIX KOd(PPHUIMEHTA
nporwutaemoctu [19].

Craructryeckyro 00paboTKy pe3ynbTaToB IIPOBO-
JIAITU C MCTIONTb30BaHueM t-kputepusi CThIOJICHTA.

Pe3yAbTatel M 00Cy)xaeHue

B pabote [2] ObUTO TIOKA3aHO HAJTUYHE H3JIOMOB
Ha rpadukax AppeHnyca IPOHUIAEMOCTH sl KPHO-
MPOTEKTOPOB 3PUTPOLIUTOB OTIAEIBHBIX TOHOPOB. B
CBSI3U C pa30pOCOM pe3yNbTaTOB U HEKOTOPHIM CMe-
LIEHHUEM TeMIIepaTyp M3JOMOB Ha appeHHYCOBBIX
3aBUCHMOCTSIX Pa3HBIX JOHOPOB HE YAAIOCH TOTY4UTh
OJTHO3HAYHBIX 000OLICHHBIX BBIBOJOB. B HacTosmie
paboTe 3KCIEepUMEHTHI NPOBEIeHbBl HA HATUBHBIX U
00paboTaHHBIX OJIIOKATOPOM
OCJIKOBBIX KaHAJIOB IPHUT- 2

Erythrocyte membrane permeability was deter-
mined for 1,2-PD and DMSO penetrative cryoprotec-
tants with 1.5-2°C interval using the method, designed
[4,7, 12]. For this purpose there was recorded a kinetic
curve of erythrocyte hypotonic hemolysis in 1 M
aqueous solution of penetrative cryoprotectants, using
the low-angle scattering method. Obtained experi-
mental curve was matched with the theoretic one,
calculated on physical and chemical model base of
hypotonic hemolysis in aqueous solution of a penetra-
tive substance under corresponding values of permea-
bility coefficient [19].

Data were statistically processes using Student’s
t-criterion.

Results and discussion

Recently [2] there was shown the presence of kinks
in Arrhenius plots of erythrocyte permeability of certain
donors for cryoprotectants. Due to the result scattering
and some shift of kink temperatures in Arrhenius
dependencies of different donors we did not manage
to obtain the uniform generalised conclusions. In this
research the experiments were carried-out in erythro-
cytes of 6 donors: native cells and those, treated with
protein channel blocking agent. A number of tempera-
ture points measured increased as well. The analysis
of results and approximation of experimental points of
certain donors, as well as those, obtained in erythro-
cytes of all the studied donors, confirm the obtained
conclusions about existing of thermoinduced changes
in activation energy of non-electrolyte penetration
through erythrocyte membranes. Fig. 1 shows the ap-
proximation of temperature dependency of native
erythrocyte permeability for 1,2-PD in Arrhenius coor-
dinates (points are obtained for erythrocytes of 6 do-

poruTax 6 JOHOPOB. YBETH- 15
YEHO TAK)KE YUCIIO TEMIIepa-

TYPHBIX TOYEK, B KOTOPBIX 9
MIPOBEICHBI M3MEpeHHs1. AHa- 0,5 1
JIU3 Pe3yJabTaTOB H aIPOK- 04
CUMAlHsl JKCIIEPUMEHTANb-
HBIX TOYEK KaK OTAENBHBIX G 0O 7
JIOHOPOB, TaK U IKCIIEPHMEH- -1 -
TaJIbHBIX TOYEK, MOTYIEHHBIX 154
Ha 3PUTPOIIUTAX BCEX HCCIIe-
JIOBaHHBIX TOHOPOB, IOJI- 21
TBEPIXKAAKOT HOJYYCHHBIE 2,5 -
BBIBOJIbI O CYIIECTBOBAHUHU 3 ' '

y = -5156,8x + 17,957

y =—10104x + 34,307

y = —6364,6x + 21,283

y=-11910x + 40,74

TEPMOMHAYIUPOBAHHBIX U3-
MEHEHHI PHEPTHY aKTHBAIINU
[IPOHUKHOBEHUS HEIEKTPO-
JIUTOB Yepe3 MeMOpaHbI Spu-
tpouuToB. Ha puc.1 npen-
CTaBJIE€HA alIpOKCUMAaIU
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Puc. 1. AppenuycoBa 3aBUCUMOCTb KO3 HUIMEHTa TPOHUIIAEMOCTH MEMOpaH
HaTUBHBIX 3pUTPOLIUTOB YernoBeka aist 1,2-I1]] B nuanasone temmneparyp 3—-37°C.

Fig. 1. Arrhenius dependency of permeability coefficient of human native erythrocyte
membranes for 1,2-PD within 3-37°C range.
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TEMIIePaTyPHOI 3aBUCUMOCTH MPO-
HHUI[AEMOCTH HATHBHBIX 3PHUTPO-
uutoB A 1,2-T11J1 B appeHnycoBBIX
KOOpAMHATAX (TOYKH ITOTYyYCSHBI IS
3pUTPOLUTOB 6 KoHOpOB). M3 rpa-
(bvka BUJIHO, YTO appEeHUYCOBA 3a-
BHUCUMOCTb XapaKTepu3yeTcs yBe-
JIMYEHUEM DHEPTUH aKTHBAIUU B
uHTEpBatie TeMiepatyp Huxke 12°C
10 100 xI>x/MOJb 110 CPaBHEHHIO C
TaKOBOW B JAMAana3oHe TeMIepaTyp
15-12°C (53 x/I»x/mounp). B nuana-
3oHe Temmeparyp 15-30°C 3maue-
HUE YHEPTUH aKTUBAIIMY CHOBA BO3-
pacTaet, OIHAKO OCTAeTCsl JOCTO-
BEPHO MEHBIINM, YEM B OKOJIOHY-
neBoM auamazoHe (84 kJ[x/Moib)
(Tabnuma).

[Ipu npubmwkennu xk obnactTu
(U3HOTOrMYECKUX TEMIIEpaTyp Had-
JIO/IaeTCs CYIIECTBEHHOE YMEHb-
[ICHUE YHEPTHH aKTUBAIMH C U3JI0-
MOM appeHNyCOBOH 3aBUCUMOCTH B
uHTepBajie temneparyp 27-32°C.
B mnanazone 30-37°C sneprus ak-
TUBAIIMHY [TOYTH B JIBa pa3a MEHbIIIE
[0 CPaBHEHUIO C JUara3oHoM 15—
30°C u cocrapiser 42,9 kJ[x/MOJIb.
Ob6pabotka spurporuroB pCMBS

MIPaKTUYECKH yCTPAHSET yMEHbBIIEHWE SHEPTUU aK-
THUBAIIMHU B 00J1aCTH (PU3UOJIOTHIECKUX TEMIIEPATyp U
JIeJIaeT ee CPaBHUMOM C TakoBo# B oOmactu 15-30°C
(puc. 2, Tabnuma). YBeInueHUE SHEPTUU aKTHBALIUU
nponukHoBeHus 1,2-I1]] B obnactu 30-37°C mocne
o6pabotku pPCMBS noarsepsxaaeTr npeamnonoxeHue,

OHeprus akTHBAIUU TPOHUKHOBEHUS KPHOIIPOTEKTOPOB B 3PUTPOIIUTHI
YeJI0BeKa B PA3IMYHBIX TEMIIEPATYPHBIX AUAIAa30HAX
Activation energy of cryoprotectant penetration into human erythrocytes
within different temperature ranges

OHeprusi akTUBauy, KAXK/MOAb
Activation energy, kJ/mol
1,2-mponaHAOA AMMETHUACYAB(DOKCHUA
Apanason 1,2-propane diol Dimethyl sulfoxide
TeMmrepatyp, ‘°C
Temperature range,’C pCMBS- pCMBS-
HaTtusable oGpaboTaHHbIe HaTtusnbie oGpaboTaHHbIe
SPUTPOIUTEI SPUTPOIUTEI SPUTPOIHUTEHI SPUTPOIHUTEHI
Native pCMBS- Native pCMBS-
erythrocytes treated erythrocytes treated
erythrocytes erythrocytes

3_12 96,7£3,7° 93,6+4 90+2,4¢ 86,4+3,3
99 90,6 89,7 82,5

12—15 551%7,4 44,1%54 52,1%59 48,5+54
52,9 375 58,5 49,9

15— 27 87,6%2,2v4¢ 79,6%1,34 82,9+2,6° 76,1%3,8!
684 77,6 81,8 74,1

2730 59,1+10,8 351+9,7 33,6+10,7 30,2+5,6

61 42,2 29,5 27

30—37 39,3+4,8"¢ 69,5+3,3" 82,6%4,7 82,153

42,9 70,7 83,9 81,6

Ipumevanusi: oO6bIYHBIM HIPU(TOM 0003HAYCHBI CPEAHHE 3HAYCHUS BEIUYHH,
TIOJTyYCHHBIX aIPOKCHMAIMEH JUTS OTASIBHBIX JOHOPOB; KyPCHBOM — 3HAYCHHUSI BETUUHH,

IIOJIyYECHHBIX alIIpOKCUMAalKel ToUeK I BCEX OHOPOB;

abede_ 5ocTOBEPHOCTD

pa3IuYns MEeX/y 3HAYCHUSIMH C OIHHAKOBBIM HHAEKCOM P>0,99;—P>0,95.

Notes: mean values, obtained by approximating for certain donors are in normal font;

values, obtained by approximating points for all the donors are in italics;

a,bc,de

statistical significance between values with the same superscripts is P>0.99; f— P>0.95.

1,5 - y = —8504,1x + 28,775

2
2,5 -

'3 L) L L L

y =-56079,2x + 17,398

y = -9335,6x + 31,588

y =—4992,8x + 16,471

=-10897x + 37,108

0,0032 0,00325 0,0033 0,00335 0,0034 0,00345 0,0035 0,00355 0,0036 0,00365

Puc. 2. AppennycoBa 3aBuCHMOCTE K03 (durenTa mponuraemocta memopas pCMBS-
00pabOTaHHBIX APUTPOLUTOB YesoBeka s 1,2-111 B auanazone Temmepatyp 3—37°C

Fig. 2. Arrhenius dependency of permeability coefficient of pCMBS-treated human

1T

erythrocyte membranes for 1,2-PD within 3—-37°C range.
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nors). As shown in the plot, the Arrhenius dependency
is characterised by an increase in activation energy
within temperature range below 12°C up to 100 kJ/mol
compared to that within 15-12°C range (53 kJ/mol).
Within 15-30°C the value of activation energy
increases again, but remains statistically and signi-

ficantly lower versus zero-
range (84 kJ/mol) (Table).
When approaching to the
area of physiological tempe-
ratures there is observed a
significant reduction of acti-
vation energy with a kink in
Arrhenius dependency wi-
thin 27-32°C range. Within
30-37°C the activation ener-
gy is almost twice lower, than
within 12-30°C and makes
42.9 kJ/mol. Erythrocyte
treatment with pCMBS al-
most eliminates the reduction
of activation energy within
physiological temperature
range and makes it compa-
rable to that within 12-30°C
(Fig. 2, Table). An increased
activation energy of 1,2-PD
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YTO MPOHUKHOBEHNE KPHOMPOTEKTOPa MPOUCXOIUT
JIBYMS ITapaJUIETbHBIMU Ty TAMH (OETTKOBBIM U JINTTH/I-
HeIM). [locne neiicTBust 610KaTOpa MPOHUKHOBEHHUE
MPOUCXOIUT IO JTUIUIHOMY ITyTH ¥ UMEET 0ojIee BbI-
COKYI0 DHEPIHIO aKTUBalMY. B nnanas3one remneparyp
HIDKE (PU3HONIOTMYECKHUX SHEPT s aKTHBALIMH HECKOIBKO
yMmeHnbiaercs (¢ 84 1o 77,6 kJ>k/MoIb), 4TO, BO3MOXK-
HO, CBSI32HO C HApyIIEHUSIMU B MEMOpaHHOM aHcaMO-
JIe Tociie JeMCTBHS PTYTHOTO peareHra.

HUccrnenoBanue TemmneparypHoOi 3aBHCUMOCTH ITPO-
Humaemoctu ang 1,2-I1J1 pCMBS-o6paboTtanabix
SPUTPOIUTOB TIOKA3aJI0, YTO UX 00paboTKa Cyab(ri-
PHIIBHBIM PEareHTOM He yCTpaHsIEeT U3JI0Ma appeHny-
COBOIl 3aBUCHMOCTH B O0JIAaCTH TEMIIEpaTyp HUKeE
12°C (puc. 2). DHeprusi aKTHBAIMK B JUaNa30He 3—
12°C HecylIeCTBEHHO MEHbIIIE, YeM 15l HATUBHBIX
ApUTPOIUTOB (puc. 2, Tabnuia). B To ke BpeMs yMeHb-
[IaeTcst SHEPTUsSl aKTUBAIMKM B 00JIACTH TEMIEPATyp
15-12°C u cocrasnset 37,5 kIx/mMons. Takum obpa-
30M, U3JIOM apPEHUYCOBO 3aBUCMOCTH U YBEIINYCHHE
SHEPTHH aKTHBAIMU B 00JIaCTH TeMIepaTyp HIKe
12°C BbIpa)XeHbI HE MEHEE YETKO, YeM TSI HATHBHBIX
SPUTPOITUTOB.

AppeHnyCcOBbI 3aBUCHMOCTH POHUIIAEMOCTH JIJISI
JAMCO HEeCKOJIBKO OTIIMYaIOTCS OT TAKOBBIX JIJIS
1,2-I111. Kak u B uccnepoBanmu [2] mosrydeHHbIE H3Me-
HEHUS SHEPTUH aKTUBaLUK JJ1s TpoHuKHOBeHus JIMCO
B Pa3UYHBIX TEeMIEPaTypHBIX Juala30HaX MeHee
peskue, uem s 1,2-1111 (puc. 3, 4). DHeprus akTu-
Banuu nponunaemoctu it JIMCO B obnactu Temme-
patyp 3—12°C cocrasmuser 89,7 k[>k/M0Jb U IPAKTHU-
YECKH HEe H3MEHSIETCS ITocIie 00padOTKU SPUTPOIUTOB
Onmokaropom OenkoBbIX KaHanoB (82,5 k/[x/Moib) u
COBIMAJaeT C MOJIy4eHHbIMH B pabote [2]. B amama-
30He Temreparyp 15—12°C sHeprust akTHBaIlMU MIPO-
HukHOBeHUs JIMCO HEeCKOIbKO OOJIbIIIEe TAKOBOU JIsI
1,2-I1J] u coctapnser 58,5 k/I»/M0J1b JJIsl HATUBHBIX
u 49,9 x/x/monb st pCMBS-06paboTtanHbIX dpu-
TpouuToB. [lo3TOMY M3710M appeHHyCcOBOIl 3aBUCH-
MOCTH B 3TOH 00JIACTH TeMIIepaTyp MEHee BhIPAXKEH,
4YeM Ha appPEHUYCOBOM 3aBUCHMOCTH IIPOHHUIIAEMOCTH
1,2-I11.

B nnamazone 15-27°C anmpoxcumarysi TeMmnepa-
TYpPHOU 3aBUCHMOCTH IPOHHUIIAEMOCTH MeMOpaH Ha-
TUBHBIX dputpountoB ans JMCO paer 3HaueHHE
sHepruu aktuBaiuu 81,8 kx/Moinb u 74,1 k/[x/Moib
st pPCMBS-06paboTaHHBIX 3pUTPOIUTOB, YTO CPAB-
HUMO co 3HadeHusaMu i 1,2-I1/1. Ha appennycoBbix
3aBucHMOCTAX mporumnaemoctu anga JJMCO Goinee
YETKO MPOSBIIAETCS U3MEHEHUE DHEPT U aKTUBALINH B
obnactu 27-30°C (puc. 3, 4). B aToM TemmiepaTypHoM
JMaIa30He YHEPTUsl aKTUBAIVH MTaJIaeT 0 3HaYCHUH
31,8 xJI>x/Momb st HaTUBHBIX U 30,9 KJ[K/MOIb ISt
pCMBS-06paboTaHHBIX S5PUTPOLUTOB. DHEPI U AKTHU-
Baiy B Auanasone 30-37°C cocrapmsier 83,9 kJIx/Moib
JUTS HATUBHBIX APUTPOIIUTOB U HE OTIIUYAETCS OT TaKO-
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penetration within 30-37°C after pCMBS treatment
confirms our suggestions about two parallel ways
(protein and lipid ones) of cryoprotectant penetration.
After blocking agent effect the penetration occurs by
a lipid way with higher activation energy. Within
temperatures lower than physiological ones the
activation energy slightly decreases (from 84 down to
77.6 kJ/mol), that is possibly associated to the disorders
in a membrane ensemble after mercury reagent effect.

Study of a temperature dependency of permeability
for 1,2-PD of pCMBS-treated erythrocytes demonstra-
ted their treatment with sulphhydryl reagent as not
eliminating a kink in Arrhenius dependency within
temperature range below 12°C (Fig. 2). The activation
energy within 3—12°C is insignificantly lower, than in
native erythrocytes (Fig. 2, Table). At the same time
the activation energy reduces within 15-12°C range
and makes 37.5 kJ/mol. Thus, a kink in Arrhenius de-
pendency and an increased activation energy within
temperature below 12°C are manifested not less
distinctively than for native erythrocytes.

Arrhenius dependencies of permeability for DMSO
slightly differ from those for 1,2-PD. As in the research
[2] the obtained changes in activation energy for
DMSO penetration in various temperature ranges are
less sharp, than for 1,2-PD (Fig. 3, 4). The activation
energy of permeability for DMSO within 3-12°C
range makes 89.7 kJ/mol and remains practically
unchanged after erythrocyte treatment with protein
channel blocking agent (82.5 kJ/mol) and coincides with
those, obtained in the paper [2]. Within 15-12°C range
the activation energy of DMSO penetration is slightly
higher, compared to that for 1,2-PD and makes 58.5
and 49.9 kJ/mol for native and pCMBS-treated
erythrocytes, correspondingly. Therefore a kink in Ar-
rhenius dependency within this temperature range is
less pronounced, than in Arrhenius dependency of 1,2-
PD permeability.

Within 15-27°C the approximation of membrane
penetration temperature dependency of native eryth-
rocytes for DMSO and pCMBS-treated erythrocytes
provides activation energy values of 81.8 and 74.1kJ/mol,
correspondingly, that is comparable to the value for
1,2-PD. In Arrhenius dependencies of permeability for
DMSO the changes in activation energy within 27—
30°C range are more distinct (Fig. 3, 4).

Within this temperature range the activation energy
falls down to 31.8 and 30.9 kJ/mol for native and
pCMBS-treated erythrocytes. The activation energy
within 30-37°C is 83.9 kJ/mol for native erythrocytes
and does not differ from that within 15-27°C. After
erythrocyte treatment with pCMBS the activation
energy within physiological temperatures remains with
no significant changes. Apparently, this is stipulated
by the fact, that a major part of DMSO penetration is
provided by permeability through a lipid bilayer.
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y =-10098x + 33,687

y = -3543,4 + 12,047

y = -9841,6x + 33,031
y = —7041,6x + 23,321

y =-10793x + 36,489

BOH B nmamaszone 15-27°C. 2
ITocre 06paboTKH IpUTpPO- 15 4
uutoB pCMBS sneprus ax- 1 ]
TUBalMU B o0nactu (husmo-
JIOTUYECKHUX TEMIEPATYP CY- 0,5 -
IIECTBEHHO HE M3MEHSETCS. 0
OT10 00yCIOBIEHO, TO-BUAM- 05
MOMY, TeM, 4TO Oonpimas 5
4acTh IponnkHoBeHus JIMCO 11
obecrieunBaeTcsl IpOHHUIIae- 15
MOCTBIO Y€pe3 JUIUAHBINA 2
oucoil.
AHanu3 HayqHOH InTepa- 251
TYypbl MOKa3bIBAET, YTO CYy- -3 T
0,0031 0,0032

LIECTBYET HECKOJIBKO TEMITE-
paTypHBIX OMama3oHOB, B
KOTOPBIX HaOMI0AAI0TCSI aHO-
MaJHMH TeMIIepaTypHbIX 3a-
BHCHUMOCTEH IPOLIECCOB, CBS-
3aHHBIX C MeMOpaHaMH 3PHT-
porutos: 8—12, 18-20, 28-30
u >40°C. CTpyKTypHbIE U3MEHEHHsI, BOBJICUCHHBIE B
3TH MEPEXObI, HE COBCEM ACHBI U3-3a CJIOKHOCTH U
AHU30TPONTUU MeMOpaH. V3MeHeHne CBOICTB MeM-
OpaHBbI BCIEACTBUE PAa3BOPAUYNBAHMUS CKEJIETHBIX Oell-
KOB, KaK 3TO ITPOMCXOJUT B 30HE CTPYKTYPHOTO IIepe-
xoza ipu 40°C, nipu HU3KOU TeMIIepaTrype HEBO3MOXKHO
[15]. [To MHEeHHUIO aBTOPOB 3TOH paboOTHI, Ooliee Be-
POATHON ABIAETCS THMOTE3a OeI0K-3aBHCUMOTO
Jatepa’gbHOro ()a3oBOTO pa3AeseHHs JIUIUIIOB C
TOYKH 3PEHHSI U3BECTHOT'O OEIOK-THITUAHOTO B3aUMO-
neictBusa Oenka 4.1 [15, 29, 38]. Ilpu u3yuenun
IO IBUKHOCTH TUNO(UIBHOM CIMHOBOM MeTKH 16-NS
B MeMOpaHax 3pUTPOLUTOB IOCIE PA3INYHBIX 00pa-
00TOK OBLITO OKA3aHO, YTO B TEPMOTPOITHBIN IEPEX0]T
B MeMOpaHax 3puTpounToB rpu §°C BoBeueH OeJI0K
4.1, KOTOPBIN SABISIETCS CBA3YIOUINM 3BEHOM MEXIY
LATOCKEJIETOM U MeMOpaHO# M WrpaeT KIIFOYEBYIO
POJIb B CTAOMITM3AIINY CTIEKTPUH-aKTHHOBOTO KOMILIIEK-
ca. CumuTaiot, 4To 6enok 4.1 cBsi3aH Kak ¢ MHTETPalb-
HBEIMH OelIKaMu MEeMOpaHbl, Tak U ¢ Junugamu [15,
27, 29]. B pabore [15] nokazaHo, 4T0 GEJIOK MOJIOCHI
3 Tak)Ke MOXKET OBIThH CBsi3aH ¢ OeykoM 4.1, a muTo-
CKeJleT-MeMOpaHHbIH KOMIUIEKC, COCTOSIINN U3 yKa-
3aHHBIX KOMIIOHEHTOB, OTBEYAET 3a TEPMOTPOIHBIN
nepexo; B MeMOpaHax 3puTpountoB B obnactu 8°C.
HccnepoBanue moaBMKHOCTH MaJlEMMHIHONH METKH
[14], xoTOpasi CBA3BIBAECTCSI CO CIIEKTPUHOM, ITOKA3aJIo,
YTO B AuamnaszoHe Temmeparyp mexay 10 u 25°C Tak
Ha3bIBaeMblil nmapameTp Oecriopsiika ObUT CTaOHIIb-
HbIM. [loBbIIIeHHE Temneparypbl Boiiie 25°C BbI3bI-
BaJIO PE3KOE YBEIMUEHHUE ITOTO MapamMeTpa, a CHUXKe-
Hue temrneparypsl Hmke 10°C — ero ymenblieHue. B
pabotax [8—10] aBTOpEI MOKa3aJIM, 9TO APPEHIYCOBBI
3aBHCHUMOCTH TOJBM)XKHOCTH MaJleMMHUIHON M Hon-
aleTaMUIHOM CIIMHOBBIX METOK, KOBJIGHTHO CBSI3aH-
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Puc. 3. AppeHiycoBa 3aBUCHMOCTb K03(h(hUIIMEHTA TPOHUIIAEMOCTH MEMOPaH HATHBHBIX
sputponutos uenoseka a1 JMCO B auanasone temmneparyp 3—37°C.

Fig. 3. Arrhenius dependency of permeability coefficient of human native erythrocyte
membranes for DMSO within 3—37°C range.

Analysis of scientific literature shows the existence
of some temperature ranges, wherein there are
observed the abnormalities of temperature depen-
dencies of processes, associated to erythrocyte memb-
ranes: 8—12, 18-20, 28-30 and >40°C. Structural chan-
ges, involved into these transfers are not completely
clear due to membrane complexity and anisotropy. A
change in membrane properties due to unfolding of
skeletal proteins, as it proceeds in structural transfer
area at 40°C, is not possible at low temperature [15].
The authors of this paper consider the hypothesis of
protein-dependent lateral phase lipid separation in
terms of the known protein-lipid interaction of protein
4.1 as the most probable [15, 29, 38]. When studying
the motility of lipophilic spine label 16-NS in erythrocyte
membranes after different treatments, the protein 4.1,
being a link between cytoskeletal and membrane and
playing a key role in stabilising spectrin-actin complex,
was demonstrated as involved into thermotropic transfer
in erythrocyte membranes at §°C. Protein 4.1 is
considered to be related to both integral membrane
proteins and lipids [15, 27, 29]. In the paper [15] the
band 3 protein may be also associated to the protein
4.1 and a cytoskeletal-membrane complex, consisting
of the mentioned components, is responsible for
thermotropic transfer in erythrocyte membranes in 8°C
range. Studying the motility of maleimide label [14],
binding to spectrin, demonstrated a so-called disorder
parameter within temperature range between 10 and
25°C as stable. Temperature rise above 25°C caused
a sharp increase in this parameter, but a temperature
fall below 10°C did its decrease. In the papers [§—10]
the authors demonstrated the Arrhenius dependencies
of motility of maleimide and iodoacetamide spin labels,
being covalently bound with proteins of spectrin-actin
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HBIX ¢ OelTKaM¥ CIIEKTPHH- 2
AKTHMHOBOTO KOMILIEKCA 3PH- 1,5 4
TPOLIUTOB YEJOBEKa M HX ;]
TEHEU, MpeTepneBarT U3-
JIoM Iipu Temneparypax 30 USR
u 10-12°C, a sT0 cBHUIE- 04
TEIbCTBYET O KOHpoOpMa- 05 4
[IMOHHOM TIepexofe BOgHO- 5
0eIKOBOI1 TOBEPXHOCTH IIH- 11
TOCKEJIETHBIX O€JIKOB B 3pH- -1,5 4
TPOLUTAX. 2
TepMOTpONIHBIE U3MEHE-
HUS B COCTOSTHUN MEMOpPaHBI 251
JOJDKHBI OTpaXkaThCs Ha €€ -3 T

y =-9819,5x + 32,707

y = —-3249x + 11,012

=-8916x + 29,85

y = -5997,6x + 19,665

y =-9930,9x + 33,43

nponunaemoctu. [Ipu uc-
ClJieIOBaHUH HAaMH TeMIlepa-
TYpHOW 3aBHUCHMOCTH Bpe-
MeHH 00MEHa MOJIEKyJ] BO-
IIbI dpUTpOIUTaMu [ 3] ObLI0
OTMEUEHO, UTO B IMAIIa30HE
temrepatyp 8—12°C rpadu-
K1 AppeHuyca JUIs 5PUTPOLIUTOB OTIEIbHBIX JOHOPOB
MIPETEPIIEBAIOT Pa3pbIB C CYIIECTBEHHBIM YBEIHYe-
HUEM SHEPruu aKTHBAIMH TIpOIlecca MpU TeMIepa-
typax Hike 8°C. B pabore [30] uccienoBaHo Biusi-
HUE€ TEeMIIepaTyphl Ha MOJBHKHOCTH CBOOOJHOTO U
Harpy>K€HHOT'0 TPaHCTIOpTepa HyKJIE03U/1a B SPUTPOLIH-
Tax yenoseka. [lokazano, 4To TemmneparypHas 3aBUCH-
MOCTHh MaKCHMaJIbHOM CKOPOCTH paBHOBECHOTO OOMe-
Ha *H-ypuauna npereprieBact U3JioM C yMEHbIIICHHEM
SHEPIUU aKTHBALMWH MpH Temreparypax Boime 30°C.
B 10 ke Bpemst MoABMKHOCTH CBOOOAHOTO TPAHCIIOP-
Tepa JEeMOHCTPUPOBaJia TEPMOTPOITHBIE W3MEHEHHS
npu teMnepatypax Huxke 15°C. OTmeuanuchk Takxe
TEMIIEpaTypO3aBUCUMbIE U3MEHEHUSI TpaHCIopTa
DIIOKO3BI [21], obneryennoit nuddysun L-nerinuna
[11].

Takum 006pazom, TeMIiepaTypa — 3TO BaKHBIH (hak-
TOP, BIUSIOUINHA HA CTPYKTYPY U PYHKIIUIO OHOJIOTH-
yeckux MeMmOpaH. V3ydyeHne TemnepaTypHbIX 3aBH-
CHMOCTEH TeX WU WHBIX MeMOPaHOCBI3aHHBIX
MIPOIIECCOB SIBJSIETCS. UHPOPMATHBHBIM METOJIOM IS
HCCIIEIOBaHNs KAK MEXaHU3MOB 3TUX MPOLIECCOB, TAK
U TEMIIEPaTypO3aBUCUMBIX U3MEHEHUH COCTOSHHUSA
MeMOpaH.

HUccnenyemple B Haiei paboTe KpUOPOTEKTOPEI,
XOTS WM MPOHUKAIOT Yepe3 MeMOpaHbl 3PUTPOLUTOB
OJUHAKOBO OBICTPO, OHAKO XapaKTEPU3YIOTCS Cy-
LIECTBEHHO Pa3NUYHBIMU K03 pumrenTamu pacripe-
JeeHus Mex Iy ruapodooHoi dazoit u Bomoii (0,076
u 0,247 cooTBeTcTBeHHO). B padotax [5, 6] 66110 1MO-
Ka3aHO, YTO MOJIEKYJIbI KPHOIIPOTEKTOPOB MOTYT MPO-
HUKaTh KaK yepe3 TuApopHIbHbIE OETKOBbIC KAHAHI,
TaK ¥ Yepe3 TUIHuIHBIN 6ucioi. [IporieaTHOE COOTHO-
LICHUE TTIOTOKOB BEUIECTB ATUMH Iy TSIMUA OTJIUYAETCSI
BCJIEICTBHE PA3THYHA (PUZNKO-XUMHUYECKUX U T€OMET-
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Puc. 4. Appennycosa 3aBucuMocTb K03 duireHTa npoHuaemMoctu Mmemopad pCMBS-
00paboTaHHBIX 3pUTpoUTOB YesoBeka 1t JIMCO B nnamnazone temneparyp 3—37°C.
Fig. 4. Arrhenius dependency of permeability coefficient of pCMBS-treated human
erythrocyte membranes for DMSO within 3—37°C range.

complex of human erythrocytes and their ghosts, to
undergo the kink at 30 and 10-12°C, that testified to a
conformation transfer of water-protein surface of
cytoskeletal proteins in erythrocytes.

Thermotropic changes in a membrane state should
affect its permeability. When we studied a temperature
dependency of exchange time of water molecules with
erythrocytes [3], the Arrhenius plots for erythrocytes
of some donors within 8—12°C were noted to undergo
arupture with a significant rise in activation energy of
the process at temperatures below 8°C. In the paper
[30] there was investigated the temperature effect on
motility of free and charged transport of nucleoside in
human erythrocytes. Temperature dependency of
maximum rate of equilibrium exchange of *H-uridine
was demonstrated as undergoing a kink with a
decrease in activation energy at temperatures above
30°C. At the same time the motility of free carrier
demonstrated thermotropic changes at temperatures
below 15°C. Temperature-dependent changes in
glucose transport [21], L-leucine facilitated diffusion
were also observed [11].

Thus, the temperature is an important factor, affec-
ting the structure and function of biological membranes.
The study of temperature dependencies of these or
those membrane-bound processes is an informative
method to investigate both mechanisms of these pro-
cesses and temperature-dependent changes in memb-
rane state.

Even if the studied in our research cryoprotectants
penetrate through erythrocyte membranes in an equally
rapid way, they are characterised by significantly
different coefficients of distribution between hydro-
phobic phase and water (0.076 and 0.247, correspon-
dingly). In the papers [5, 6] the cryoprotective mole-
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PUYECKUX MTapaMeTPOB, B YACTHOCTH UX TUIPODUIH-
HOCTH Wi rusipododHocTu. [Ipu n3yueHun npoHuna-
€MOCTH BELIECTB C Pa3InYHON CTENEeHbI0 THAPO(OO-
HOCTH TEPMOTPOITHBIC H3MEHEHUS CBOMCTB MEMOPaHBI
MOTYT TMPOSBIATHCS TO-Pa3HOMY.

IIpoBeneHHBIN HAMU aHAIU3 TEMIIEPATYPHBIX
3aBUCUMOCTEH MTPOHUTIAEMOCTH HaTUBHBIX 1 pPCMBS-
00pabOTaHHBIX PPUTPOITUTOB IS KPUOTIPOTEKTOPOB
HE TOJIBKO MOATBEP)KIAeT HAIWYHE TEePMOTPOITHBIX
MIEPEeX0I0B B MEMOpaHax SPUTPOIUTOB MPH OXJIaXK-
JICHUU HUXe (PU3UOJOTHYECKHUX TEeMIIepaTyp, HO U
YKa3bIBacT Ha TO, YTO BKJIaJ OEIIKOBOTO ITyTH MPOHUK-
HOBEHUS 3TUX HEAIEKTPOJIUTOB CTAHOBHUTCS CYIIECT-
BEHHBIM TOJIEKO B 00JIACTH TeMIepaTyp, ONH3KUX K
¢uznonornyeckum (Boiie 30°C). Tot dakrt, 4To u3nom
aApPEHUYCOBO 3aBUCHMOCTH C PE3KUM YMEHBIIICHUEM
SHEPTHH aKTUBAITUH B 00jacTu Temiepatyp 30-37°C
HabmIogaeTes I THAPOGUIEHOTO HEIIEKTPOIUTA
1,2-I1/1, 1o He aysa rudpododHOTO JIMCO, cCBHIETETH-
CTBYET O TOM, YTO B JIaHHOM CIIy4ae WMEET MECTO
M3JIOM appPEHNYCOBOM 3aBUCHMOCTH HE B CBS3H C U3Me-
HEHHEM CBOMCTB JIMITUIHOTO MaTPHUKCa, KaK ITyTH IIPO-
HUKHOBCHUS, & OTKPBITHEM JIPYTrOro NapauieIbHOro
nyTu — ruapoduibHOro kKaHana. To, uto 0OpaboTka
spurporutoB pPCMBS ycTpaHser nu3MeHeHHe SHEPTUn
AKTUBAIUHN IPOHUKHOBEHUS THIPO(UIBHOTO HEIIEK-
Tponuta B 061actu 30-37°C, HO HE BAMAET HA DHEP-
ruro aktuBaiuu ruapododnoro AMCO, moarBepxk-
IAET ATOT BBIBOJ.

Paznuums moBegeHns appeHNYCOBBIX 3aBUCUMOC-
Tel IS ABYX WCCIIEIOBAHHBIX KPHOIMPOTEKTOPOB B
obnacTy TemMrneparyp, OJM3KAX K (PH3UOIOTHICCKIM,
MIPOSIBIISAIOTCS] TaKkKe B OoJiee BBIPAKEHHBIX M3MeE-
Henusnx B guamasone 27-30°C gas IMCO. Pe3kum
aJICHUEM SHEPTUU aKTUBAIIUHU B 3TON 00JIaCTH XapaK-
TEPU3YIOTCSA KaK WHIWBHIyaJbHBIC, TAK M aIPOK-
CUMHPOBAHHBIC [T0 BCEM TOYKaM rpadyuku AppeHuyca
i HatuBHBIX 1 pPCMBS-00paboTanHbIX 3pUTpO-
uutoB. g 1,2-11]] nageHue >Hepruu akTUBAIMU B
yKa3aHHOM TEMIIepaTypHOM JHara3oHe YeTKO Hal-
JIONIAI0Ch Ha appPEHUYCOBBIX 3aBHCHMOCTSX TOJBKO
HEKOTOPBIX JOHOPOB ISl HATUBHBIX SPUTPOIUTOB 1 HA
BCEX MHAWBUAYAFHBIX H yCPETHEHHOW 3aBUCUMOCTSIX
st pCMBS-00paboTaHHBIX SPUTPOITUTOB. Bo3Mok-
HO, 3TO 00yCIIOBIIEHO TEM, UTO YKa3aHHbBIE H3MEHEHUS
CBSI3aHBI C U3MCHEHUEM COCTOSHUS JIMITHIHOTO OU-
CJI0s1, @ He OCITKOBBIX My TEH MPOHUIIAEMOCTH. YMEHb-
IICHUE e YHEPTUU aKTUBAITUH IPOHUKHOBeHUsI 1,2-T1]]
B HaTUBHBIC 3PUTPOLHUTHI MPU AATLHEUIIEM MOBBI-
meHnu Temnepatypsl (30-37°C), cBI3aHHOE C IPOHUK-
HOBCHUEM 4Yepe3 TuApoPUIbHBIC KaHATbl, MOXKET
MackupoBath d3hdexTsr B odmactu 27-30°C.

B pabotax [2, 3] HamMu OBLUTO BBICKa3aHO TPEIITO-
JIO)KEHHE, 9TO PE3KOe YBEIMUSHNE YHEPTUH AKTHBAIINN
MIPOHUKHOBEHHS BOJBI M KPHOTIPOTEKTOPOB B 0071aCTH
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cules were demonstrated as capable to penetrate both
through hydrophilic protein channels and lipid bilayer.
Percentage ratio of substance flows by these pathways
is distinguished due to a difference of physical-chemical
and geometric parameters, in particular, their hydro-
philicity or hydrophobicity. When studying the sub-
stance permeability with a different degree of hyd-
rophobicity the thermotropic changes in membrane
properties may be manifested in a different way.

The performed analysis of temperature depen-
dencies of permeability for native and pCMBS-treated
erythrocytes for cryoprotectants confirms not only the
presence of thermotropic transfers in erythrocyte
membranes under cooling below physiological tempe-
ratures, but indicates to the fact, that the contribution
of protein pathway of penetration of these non-
electrolytes becomes significant only within tempe-
rature range, close to physiological ones (above 30°C).
The fact, that a kink in Arrhenius dependency with a
shark decrease in activation energy within 30-37°C is
observed for 1,2-PD hydrophilic non-electrolyte, but
not for hydrophobic DMSO, testifies to this kink as
occurred not only due to the changed properties of
lipid matrix, as a penetration pathway, but the opening
of other parallel pathway: hydrophilic channel. The
fact, that the erythrocyte treatment with pCMBS
eliminates a change in activation energy of hydrophilic
non-electrolyte penetration within 30-37°C range, but
does not affect the activation energy of hydrophobic
DMSO confirms this conclusion.

Differences in behaviour of Arrhenius dependen-
cies for two studied cryoprotectants within tempera-
tures, close to physiological ones, manifest also in more
significant changes within 27-30°C range for DMSO.
Both individual and approximated by all the points
Arrhenius plots for native and pCMBS-treated erythro-
cytes are characterised by a sharp decrease in activa-
tion energy within this range. For 1,2-PD the activation
energy fall within the mentioned temperature range
was distinctly observed in Arrhenius dependencies of
only some donors for native erythrocytes and in all
individual and averaged dependencies for pCMBS-
treated erythrocytes. This is possibly stipulated by a
relationship of the mentioned changes with a change
in lipid bilayer state, but not protein pathways of
permeability. A decrease in activation energy of 1,2-
PD penetration into native erythrocytes during follo-
wing temperature rise (30-37°C), related to the
penetration through hydrophilic channels, may disguise
the effects within 27-30°C range.

In the papers [2, 3] we suggested about a sharp
increase in the activation energy of water and cryo-
protectant penetration within temperature range below
12°C as associated to blocking a protein pathway of
these substances diffusion due to a conformational
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temneparyp Hwke 12°C MoxeT OBITh CBA3aHO ¢ 0J10-
KHAPOBaHHEM OEKOBOTO Iy TH () (Py3UH ITUX BELISCTB
BCJIEACTBHE KOH(POPMAIIIOHHOTO [IEPEX0/1a B aKTHHCIICK-
TPHUHOBOM KOMIIJIEKCE LIUTOCKENETa SPUTPOLMTOB H
CBSI3aHHOTO C HIIM aHMOHOOOMEHHOTO OeNKa IOJIOCHI 3.
Ponr Genka mosockl 3 B MPOHUITAEMOCTH MeMOpaH
SPUTPOITUTOB AJISt MOJIEKYIT BOJIBI K MAJIBIX HEDJIEKTPO-
nuToB ObUTa oTMedeHa B pabotax [18, 33, 35, 37].
OnHako MpOBEICHHOE B TAHHOH pa0b0OTe UCCIICIOBAHIE
TeMIEepaTypHOH 3aBUCUMOCTH NMPOHUIAEMOCTH
pCMBS-00paboTaHHBIX 3PUTPOLUTOB IOKA3aJI0, YTO
00paboTKa 3pUTPOLUTOB CYIb(OIHUIPUIBHBIM pearcH-
TOM HE YCTpaHseT H3JI0Ma appeHUYCOBOH 3aBUCH-
MocTH B obnactu Temmeparyp Hwke 12°C kak s
1,2-I11, tak u gna AMCO. CnenoBatensHo, yBEIH-
YeHHe SHEPTUY aKTHBALIUHY IPY OXJIsKIeHNN Huoke 12°C
CBS3aHO C COCTOSIHHEM JIMITUJHOTO MaTpuKca (Bs3-
KOCTH, HAIMIUEM Ae(HEKTHBIX THAPODUILHEBIX TTOD).
[To-BumuMOMY, CTPYKTYPHBIN TIepexo OEIKOB ITHUTO-
CKeJIeTa UTPAaeT CYIIECTBEHHYIO POJIb B HAPYIICHUH
MeMOpaHHOTO aHcaMOJIsi B 3TOH 00JacTH TeMIie-
paryp, OJJHaKO yBeIHIeHIE SHEPTHH aKTHBAITUH 00yC-
JIOBJIEHO CKOPEE COCTOSIHUEM JIUTTMJHOTO OHCIIOs1, a He
3aKPBITHEM OCITKOBBIX KaHAJIOB.

Taxum 006pa3zomM, cpaBHEHUE apPEHUYCOBBIX 3aBH-
CHMOCTEH MPOHUKHOBEHHUSI BEIIECTB C PA3JIMYHOM cTe-
MEHBIO THAPOGOOHOCTH MPENOCTABIAET NOTOTHUTENb-
HBIE BO3MOKHOCTH JJIs TIOTy4eHUs] HHPOpMauu 00
OTKJINKe MeMOpaH Ha oxnaxneHnue. Ha cmpaBemmm-
BOCTB IIPEJIOKEHHOTO MOAX0a TPH MHTEPIIPETANN
MTOJTy9YEeHHBIX PE3yJIbTaTOB YKA3BIBAIOT U aBTOPHI Pa-
00THI [ 13], KOTOpBIE OTMEYAITH, YTO KPUTHIECKUE TEM-
[epaTypsl, OTpeAesieMble ITyTeM CETMEHTapHO TO-
TOHKH TOYEK B ApPEHUYCOBBIX KOOPIUHATAX, SIBIISTFOTCS
HE MPOCTO CBOWCTBOM HCCIIEAYEMOT0 00BEKTa, HO H
CBOWCTBOM 30H/1a, BRLIOPaHHOTO JIsl KCCIICAOBAHHUS, a
TaKXe MCCIIeyeMON TeMIepaTypHOU 30HBI.

BbiBOABI

1. IIpoBeneHHble HcClIenOBaHUS MOKA3ald, 4TO
TEPMOTPOITHBIE U3MEHEHUS B COCTOSIHHH TIIa3MaTH-
YecKnX MeMOpaH MPH OXJIaXKIEHIH SYPUTPOITUTOB HIKE
(hM3HONOTHYECKUX TEMIIepaTyp MPUBOIAT K PE3KUM
VM3MEHEHUSIM SHEPTUH aKTHBAIIUH ITACCHBHOTO IIPOHHK-
HOBEHHS MallbIX HeaNeKTpoiauToB. Hamboree BwIpa-
JKEHHBIC U3MCHCHUS DHEPTHHM aKTHUBAIUM HaOIIO-
JaloTcs B AuamnaszoHe temneparyp 27-30 u 12-15°C
Kak JJIsi HaTuBHBIX, Tak 1 pPCMBS-00padoTanHbIX
SPUTPOIIMTOB, YTO CBUACTEILCTBYET 00 M3MCHCHUU
COCTOSIHUS JTUTTHTHOTO OUCITOSL.

2. Pe3xoe yMeHbIIICHUE SHEPTHUH aKTHBAIIUU ITPO-
HUKHOBEHHS THAPOGIITHLHOTO KprotpotekTopa 1,2-11/]B
obmactu remriepatyp 30—-37°C ucdesaer rmocie odpa-
6otku 3putpornToB pPCMBS. CriemoBaTenbHO, B 3TOM
o0JyacTu TeMIiepaTyp CymecTBEHHBIN BKJIaI B TPaHC-
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transfer in actin-spectrin complex of erythrocyte
cytoskeleton and related to it anion-exchanged band 3
protein. The role of band 3 protein in erythrocyte
membrane permeability for water and small non-
electrolyte molecules was noted in the papers [18, 33,
35, 37]. However the presented in this paper research
of temperature dependency of pCMBS-treated eryth-
rocyte permeability demonstrated the erythrocyte
treatment with sulphhydryl reagent as not eliminating
a kink in Arrhenius dependency within temperature
range below 12°C for both 1,2-PD and DMSO. Conse-
quently, an increased activation energy during cooling
below 12°C is associated to the state of lipid matrix
(viscosity, presence of defect hydrophilic pores). Appa-
rently, a structural transfer of cytoskeletal proteins
plays a significant role in disordered membrane en-
semble within this temperature range, but an increase
in activation energy is rather stipulated by a state of
lipid bilayer, but not protein channel closing.

Thus, a comparison of Arrhenius dependencies of
penetration of substances with different hydrophobicity
degree provides additional opportunities for obtaining
the information about membrane response to cooling.
The authors of the paper [13] point to the correctness
of the proposed approach when interpreting the results
obtained. They note, that the critical temperatures, de-
termined via a segmented fitting of points in Arrhenius
coordinates are not just a feature of the studied object,
but that for the probe, selected for research, as well
as studied temperature zone.

Conclusions

1. The performed research demonstrated the ther-
motropic changes in plasma membrane state under
erythrocyte cooling below physiological temperature
as resulting in sharp changes in activation energy of
passive penetration of small non-electrolytes. The most
pronounced changes in activation energy are noted
within 27-30 and 12—15°C range for both native and
pCMBS-treated erythrocytes, testifying to a changed
lipid bilayer state.

2. A sharp decrease in activation energy of 1,2-
PD hydrophilic cryoprotectant penetration within 30—
37°C range disappears after erythrocyte treatment with
pCMBS. Consequently, within this temperature range
a significant contribution into 1,2-PD transmembrane
flow is made by protein hydrophilic channels.
Penetration of DMSO hydrophobic cryoprotectant is
mostly provided by penetration through a lipid bilayer.

3. The presence of kinks in Arrhenius plots and an
increase in activation energy of penetration of both
hydrophilic 1,2-PD and hydrophobic DMSO within
temperature range below 12°C are not eliminated via
erythrocyte treatment with sulphhydryl reagent. Thus,
these effects can not be explained by blocking protein
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MeMOpaHHbIHi IoTok 1,2-11]] BHOCST OeNKoBBIE THAPO-
¢unbHble KaHaibl. [IpoHnkHOBeHHE TUAPOGOOHOTO
kpuomnpotekropa IMCO obecnieuuBaeTcs B OCHOB-
HOM IIPOHWKHOBEHUEM Yepe3 JINITHIHBII OUCTION.

3. Hanmmume u3noMoB rpadukoB AppeHnyca u yBe-
JMUYEHUE DYHEPTHH aKTHBAIMH MPOHUKHOBEHUS KaK
rugpoduisHoro 1,2-ITJ1, Tak u ruapododHoro IMCO
B Anana3oHe TeMreparyp Huke 12°C He yCcTpaHSIoT-
ca 06pabOTKOW SPUTPOLUHUTOB CYIb(PTHAPHIHLHBIM
pearenToM. Takum o6pa3om, 3T 3¢ (PeKTh HE MOTYT
OBITH OOBSICHEHBI 3aKPHITUEM OCJIKOBBIX IMyTel IPOHU-
LAeMOCTH JUIs1 UCCIICIOBAaHHBIX BEIIECTB. MI3MeHeHHs
CBOMCTB MPOHHULIAEMOCTH B 3TOM JHAaIla30HE TeMIlepa-
TYp CBSI3aHBI, IO-BUAUMOMY, C COCTOSIHHEM JIUTTUAHOTO
Ouci0s1, KOTOpoe 00YCIIOBICHO CTPYKTYpHBIM IIepe-
XOJ0M O€JIOK-TUIUIHOTO KOMIUIEKCa MEMOpaH 3pUT-
POITUTOB.

Asmopul vipascaiom 01a200apHOCMb peYeH3eHmy
Lvimban JI.B. 3a nonesnoe oocycoenue.
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pathways of permeability for the studied substances.
Changes in permeability properties within this
temperature range are apparently associated to a state
of lipid bilayer, stipulated by a structural transfer of
protein—lipid complex of erythrocyte membranes.

Authors express gratitude to Dr. Liliya Tsymbal for
useful discussion.
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