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Mechanisms of Glycerol Permeability
through the Membrane of Human Erythrocytes

OTpuMaHO Koe(ilieHTH MPOHUKHOCTI MEMOpaH epUTPOLIMTIB JIIOJMHH JUIS DIILEPUHY B IIMPOKOMY TEMIIEpaTypHOMY Jiana3oHi
(37...4°C) 3 inTepBasiom 23 rpagycu. 3a apeHiyCOBUMH 3aJISKHOCTSIMU PO3PAaXOBaHi BEIMYMHN SHEPTii akTUBALi{ IPOHMKAHHS MOJICKYII
rinepuny B eputpounTy. [lokasaHo, 1o B xianasoni temneparyp 12...15°C criocrepiraerbest po3pus rpadika ApeHiyca 3 BiporiiHUM
30UIBIICHHSIM €Heprii akTuBauii B 30Hi HU3bKHX Temreparyp. OTpuMani BeanurHu eHeprii aktusanii 76 + 13 (37...15°C) ta 159 + 15,6
kJDxxmob ! (12...4°C) cBiguars npo, MpUHANMHI, 4aCTKOBE IPOHUKAHHS MOJICKYJI IIIIIEPHHY Kpi3b JiniaHui Gitap. OGroBOPIOOTHCS
JaHi JTiTepaTypy o0 KoedillieHTiB IPOHUKHOCTI MEMOpaH epUTPOLIUTIB JIFOIMHH [T MOJICKYJT ITiLIEPHHY, BU3HAUCHI Pi3HUMH METOJIaMH.

Knrwouessle cnosa: eputTpoluTy, TIIEPUH, TPOHUKHICTh, CHEPTis aKTUBAITi1, METOIN BU3HAYCHHS KOS (DIIlIEHTIB TPOHUKHOCTI.

[Mony4ens! kK03 PUIMEHTH! TPOHULIAEMOCTH MEMOpPaH SPUTPOLIUTOB YeSIOBEKa I NIMLEPHHA B IIMPOKOM TEMIIEPaTypHOM AUana3oHe
(37...4°C) c untepBanom 2-3 rpaxayca. I1o appeHIyCOBBIM 3aBUCUMOCTSIM pacCYUTaHbI BETUUMHbI S3HEPIUU aKTUBALUH IPOHUKHOBEHUS
MOJIEKYJI IIMLEPUHA B 9pUTPoUuThl. [lokazaHo, uTo B tuana3oHe Temmeparyp 12...15°C nabmronaercs pa3psiB rpaduka AppeHuyca c
JOCTOBEPHBIM YBEIMYCHHEM SHEPIHU aKTUBALIUH B 00JIaCTH HU3KHX Temiieparyp. [ToimyueHHbIe BeTMUMHBI SHEPT U akTHBauu 76 + 13
(37...15°C) u 159 £ 15,6 xJIxxmonb ! (12...4°C) CBUAETENBCTBYIOT, 110 KpaiHel Mepe, 0 YaCTHYHOM IPOHUKHOBCHHH MOJICKYJI ITHLICPUHA
yepe3 JIMMUAHBIN Oucioii. O0CyKIaroTCsl JaHHbIE IUTEPaTyphl 0 K03 GHLIUEHTAX IPOHUIIAEMOCTH MEMOPaH IPUTPOLIUTOB YeJIOBEKa
JUTSL MOJIEKYJI TITHLIEPUHA, ONPE/IeIICHHbIE Pa3INYHBIMUA METOIAMH.

Knrouoei cnosa: SpuTpoOIUTEI, TUIEPUH, TPOHHIIAEMOCTh, SHEPTHUS AKTUBAIIMH, METObI ONPEACICHUS KOAPPHUIIUMCHTOB MPOHH-
I[AEMOCTH.

The performed study provided the permeability coefficients of human erythrocyte membranes for glycerol in wide temperature
interval (37...4°C) with step of 23 degrees. Using the Arrhenius dependencies the activation energies of glycerol molecules penetration
into erythrocytes were calculated. The temperature range of 12...15°C was characterized with a break in Arrhenius dependence with
a significant rise in activation energy in low temperature area. The obtained values of activation energy, 76 + 13 (37...15°C) and 159
+ 15.6 kJxmol™ (12...4°C) testify to at least partial penetration of glycerol molecules through lipid bilayer. The paper discusses the

literature data on coefficients of permeability for glycerol molecules, assessed with various methods.
Key words: erythrocytes, glycerol, permeability, activation energy, methods for assessment of permeability coefficients.

Enepris akTuBalii € BaXXJIMBOIO XapaKTEPUCTHKOIO
TPaAHCTIOPTHUX nporeciB. OTHIM 3 apTyMEHTIB Ha KO-
PHUCTH IPOHUKAHHSA MOJIEKYJI Kpi3b IIa3MaTUIHI MEM-
OpaHu 3a THM YH IHIIAM MEXaHI3MOM € BEJIMYHHA
BHIMMOI eHeprii akTrBanii nporo mpouecy. I lponnkanas
MOJIEKYJT BOAX 1 POZYMHEHHUX PEUOBUH KPi3h INTYUHI
Ta MPUPOIHI MEMOPaHH IEBHUMH CTPYKTYPHO 0OYMOB-
JICHUMH HIISIXaMH XapaKTEePHU3YIOThCS BIATIOBIAHUMH
3HAYECHHSIMHU BUIUMO] eHeprii aktuBauii. [[ponukanHro
PEUOBHH 3a KaHaJIbHUM MEXaHi3MOM BiANOBiAaIOTH,
SIK TIPaBUJIO, 3HAUEHHS €HepTii akTHUBallii B Jiama3oHi
15-25 x>x/M071b, SIKi y3rO[KYIOThCA 31 3HAUEHHIMHU
eHeprii aktuBauii Augys3ii B 00’emHoMy po3uuHi. [Ipu
MIPOHUKAHHI MOJIEKYJI HIJISIXOM PO34MHEHHsI 1 qudy3ii B
JMIMiJHOMY MaTpPHUKCi 3HAUEHHS eHeprii akTuBarlii
ctanoByATh 30—85 k/Ix/Moib 1 Oubiie [14, 17, 22].
Taxk, amst mudy3ii MOIEKyN BOAH B €pUTPOLITH JFOAUHU
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The activation energy is an important characteristic
of transport processes. One of arguments in favor of
penetration of molecules through the plasma membrane
by one or another mechanism is the value of the
apparent activation energy of this process. Penetration
of molecules of water and solutes through artificial
and natural membranes of certain structure-conditioned
ways is characterized by the corresponding values of
the apparent activation energy. Penetration of sub-
stances under the the channel mechanism is charac-
terized usually by the activation energies in the range
of 15-25 kJ/mol, consistent with the values of the ac-
tivation energy of diffusion in the bulk solution. If the
molecules penetrate through dissolution and diffusion
in the lipid matrix the activation energies make30—85
kJ/mol and more [14, 17, 22]. For example in the case
of diffusion of water molecules in human erythrocytes
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SHepTis aKTUBAIll BUSIBUIIACH PIBHOIO 25 KJI>K/MOJIb.
s BenmuunHa € TPoXH OLIBINOIO, HiXK Ui audy3ii
MOJIEKYJ Boax B 00’ eMHOMY po3uuHi (19 k/[x/Moib),
aje MEHIOI0 3a TaKy s JimigHux Oimapis (45—
60 x/Ix/momnp) [26]. Panime [5] Oynmo moka3aHo, 110
SHeprisl akTHBALli] MPOHUKAHHS TaKUX KPIOPOTEKTOPIB,
sk 1,2-nponanmion (1,2-I1/1) i aumeruncynshoxrcun
(AMCO) B epuTpOLIUTH JTFOIMHU 3HAXOTUTHCS B MEKAX
(B 3a;meKHOCTI BiJ TeMIepaTypHOTO Aianazony) 40-
97 ta 34-90 x/[x/mMons BimnosigHO. Byno 3pobieHo
BHCHOBOK, ITI0 TPOHUKAHHSI IUX PEYOBUH BiZIOyBAETHCSI
JIBOMa TapaJIeI-HUMU MIITXaMH — O1TKOBUM 1 JITIiI-
guM. CHiBBIAHOIIEHHS ITOTOKIB MMM LLISXaMU I
PI3HHX PEYOBHH 3aJIEKUTH K BiJl PO3MIPIB MOJIEKY,
Tax i Bif iX rizpodinbHO-TiApoHOOHUX BIaCTUBOCTEH
[11].

I'minepuH € HaOLTBI TiAPOGITEHIM 3 BIIOMHX Kpio-
nporekTopiB. KoedimieHT fioro po3nomity Mix riapodo0-
HOIO (a30r0 (N-oKTaHOM) i BOAO cTaHoBUTH 0,005,
110 Ha MTOPSAI0K MEHIIIe, Hixk s eTrieHrikonro (EI)
(K=0,04)11,2-IT (K= 0,076) [11]. Tomy #ioro npo-
HUKaHHS Kpi3b JMiHuN Oimap Bkpaii yrpynseHo. [Ipo-
Te, OyJI0 TI0Ka3aHo [ 3], 1110 00poOKa epUTPOIUTIB CYIIh(-
rizpunsanM peareHToM pCMBS, mo e 6mokaTopom
OLTKOBUX KaHAJIIB epUTPOUNTIB Jitonuu# [ 19], He Brum-
Ba€ Ha X MPOHMKHICTH 171 Timinepuny npu 20°C. [pu
LOMY KoedillieHT NPOHUKHOCTI 11s Trinepuny (0,038
106 MmXc™') Ha 2 MOPAAKKA MEHIIE TAKUX IS IIBUIKO
MPOHUKAIOUMX TiApodinbHuX HeenekTpomitie — EI
(1,98%10°¢ mxc ) abo 1,2-TT1]T (1,6%10°° m*xc™), i Ha no-
PSAIOK MEHIIIE, HiX KOe(Dil[iEeHTH TPOHUKHOCTI [T HUX
pCMBS-06po6nennx epurporurtis (0,526x10° mxc™!
10,664%1076 mxc™! BigmoBigHo) [11]. Take ciBBigHO-
IeHHsI KOe(iIiEHTIB MIPOHUKHOCTI KOPEJIFOE 31 CITIBBIIHO-
HICHHSM KOe(ili€HTIB PO3MOALTY IUX PEYOBUH MiXK
riapodooHoI0 (ha3oro i Boaor0. bysio 3pobiieHo BUCHO-
BOK, 110 TIIIIIEPUH MPOHUKAE B I KIITHHH JITHAM
nursixoM [3]. Lleit BHCHOBOK TakoX y3TOMKYETHCS 3
JTAHIMH III0JI0 PO3MIPiB MOJIEKYITH IJIIIIEPHUHY 1 OLTKOBHIX
KaHaJliB epUTPOUUTiB. JliaMeTp MOJIEKyIH TIIiLEpUHY
cTaHOBHTB 4,7 A (1u1st MOpiBHSHHAS, AiaMeTp MOMEKyIIH
ET cranoButs 2,6 A, 1,2-11J1 - 3,7 A). o Toro x BU-
KIIIOYHO BHCOKA TiAPO(QiIbHICTE MONEKY TIiLEPUHY
03Hayae J0CTAaTHbO CHIBHHUM 3B 30K 3 TiApaTHOIO
000JIOHKOIO, 1[0 MOXE 30IMBIIUTH iX ePeKTUBHUN
po3mip, AKuii 1 6€3 TOro NepeBHIye KPUTHIHAN IS
MPOXOJKEHHSI Yepe3 TipodiabHi KaHAIM MeMOpaH
eputpounTis moaunu [3, 11]. € mikaBuM Takox TOH
(haxT, 1110 Ha BiAMiHY Bil €pUTPOLHTIB JFOIWHH DTIIEPUH
HabaraTo MOBUIBHIIIE IPOHUKAE B EPUTPOLIUTH BiBIII
Ta OWKa 1 HabaraTo MIBUJIIEC — B EPUTPOIUTH LIyPiB
[12, 15]. Sk BigoMo, macMBHA MMPOHUKHICTB JIiITi THUX
OimapiB TiCHO MOB’A3aHa 3 IX TEKYYiCTIO, a OTXKeE i3
BMiCTOM HEHACHMYEHHX JXUPHHUX KHUCIOT. [HAEKC
TIOJIBItHMX 3B'SI3KIB IS JTiMTI/[IB @PUTPOLIUTIB BiBIIi, OWKa,
JIFOIMHM 1 TiTypa ctanoBuTh 0,7; 0,8; 1,41 1,7 BiHOBITHO.
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the activation energy was found to be 25 kJ/mol. This
value was a little higher than the diffusion of water
molecules in the bulk solution (19 kJ/mol), but less than
the value for the lipid bilayer (45—60 kJ/mol) [26]. It
was shown previously [5], that the activation energy
of penetrating cryoprotectants such as 1,2-propanediol
(1,2-PD) and dimethyl sulfoxide (DMSO) in human
erythrocytes was within (depending on the temperature
range) 40-97 and 34-90 kJ/mol, respectively. It was
concluded that the penetration of these substances
occured through two parallel pathways of protein and
lipid nature. Proportions of the flows through these
pathways for different substances depends on the size
of molecules and their hydrophilic-hydrophobic proper-
ties [11].

Glycerol is the most hydrophilic substance among
the known cryoprotectants. The coefficient of its distri-
bution between the hydrophobic phase (n-octanol) and
water is 0.005, which is by one order less than for
ethylene glycol (EG) (C,=0.04) and 1,2-PD (C,=0.076)
[11]. Therefore, its penetration through the lipid bilayer
is extremely impeded. However, it was shown [3] that
treatment of erythrocytes with sulfhydryl reagent
pCMBS, which is a blocker of protein channels of hu-
man erythrocytes [19], does not affect their perme-
ability for glycerol at 20°C. The coefficient of permea-
bility for glycerol (0.038x10°¢ mxs™) is 2 orders of
magnitude less than those for fast penetrating hydro-
philic non-electrolytes: EG (1.98x10° mxs™') or 1,2-
PD (1.6%10° mxs'), and an order of magnitude less
than the permeability coefficients for these substances
of pCMBS-treated erythrocytes (0.526x107¢ mxs™
and 0.664x10° mxs™, respectively) [11]. Such a pro-
portion between permeability coefficients correlates
with the ratio between the distribution coefficients for
these substances between the hydrophobic phase and
water. It was concluded that glycerol penetrates in
these cells through the lipids [3]. This conclusion is
also consistent with data on the size of the molecule of
glycerol and protein channels of erythrocytes. The
diameter of glycerol molecule is 4.7 A (for comparison,
the diameter of the molecule of EG is 2.6 A, and of
1,2-PDis 3,7 A). In addition, the extremely high hydro-
philicity of glycerol molecules means a strong enough
relationship with hydrate shell, that may increase their
effective size, which already exceeds the critical value
to pass through the hydrophilic channels of human
erythrocyte membranes [3, 11]. There is also an inte-
resting fact that in contrast to human erythrocytes the
glycerol penetrates more slowly into sheep and bovine
erythrocytes and much faster into rat erythrocytes [12,
15]. Passive permeability of the lipid bilayer is known
to be closely related to their fluidity, and therefore to
their content of unsaturated fatty acids. Index of double
bonds for sheep, bovine, human and rat erythrocyte
lipids equals 0.7, 0.8, 1.4 and 1.7, respectively. This

problems
of cryobiology

Vol. 22, 2012, Ne4



e BU3Ha4Ya€THCA NiMiJHAM CKJIaJJOM MEMOpaH epuT-
pouuTiB. Tak, MeMOpaHH €PUTPOLUTIB OMKa MiCTAThH
Habararo OinpImi BigcoTok (46,2%) cdinromieniny
(immexc monBiiHuX 3B’s13kiB 0,33) y mopiBHIHHI 3
eputporuramu Jronuan (25,8%) 3a paxyHok docda-
TUIWIXOJIHY (1HAEeKC moaBiiHUX 3B’s3kiB 0,96) [7].
Taxum 9yuHOM, Bepcis MPOHUKAHHS TIILEPUHY came
Yyepes3 JNiMmiIHUH Oirap y3ropKy€eThCs 3 JTaHUMU PO
T THAN CKIJ1aJ MeMOpPaH epUTPOIIHTIB Pi3HUX CCABIIIB.

3 irmoro 6oky, N. Roudier Ta criiBaBropu [21] BBa-
KAaroTh, 110 B MeMOpaHaxX epUTPOLIUTIB JIIOANUHH € TITi-
LIEPYHOBI KaHAJIH 1 IMTILIEPUH IPOHMKAE B 111 KIIITUHH CIIe-
uupiYHUMHU KaHallaMH, YTBOPEHUMHU KaHAJIbHUM
6inmkom. Metonom BectepH-610TiHTY aBTOpH 3aCBif-
YUY ICHYBaHHSI B MEMOpaHax epUTPOLUTIB JIIOIUHH
akBartinepornopuny AQP3. Takox Oyi10 mokas3aHo, 1o
AQP3 Bu3HavaeTbCst B MEMOpaHax €PUTPOITUTIB JTIO-
JIMHH, TOJII IK B MEMOpaHaX epUTPOLIUTIB OMKa iMyHO-
(hmyopecuieHTHHI aHAaJIi3 iATBEPINB BiICYTHICTH €KC-
mpecii AQP3 [8].

3 MEeTOI0 BCTAaHOBIJIEHHA MOKJIMBUX MEXaHI3MiB
MIPOHHUKAHHS TJTIIIEPUHY B €PUTPOIMTH JTFOIMHN HAMH
OynM OTpUMaHi BEIMYMHM €HEprii akTHBaLii LOTO
poriecy B aiama3oHi temmeparyp 37...4°C. s poro
Oynu BU3HAueH1 KoeilieHTH IPOHUKHOCTI MeMOpaH
EpUTPOLIUTIB Y BKa3aHOMY TEMIIEpaTypHOMY JAiara3oHi.

Martepiaan i mertoam

JlocimimKeHHS TIpoBeIeHI Ha EPUTPOITUTAX JOHOP-
CBHKO1 KPOBI JIFOJIMHH, Ky OTPUMYBaJIl Ha KOHCEPBAHTI
«Imroritmpy.

KoedimieHTH TPOHUKHOCTI BU3HAYATH MIITXOM
BHMIpIOBAaHHS MIBUAKOCTI JII3UCY EPUTPOIINTIB Y BOA-
HOMY PO3UYMHI MPOHUKAIOYOi PEYOBHUHU, Y AAHOMY
BUMNAJKY DIilepuHy. TeopeTHuHe MiATPYHTS METOLY
nogaHo panimte [ 10]. Yacosi 3anesxHOCTI remMonizy (ik-
CYBaJIM METOJIOM MaJIOKyTOBOT'O PO3CisIHH cBiTia [4].
OTpuMaHy eKCIEpHMEHTaJbHY KPHBY CyMillaiu 3
TEOPETUYHOIO, PO3PAXOBAHOIO HA Ti/ICTaBi (hi3UKO-Ma-
TEMaTUIHOI MOJIEJIi TITOTOHIYHOTO T€MOJTi3y Y BOIHO-
MYy PO3YHHI MPOHUKAIOYO] pEIOBHUHU 32 BiIIOBITHUX
3Ha4YeHb KoedimienTta mpoHukHocTi [10].

BuwmiproBanHs Oynu MpoBEACHI HA €pUTPOIUTAX
II'SSITH JOPOCIUX JOHOPIB B Miama3oHI TEMIIEPATyp
37...4°C 3 inTepBanoM 2—3 rpamxycu (110 3 BUMiprOBaH-
HA B KOXHIH TeMOepaTypHild TOYLi AJs KOXHOTO
noHopa). Benuuuny eneprii akrusanii (£ ) BU3HaYam
3 Haxuiy rpadika /n k Big 1/T 3rinHo 3 piBHSHHIM
Apeniyca In k= E /RT, ne k — XoHCTaHTa MIBUIKOCTI
nporecy; R —ra3oBa KOHCTaHTa; 7' — abCOMIOTHA TeM-
neparypa.

CraructnyHy 00pOOKy pe3yabTariB 3iHCHIOBAIH
y mporpami Microsoft Excel 2010. [lani mogaHi y
Bunsii M + SE, BipOTiIHICTS Pi3HHMIII OITIHIOBAIH 32
kputepieM CThIOEHTA.
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value is determined by lipid composition of erythrocyte
membranes. More specifically, bovine erythrocyte
membranes contain much more (46.2%), sphingomye-
lin (double bond index 0.33) than human erythrocytes
(25.8%) at the expense of phosphatidylcholine (index
of double bonds 0f 0.96) [7]. Thus, the hypothesed pe-
netration of glycerol through lipid bilayer is consistent
with data on the lipid composition of erythrocyte mem-
branes of various mammals.

On the other hand, Roudier N. et al. [21] believed
that human erythrocyte membranes possess glycerol
channels and glycerol penetrates into these cells by
specific channels formed by a channel protein. Using
Western blotting the authors confirmed the existence
in human erythrocyte membranes of aquaglycero-
porine AQP3. It was also shown that though the AQP3
was found in the membranes of human erythrocytes,
the immunofluorescence analysis confirmed the absen-
ce of AQP3 expression in bovine erythrocyte membra-
nes [8].

In order to establish the possible mechanisms of
glycerol penetration into human erythrocytes we would
find the values of activation energy of this process in
the temperature range of 37...4°C. Thereto we would
determine the permeability coefficients of erythrocyte
membranes in the specified temperature range.

Materials and methods

The experiments were conducted in erythrocytes
of human blood supplemented with preservative
solution Glugitsir.

Permeability coefficients were determined by mea-
suring the rate of erythrocytes lysis in aqueous solution
of penetrating substances, glycerol in our case. The theo-
retical basis of the method was desribed earlier [10].
Time dependences of hemolysis were recorded using
small-angle light scattering [4]. The resulting experi-
mental curve was fitted by matching the permeability
values with the theoretical dependence, calculated on
the basis of physical and mathematical models of hy-
potonic hemolysis in aqueous solution of penetrating
substance [10].

Measurements were performed in erythrocytes of
five adult donors in the temperature range of 37...4°C
with step of 2-3 degrees (3 measurements at each
temperature point for each donor). The value of activa-
tion energy (£ ) was determined from the slope of the
plot in the coordinates /n k vs. 1/T according to the
Arrhenius’ equation /n k = ED/RT, where k was the
constant of the process rate, R denoted the universal
gas constant, and 7 was the absolute temperature.

Statistical processing of the results was performed
with Microsoft Excel 2010. Data were presented as
M = SE, the probability of the differences was esti-
mated by Student’s test.
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Pe3yAbTaTM Ta OOroBOpeHHs

OTtpumani 3HaueHHs Koe(ilieHTIB MPOHUKHOCTI
MeMOpaH epUTPOIIUTIB JFOMHH 10 MOJIEKYII IIIIEPUHY
JUTSE HU3KH TeMIepaTyp nofasi B Tabdm. 1. s pospa-
XyHKY €Heprii akTHBaLii NpoLecy NPOHUKaHHS MOJICKYJT
DILEepUHY Kpi3h MEMOpaHU €pUTPOLMTIB OfEpKaHi
TEeMIIepaTypHi 3aJeXHOCTI MOoAaHi B KOOPJAWHATAX
Apeniyca (puc. 1, A—E). Taarenc xyTta Haxuiy rpagika
Apeniyca ctanoButh E /R, e E_ — eHepris akTupanii
nporecy (y JaHOMY BHUIAJKy MpPOILECY MPOHUKAHHS
DTIepuHY Kpi3h MEMOpaHH epUTPOIUTIB); R —Ta30Ba
mocriiina, mo ctaHoBuTh 8,3144 xJlx/MonbpxK. YV
PpEe3yNbTaTi anpoKCUMAaLii eKCIIEPUMEHTATbHIX TOUOK
B apEHiyCOBHX KOOPIUHATAX OyJIM OTpUMaH1 BETHYNHH
eHeprii akTUBaIlii MPOHUKAHHS [TIIEPUHY Kpi3b MEM-
OpaHM ePUTPOINTIB JIFOIUHU TSI OKPEMUX JIOHOPIB 1
IUIsl yCepeIHEHNX 110 BCIM JOHOpaM 3Ha4eHHSX Mpo-
HUKHOCTI (Ta0J1. 2), K1 BiANOBIIal0Th BEIMYMHAM, Xa-
PakTepHUM JJI1 NPOHUKAHHS PEYOBHH JIIMITHUM
[UISIXOM.

3 moanux rpadikis i Ta0I. 2 BUIHO, IO B Aiana3oHi
temneparyp 12...15°C cnoctepiraerbcs po3pus rpa-
¢ixa Apeniyca 3 BiporiJHOIO 3MiHOIO €Heprii aKTUBALLii,

Taomnus 1. KoedimieaTn mpoHUKHOCTI MEMOpaH
€PUTPOLIUTIB JIIOOUHH [Tl ITILEPHHY
(ycepenueHi nai, n = 15)

Table 1. Permeability coefficients of human erythrocyte
membranes for glycerol (average data, n=15)

Koedinient nponuknocti K, m/c,
Temneparypa,’C x10°
Temperature, °C Permeability coefficient K, m/s,
x10°

4 0,1 = 0,0001

6 0,23 = 0,009

10 0,5 = 0,046

12 0,72 = 0,076

15 0,84 £ 0,11

18 0,98 = 0,15

20 1,12 £ 0,27

22 1,4 +=0,32

24 2,03 = 0,35

26 2,43 £ 0,31

28 2,89+ 0,28

30 3,95 = 0,58

33 4,88 = 0,21

37 7,63 = 1,56

npo6ne|v|b|
proﬁwonorvm
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Results and discussion

The obtained coefficients of membrane permeability
of human erythrocytes for glycerol molecules under
several temperatures are given in Table 1. To calculate
the activation energy of glycerol molecules penetration
through erythrocyte membranes the obtained tem-
perature dependences were plotted in Arrhenius’ coor-
dinates (Fig. 1A—E). The slope of Arrhenius’ graph
equals to £ /R, where E_ is activation energy of the
process (in this case of the process of penetration of
glycerol through the membrane of red blood cells), R
is universal gas constant, equal to 8.3144 kJ/molxK.
Approximation of experimental points in Arrhenius’
coordinates gave the values of activation energy for
glycerol penetration through the membrane of human
erythrocytes for individual donors as well as for per-
meability values averaged across all donors (Table 2),
which corresponded to the characteristic values for
the penetration of substances through the lipid pathway.

The presented Figure and Table 2 allow to see that
in the temperature range of 12...15°C the break in Ar-
rhenius’ dependence with statistically significant chan-
ges in the activation energy is similar to those obtained
for permeability of erythrocyte membranes for water
molecules [2]. In this temperature range we observed
not only the break in Arrhenius’ dependence but signi-
ficant instability of measured values too. In our case
there was also considerable dispersion in the results
obtained at temperatures of 12...15°C, that indicated
the instability of the membrane in this temperature
range. The results were also consistent with the data
of our previous investigation [5], where the sharp in-
crease in the activation energy of penetration of 1,2-
PD and DMSO molecules was revealed at the same
temperatures. It has been suggested that the sharp
increase in the activation energy of penetration of water
and cryoprotectants molecules at the temperatures
below 12°C might be caused by blocked protein path-
way of these substances diffusion as a result of confor-
mational transition in erythrocyte cytoskeleton actin-
spectrin complex and the associated anion exchange
band 3 protein [1, 2]. Role of band 3 protein in eryth-
rocyte membrane permeability for molecules of water
and small non-electrolytes was reported by many
authors [9, 22, 24, 25]. However, our recent study [5]
of the temperature dependence of permeability in
pCMBS-treated erythrocytes showed that treatment
of erythrocytes by sulfhydryl reagent did not eliminate
the break in Arrhenius dependence in the temperature
range of 15...12°C both in case of 1,2-PD and DMSO.
It was concluded that the increase in the activation
energy under cooling below 12°C was associated with
the state of the lipid matrix (viscosity, presence of hyd-
rophilic pore defects). Obviously, the structural transition
of cytoskeletal proteins contribute significantly to the
disturbing of membrane ensemble in this temperature
range, however, the increase in the activation energy
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AQHAJIOTIYHUH OTPUMAHOMY ISl IPOHUKHOCTI €PUTPO-
LIUTIB 10 MOJIEKYJ BOIH [2]. Y bOMy Jtiarma3oHi Temie-
paTyp HasBHUH He TiNBKH pO3puB rpadika ApeHiyca,
aJie i CyTTeBa HECTAOUIBHICT BUMIPIOBAaHUX BEIUYMH.
VY Hamomy BUNaAKy TaKOX CIIOCTEPIraeThesl SHAUHUM
PO3KHUI pe3ylbTariB, OTPUMaHUX 3a TEMIIEpaTyp
12...15°C, mo cBiguuTh Npo HECTAOUIBHICTH CTaHY
MeMOpaHU B LHbOMY TeMIIEpaTypHOMY Jiama3oHi.
OneprxaHi pe3yIbTaTH TAKOXK Y3TOMKYIOTHCS 3 HAIITH-
MU TIOTIEPEAHIMU JaHUMH [5] po pi3ke 30UTbIICHHS
eHeprii aktuBanii npoHukanas monekyn 1,2-I1J1 i
JAMCO 3a Tux xe Temmeparyp. byno BucyHyTo mnpu-
ITyLIEHHS, 10 pi3Ke 301IbIIeHHS €Heprii akTUBAIlii ITpo-
HUKaHHS MOJIEKYJ BOJIY 1 KpPIOTIPOTEKTOPIB 3a TEMIIe-
paryp Huwkue 12°C moxe OyTH cripuunHeHe OlIoKyBaH-
HSIM O17IKOBOTO IIISIXY AU ]y3ii MOIEKy UX PEUOBHH
BHACJIIIOK KOHQOpPMaLiHHOTO MEepexoay B aKTHH-
CIIEKTPUHOBOMY KOMILIEKCI IUTOCKENIETa EPUTPOLIUTIB
1 OB’ 13aHOMY 3 HIM aHIOHOOOMIHHOMY O1JIKY CMYTH
3 [1,2]. Posb Ginka cMyru 3 B IPOHUKHOCTI MeMOpaH
EPUTPOIHTIB JJII MOJIEKYJI BOIM 1 MalluX HEEIICKT-
podxiti Oyna Bij3HaueHa Oararbma apropamu [9, 22,
24, 25]. IlpoTte mpoBeeHe MOCTIIKEHHS TeMIepa-
TypHOI 3aJe’kHOCTI poHKUKHOCTI pCMBS-00p00ienx
€PUTPOLUTIB MOKa3aio [5], mo o6podKa epuTpOIUTIB
CyNbOT1IPUIBLHEM PEarcHTOM HE yCyBa€ 3JIaMy ape-
HiyCOBOI 3aJIe;KHOCTI B iana3oni temneparyp 15..12°C
gk g 1,2-I1]1, Tak i st AMCO. Byno 3po0neno
BHCHOBOK, 1110 301IbIIIEHHSI €HEPTil aKTHBAIIi1 IPU 0XO-
JopkeHH1 Hikue 12°C noB’a3aHo 31 CTAHOM JIIIITHOTO
MaTpUKCY (B’SI3KiCTIO, HAABHICTIO Ae()EKTHUX T1Ipo-
¢inbHUX MOp). O4EeBUIHO, CTPYKTYPHUIA IIepexij OUIKiB
LUTOCKENIETa Bilirpae CyTTEBY POJIb Y MOPYLICHHI
MeMOpaHHOTo aHcaMOJII0 B IIbOMY JIialta3oHi TemIie-
patyp, mpote 301IbIIeHHs eHeprii akTuBaIlii 00yMoB-
JIEHO CTAaHOM JINiJHOTO Oimapy, a He 3aKpUTTAM
OUTKOBMX KaHAIB.

Oneprxani HaMH 3HaYeHHS KOe(il[iEHTIB MTPOHHK-
HOCTI JJIsl DIILEPUHY HE y3TOKYIOThCS 3 IaHUMH, OT-
PUMaHMMHU METOJOM PO3CISHHS CBiTJa CYCIEH3I€I0
EpUTPOLMTIB y 3ynuHeHOMY 1otoui [24]. HaBenena B
it podoti Bemuuuna 0,35%1076 MXxc™! Ha mopsa0K re-
peBuiye Haii fadi. [Ipu BU3HaYeHHI IPOHUKHOCTI 1S
miiuepuny MerogoM 50%-ro remMonizy oaep;kaHo Koe-
¢inient nponuknocti npu 20°C, o gopisHioe 0,015%
107° mxc™ [16]. LIs BenmMuKHa y3rOHKYETHCS 3 HAIUMU
3HauCHHAMH 32 Ti€l )k Temmeparypu (0,011x10°° mxc™).
N. Roudier Ta cmiBasr. [21] MeTomzom, aHaJIOTI9YHUM
3actocoBanomy M.R. Toon ta A.K. Solomon [24],
OTPHMAJIH BHJIUMY 4aCOBY KOHCTAHTY MPOHUKHEHHS
orinepuny mpu 26°C — 0,12 ¢'. OnHak aBTOpH He
YTOYHIOIOTB, SIKOMY KOe(illieHTY MIPOHUKHOCTI BiAMO-
BIJIAIOTh I1i YaCOB1 XapaKTEPUCTUKH (OYEBHTHO, Yepe3
HEY3TOKEHICTh 3 BEIMYMHAMHU KOeilieHTIB, oaep-
YKaHUMH 1HIIUM MeTo1oM). Y 11iii ke pobori [21] koe-
(iieHT NPOHUKHOCTI MEMOpPaH EpUTPOLHUTIB JIIOINHH
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Taomuus 2. Po3paxoBaHi 3HaYCHHsI €HEPIii aKTHBALT
MPOHUKAHHS MOJICKYJI TITIIIEPHHY KPi3b MEMOpaHU
SPHUTPOLIUTIB JIFOIHHH
Table 2. Calculated values of activation energy
for penetration of glycerol molecules through
human erythrocyte membranes

Ajamason Enepria CepeaHE 3HaYEHHST
o aKTHBaIii, eHeprii akTuBariii,
remmeparyp,’C Aonop MoK/ MO A/ MO
Te;;lge;eitg re Donor Nr. Activation Average activation
ge energy,kJ/mol energy,kJ/mol
1 173,68
4 168,9
4.12 5 167 199 156
6 148,15
7 137,17
1 78,6
4 68,98
15..37 5 97,74 g
6 67,6
7 67,02

MpumiTku: * — BeNUYUHU, OTPUMaHI yCEPEIHEHHSIM BEITHYMH
eHeprii akTuBaIlii okpeMux moHOpiB (puc. 1), P > 0,99; ** —
BEJINYMHH, OTPHMAaHI 32 YCEPEIHEHNUMH IO BCIM JOHOPAM KOe-
(irieHTaM IPOHUKHOCTI (pHC. 2).

Notes: * —values, resulted from averaging the values of activation
energy of individual donors (Fig. 1), P> 0.99; ** —values, obtained
from permeability coefficients, averaged through all donors (Fig. 2).

was due to the state of the lipid bilayer, rather than
blocked protein channels.

The obtained by us coefficients of permeability for
glycerol are not consistent with data obtained by light
scattering by erythrocyte suspension in the stopped
flow [24]. The reported by the authors value of 0.35%
10 mxs™' are by order of magnitude higher than our
data. When determining the permeability to glycerol
by method of 50% of hemolysis the obtained perme-
ability coefficient at 20°C was equal to 0.015%10°¢
mxs~ [16]. This value is consistent with our values at
the same temperature (0.011%107° mxs™). N. Roudier
et al. [21] used the method, similar to the one used by
M.R. Toon Ta A.K. Solomon [24], and obtained the
apparent time constant of glycerol penetration at 26°C
equal to 0.12 s'. However, the authors do not specify
which permeability coefficients corresponded to these
time characteristics (apparently due to inconsistency
with the values of the coefficients obtained by another
method). In the same report [21] the coefficient of
permeability of human erythrocyte membranes to
glycerol was also measured using radiolabeled glycerol
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JUTsl DTEepUHY OyB BUMIPSHUH TaKOX 3 BAKOPUCTAHHSIM
pasioakTUBHO Mi4eHHMX MoJieKyn rainepuny (M*C-
orinepun) 0,014x10°¢ MmXc™!, mo 1inkoM BigmoBigae
HammM gaHuM. E. Campos Ta criBaBr. [8] ans eput-
POIIMTIB JIFOJMHHA 3 BUKOPHCTAHHSM METOJa 3yIH-
HEHOTO TMIOTOKY (5K 1 B JBOX pO0OOTaXx, 3raJJaHNX BHILE
[21, 24]) onmeprxany 3HAUEHHS TPOHUKHOCTI /IS TITi-
uepuny npu 23°C —0,137x10°¢ mxc™!, Tomi sK mst
EpUTPOLHTIB OMKa METOIOM JI3HCY Y BOTHOMY PO3YHHI
DIiLEeprHY — Ha TP NOPsiAKK MeHIe 3HaueHHs 0,0582%
108 mXxc™!. BeurHu eHeprii akTHBALIT 15 IPOHH-
KaHHS DILEPUHY B €pUTPOLIUTH JIFOIUHY Ta OMKa B ia-
nazoni remnepatyp 10(15)...37°C 3a nanumu E. Cam-
pos Ta cmiBaBT. [8] cranoBmsaTh 35,7 i 80,1 kJ[xXmons ™!
BIJMOBiIHO. 32 AYMKOIO aBTOPIB, L1i BIAMIHHOCTI Y3ro-
JUKYIOTBCS 31 3HAWIEHUMH BiIMIHHOCTSIMH B TIPOHHUK-
HOCTI €pUTPOLMTIB JIOJMHH Ta OMKa 1 CBiAYaTh PO
Te, 110 MPOHUKAHHS BiI0YBa€THCS PI3HUMH HUITXaMU:
AKIIO B epuTpormTax monuau AQP3 Binirpae BaxImBy
POITb, MPOHUKAHHS TIIIEPUHY B EPUTPOIIUTH OHKa Bifl-
OyBa€ThCsI Kpi3b JIiNiTHAN Oilrap 6e3 BHECKY OLTKOBUX
kaHaniB. [IpoTe ciin 3a3HaYMTH, IO HABITH 3aHIKEH]
y TOpIBHSIHHI 3 HAIIMMH JaHUMH 3HAYECHHS €Heprii
aktuBailii (35,7 kIxxMonb ') mepeBUIIYIOTh BETHUH-
HH, XapaKTepHi U151 KAHAJIbBHOT'O MEXaHi13My POHUKAaH-
H$l, 1 HE Jal0Th MiACTAaB IS TBEPIKEHHS PO BUKIIIOY-
HO KaHaJbHUH MEXaHi3M MPOHHKAHHS DIILEPUHY B
epUTpOIHTH JIFonuHuU. KpiMm TOT0, HE00XiTHO BIIMITHTH
BXKJIMBICTh BUOOPY TeMIEpaTYpPHUX TOYOK JIIS
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molecules (1*C-glycerol) and was equal to 0.014x10°°
mxs~!, which is consistent with our data. E. Campos
et al. [8] used stopped flow method for human erythro-
cytes (as in two above mentioned reports [21, 24])
and obtained the values for glycerol permeability at
23°C of 137x10°° mxs™!, whereas in the case of bo-
vine erythrocytes the method of lysis in glycerol aque-
ous solution gave the value by three orders of magni-
tude less, 0.0582x10-® mxs~'. The values of the activa-
tion energy for glycerol permeability in human and bovi-
ne erythrocytes in the temperature range of 10(15)...
37°C according to E. Campos ef al. [8] were 35.7 and
80.1 kJxmol™, respectively. The authors believed these
differences as consistent with found differences bet-
ween the permeabilities of human and bovine eryth-
rocytes and suggested that penetration occurs by diffe-
rent pathways: in human erythrocytes AQP3 plays an
important role in the penetration of glycerol and in
bovine erythrocytes this occurs through the lipid bilayer
without the contribution of protein channels . However,
it should be noted that the values of activation energy
(35.7 kJxmol ™) which are lower comparing to our data,
exceed the values characteristic for the channel pe-
netration mechanism and do not allow to claim only
channel mechanism for glycerol permeability in human
erythrocytes. In addition, it should be noted the impor-
tance of the choice of temperature points for assessing
the activation energy. If the activation energy is deter-
mined only by two points, as by E. Campos et al. 8],
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BU3HAUCHHsI €HEprii akThBaLii. SIKI0 eHeprist akTuBarii
BH3HAUAETHCS JIMILE 332 TBOMA TOUYKAMH, SIK B PoOOTi
E. Campos Ta cmiBaBT. [8], BaxJIHBO, MO0 IIi TOYKH
HE Toraay B 001acTh po3puBy (200 371aMy) apeHiyco-
BOT 3aJIE)KHOCTI, a TaKOX 100 BOHHM 3HAXOOWINCH B
Ziama3oHi TeMIeparyp 3 OIXHAKOBOIO €HEPri€l0 aKTu-
Bamii (came 1i BUMoru nopyuieri B podori E. Campos
Ta cmiasT. [8]). Y npoTuiie)XHOMY BHIIAIKY OfIep)KaHe
3HA4YEHHS eHeprii akTWBalii MOXe He BimoOpakaTu
peanbHOro CTaHy pedei.

Ha BigMiHy Bix epUTPOIMTIB, BEIWYHHA EHEPTii aK-
THBAIIii MPOHWKAHHA TIIIIEPUHY, HAPHUKIIaZ y JPLKIDKOBI
KIiTHHUA Saccharomyces cerevisiae (26,2 xJx/Mob)
[6], xapakTepHa U1 KaHAJIBHOTO MEXaHi3My POHH-
KaHHS, X04a 0 9acTKOBOTO. Bimomo, 1o miinepuH €
cy0’eKTOM MeTaboMI3My IPIXKIHKOBHX KIIITHH 11X MeM-
OpaHu MaroTh CTIeLiai30BaHi KaHAJIU TPAHCIIOPTY IIIi-
uepuny. Knitunu S.cerevisiae MicTTh 4OTHUpPHU T€HHU,
10 KoxytoTh wieHiB MIP-cim’1 [20]: ocMoperyoodo-
ro mepeHocHuKa miinepuny Fpsl Ta #foro romosnora
Y£1054c¢ [13,23], reHETUYHO OJU3BKUX JIO aKBarIille-
PONOPUHIB, SIK TepeadadaeThes 3 QYHKII€I0 TPaHCIOp-
Ty TIIEPHHY, 1 TBOX aKBAaIIOPHHIB — BOIHUX KaHAJIB
Aqgpl i Agp2 [18]. He3Baxkaroun Ha Te, IO TiApoQiib-
HO-T11po¢0OHI BIACTUBOCTI Ta TEOMETPUYHI PO3MIpH
MOJIEKYJI JOCTIKEHUX KPiOMPOTEKTOpiB (TIiLepuH,
1,2-11J1 i AMCO) cyTT€BO pi3HATHCA, BUSBHIOCH, 10
Ha BiJIMIHY BiJl epHTPOLIUTIB KOEPIllIEHTH TPOHUKHOCTI
JIPUKIDKOBUX KIITHH S. cerevisiae IUisl HUX BipOTiTHO
He BiznpizHAoThHeA [6]. [eomeTpuyuHi napameTpu Mose-
KyJIH TJIiIEepUHY MEePEeBUIIYIOTh TaKi JJIS MOJEKYII
1,2-ITI ra AMCO. Men1i po3mipy MOJIEKYJ OCTaHHIX
y MOPiBHSHHI 3 pO3MipaMK MOJICKYJI ITILIEPHHY, & TAKOX
OinbIua iX riapodoOHicTh, 0c0baMBO Mosekyn JIMCO
(Kp =0,25), 04eBUIHO, TO3BOJIAIOTH iM IIPOHUKATH 5K
KpI13b DIILEPUHOBI KAHAJIH, TaK 1 KPi3b JIMAHUH Oimap.
[Ipu npoMy eHeprist akTHBaLii MPOHUKAHHS KPi3b IL1a3-
MaTHYHI MEMOpaHH IPiKHKOBUX KIIITHH S. cerevisiae
JUTs OUTBII TipodITEHIX MOJNIeKyN minepuny i 1,2-T1/1
MPaKTUYHO 30irarothes (26,2 u 25,75 kJ{/Mounb Bifmno-
BimHO). g 6inbm rigpodoorux monexyn JIMCO
EHepris akTuBallii € Tpoxu Outbmoo (37,7 kJIK/MOIb),
10 HAaHiMOBIpHIIIIE TTOB’SI3aHO 3 OLTBITION0 YaCTKOFO T10-
TOKY Li€1 peYOBUHU KPi3b JimiaHu# 6imap. L1i mani e
pa3 miATBEPIKYIOTh, 110 IPH HASIBHOCTI KaHAJIBHOTO
MeXaHi3My NPOHUKaHHS TILEePHUHY Kpi3b 1a3MaTH4HI
MeMOpaH! KJIITHH €Heprisl aKTUBAIlli 3HAXOAUTHCS B
MeXKax, YKa3aHuX B 0araThbOX KJIACHYHHX POOOTax 3
LBOT'O IIUTaHHSI.

BucHosku

KoedinienTr mpOHUKHOCTI €PUTPOLIUTIB JFOAMHH JUTS
DIiLepHHy, BA3HAYEHI METOJOM PO3CiSIHHS CBIiTIIA CyC-
TMIEH31€10 EPUTPOLIUTIB Y 3ylHHEHOMY moTowi [8, 21, 24],
CYTTEBO (Ha MOPAJOK BEJIIMUYMHH) BiAPI3HAIOTHCS Bij
TaKMX, OTPUMAHUX METOJOM JI3UCY Y BOZHOMY PO3UMHI
orinepuny [3, 16, nana po6ora] Ta METOJOM MIBUAKOT
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Puc. 2. Apeniycosa 3anexHICTh Koe(illieHTiB TPOHUKHOCTI
MeMOpaH epUTPOITUTIB JTFOAUHY TS DTiIepuHy (YcepenHeHi
JTaHi).

Fig. 2. Arrhenius dependence of permeability coefficients
of human erythrocyte membrane for glycerol (average data).

it is important for these points not to get into the break
(or kink) in Arrhenius’ dependence and be in the tempe-
rature range with the same activation energy (namely
these requirements were violated by E. Campos et al.
[8]). Otherwise, the obtained value of the activation
energy may not reflect the real situation.

Unlike red blood cells, the value of the activation
energy for glycerol penetration into e. g. Saccharomy-
ces cerevisiae yeast cells (26.2 kJ/mol) [6] is typical
for channel penetration mechanism, at least partial.
Glycerol is known to be a part of yeast cells metabolism
and their membranes possess specialized channels for
glycerol transport. S.cerevisiae cells contain four genes
encoding the members of the MIP family [20]:
osmoregulating transporter of glycerol Fps1 and its ho-
mologue Yfl054c [13, 23], genetically close to aquagly-
ceroporines, supposed to conduct the glycerol trans-
port and two aquaporines, water channels Aqpl and
Aqp2 [18]. Despite the fact that the hydrophilic-hydro-
phobic properties and geometrical dimensions of the
molecules of studied cryoprotectants (glycerol, 1,2-PD
and DMSO) were significantly different, it appeared
that unlike erythrocytes the permeability coefficients
of S. cerevisiae yeast cells for the mentioned substan-
ces did not differ significantly [6]. Geometric parame-
ters of glycerol molecule excess those of 1,2-PD and
DMSO. Smaller size of the molecules of the latter if
compared with glycerol molecules, as well as their
higher hydrophobicity, especially of DMSO molecules
(C,=0.25) obviously allow them to penetrate through
both glycerol channels and the lipid bilayer. Moreover,
the activation energy of penetration through the plasma
membrane of S.cerevisiae yeast cells for more
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¢binbrpartii i3 3actocyBaHHsIM “C-Mi4€HOTO TIIIEPUHY
[21]. 3nauenHHs kKoeilli€HTIB MPOHUKHOCTI, OJiepyKaHi
OCTaHHIMH IBOMAa METOJaMH, LIIJIKOM Y3TOJKYIOTbCS,
IO Ja€ MMiICTaBH BBAKATH caMe i pe3ysIbTaTu OlIbII
HaIWHUMH, OCKIJIBKHM BKa3aHl METOIM 3aCHOBaHI Ha
30BCIM Pi3HHUX MiX0NaX i, AKIIO i JAlOTh SKICh CHC-
TEMHI IOMUJIKH IPH iX BUKOPUCTAHHI, 111 TOMHJIKU HE
MOXYTb OyTH OIHOCHPSMOBAHUMH.

OTpumana y naHiid poOOTi BeTHIHHA €HEePrii aKTH-
Ballii MPOHWKaHHS DIIEPUHY Kpi3h MEMOpaHH epHUT-
POIIHTIB JIFOMWHU, a TAKOXK 11 pi3Ke 30UIBIIICHHS B JTiara-
30HI TeMIIepaTyp, HIK4IHX 3a 12°C, CBIAYUTH PO TIPO-
HUKaHHS MOJIEKYIT IIIEPUHY Kpi3b Jiniaani 6imap. B
TOM K€ Yac 15l BEIMYMHA IPAKTUYHO CITiBIA/IA€ 3 Ta-
kot nusa 1,2-I1J] ans o6pobinernux OmokaTopom
OLIKOBHX KaHaJIiB EPUTPOLUTIB (TOOTO /1715 IPOHUKAHHS
1,2-I1]1 kpi3b JtimigHuMi Oimap), xoua 1j1st HAA3BUYANHO
rigpodineHOro rinepuHy Mo)kHa Oyi10 O O4iKyBaTH I1e
OLIBIINX 3HAYEHb CHEePrii akThBallii. Takum YuHOM, TIH-
TaHHA PO MEXaHI3MH IPOHUKAHHS [IILEPUHY B €PUT-
POLUTH JFOAUHY TOTPeOy€ MOAATBIION0 BUBYCHHS.
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hydrophilic molecules of glycerol and 1,2-PD are almost
the same (26.2 and 25.75 kJ/mol, respectively). For
more hydrophobic molecules of DMSO the activation
energy is slightly higher (37.7 kJ/mol), that is most likely
caused by the greater proportion of the flow of this
substance through the lipid bilayer. These data again
confirm that in the case of channel mechanism of gly-
cerol penetration through the cell plasma mem-branes
the activation energy is in the ranges mentioned in many
classic reports on the issue.

Conclusions

The coefficients of permeability of human erythro-
cytes to glycerol determined by light scattering by
erythrocyte suspension in the stopped flow [8, 21, 24]
significantly (by an order of magnitude) differ from
those obtained by method of lysis in glycerol aqueous
solution [3, 16, and this report] and by the method of
rapid filtration using '“C-labeled glycerol [21]. Perme-
ability coefficients obtained by the latter two methods
are quite consistent, which suggests that these results
are more reliable, because these methods are based
on entirely different approaches and, if they even give
any systematic errors during the application, these
errors can not be unidirectional.

The obtained in this paper value of the activation
energy of glycerol penetration through the membrane
of human erythrocytes and its dramatic increase in
the range of temperatures below 12°C, indicates the
penetration of glycerol molecules through the lipid
bilayer. At the same time, this value is quite equal to
those for 1,2-PD in the case of erythrocyte protein
channels treated with a blocker (i. e. 1,2-PD penet-
ration through the lipid bilayer), although for extremely
hydrophilic glycerol one would expect greater values
of activation energy. Thus, the question about the me-
chanisms of glycerol penetration in human erythrocytes
requires further investigation.
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