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Effect of Low Temperatures on Protein Systems

Pecbepart: B 0630pe ocBeLleHbl OCHOBHbIE NPOGNEMblI COXPaAHEHWUSI CTPYKTYPHO-(PYHKLMOHAMbHbLIX CBOUCTB U30NMPOBAHHbLIX U
HaxoAsALWMXCA B cocTaBe Buonornyeckux TkaHen GenkoB B YCNOBMSX MMMNOTEPMUM U KPUOTeHHbIX Temnepatyp. ObcyxpatoTcs
ponb Aermapartauun 6GMomMakpoMornekyn BCMeACTBME BbIMOpPaXKuBaHWS BOAbl B KPUMOMOBPEXAEHMM OernkoB Npu 3amopakuBaHWu-
oTorpeBe; 0COGEHHOCTU HM3KOTeMnepaTypHOW AeHaTypauun 6enkoB, 00yCrnOBNEHHOW IHTPOMUIAHON NpUpPOAOoN rMApodObHbIX
B3anmogencTeuit. OnncaHbl KpuonospexaeHns GruomakpoMornekyn, ux obpaTMMoCTb C TOYKWM 3PEHUsi POnu BOAbI B CTPYKTYPHOM
HecTabnnbHOCTU OXNaXAEHHBIX UMW 3aMOPOXEHHbIX GuononumepoB. PaccMoTpeHbl NoTeHumanbHble NyTW KpMo3awuTbl Gromak-
poMonekyn npu 3aMopaKnBaHWUw.

KnioueBble cnoBa: HU3kue TemnepaTtypbl, GuoMakpomonekynbl, AernapaTtaums, CTPYKTYPHO-KOH(POPMaLIMOHHbIE HapyLLEeHWs,
KprosawmTa.

Pedrepat: B ornagi BUCBITNEHO OCHOBHI Npobnemu 36epexeHHst CTPYKTYPHO-PYHKLIOHaNbHUX BRNacTUBOCTEN i301bOBaHUX
GinkiB i 6inkiB y cknagi 6ionoriyHMX TKaHWH B ymoBax rinoTepMii 1 kpioreHHUx Temnepatyp. Ob6roBoptooTbCs ponb AerigpaTauii
Giomakpomonekyn y pesynbTaTi BUMOPOXYBaHHS BOAW B KPiOMOLWIKOAXEHHI BinkiB npu 3amopoxyBaHHi-Bigirpiei; ocobnueocrTi
HU3bKOTEMMNEepaTypHOI AeHaTypaLlii 6inkiB, 00yMOBMNeHOI eHTPOMiHOK NPMPOAOIO riApPOodo6HMX B3aeMOAiN. OnncaHi KpionoLKoaAXeHHS
H6iomakpomMonekyn, iXx 3BOPOTHICTb i3 Nornagy Ha ponb BOAW B CTPYKTYPHIN HecTabinbHOCTI oxonoaxeHux abo 3aMOpoXeHUX
6iononimepi. Po3rnsHyTO NOTEHUIMHI WNAXM Kpio3axmucTy BiomakpoMonekyrn npyu 3aMOpPOXYBaHHI.

KniouyoBi cnoBa: HuU3bki Temnepatypu, 6ioMakpomornekynu, AerigpaTtauisi, CTpyKTypHO-KOH(pOpMaLiliHi NOPYLUEHHS!, KPiO3axuCT.

Abstract: The review concerns the main issues of preserving the structure and function of proteins either isolated or as a part
of biological tissues during hypothermic and cryogenic storage. The role of biomacromolecules’ dehydration, as a consequence of
water freeze-out in proteins cryodamage during freeze-thawing is discussed, as well as peculiarities of protein low-temperature
denaturation, associated with entropic nature of hydrophobic interactions. Low temperature injuries in biomacromolecules, their
reversibility with considering the role of water in structure instability of cooled or frozen biopolymers are described. Potential ways
to protect biomacromolecules during freezing are considered.

Key words: low temperatures, biomacromolecules, dehydration, structural and conformational changes, cryoprotection.

st yCOBEpIIEHCTBOBAHUS CYIIECTBYIOIIUX U
CO3/1aHHUSI HOBBIX KPHOOHOJIOTHYECKUX TEXHOIOTHM
HEo0X0ANMO 3HaHUE QUNKO-XUMHUYECKHX MPOLIECCOB,
MPOUCXOAALINX B OM000BEKTaX IPH KPHOKOHCEPBUPO-
BaHUM M ONPEAEIIOMUX KOH()OpMaLUIo OTAeTbHBIX
OMOMaKpOMOJIEKYJ, a CIeI0BaTENIbHO UX CTAOMIIb-
HOCTb, HAIMOJIEKYIISIPHYIO OPTaHU3ALIUIO U, B UTOTE,
(hyHKIIMOHABHYIO aKTUBHOCTS [ 3, 4, 30]. MI3meneHus,
KaK MHHHMYM, TPETHYHON U YETBEPTHIYHOU KOHPOP-
Manuu Oenka Mocjie 3aMOpaKUBaHUA-0TOIPEBaA 3aBU-
CSIT OT YCJIOBHIA, B KOTOPBIX HAXOAWUINCH OMOMaKpO-
MOJIEKYJIBI Ha Pa3HBIX dTaax KPHOKOHCEPBUPOBAHHUA.
Taxoe mposiBiIeHNE BO3/IEHCTBHS HU3KHUX TEMIIEPATYP
00yCIIOBJIEHO TEM, YTO PH 3aMOPAKMBAHUH-OTOIPEBE
Kak ruIpo¢oOHbIe B3aUMOACHCTBHSI, TaK 1 BOAOPO.I-
HBIE CBSA3H, ONPEEIISAIONINE U CTA0MIM3UPYIOIIUE TPe-
THUYHYIO U YETBEPTUYHYIO CTPYKTYpPBI, MOTYT Hapy-
IaThCSA B 3aBUCUMOCTH OT COCTaBa, MOHHOW CHUJIBI,
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To improve the existing and create novel cryobiolo-
gical techniques the knowledge of physical and che-
mical processes occurring in bioobjects during cryo-
preservation is needed, as well as determining the con-
formation of isolated biomacromolecules and there-
fore their stability, supra-molecular organization and
finally their functional activity [6, 9, 83]. The changes
of at least protein tertiary and quaternary confor-
mations post freeze-thawing depend on the conditions
under which the biomacromolecules were at different
cryopreservation stages. Such a manifestation of the
effect of low temperatures is stipulated by the fact
that during freeze-thawing both hydrophobic inter-
actions and hydrogen bonds which determine and
stabilize tertiary and quaternary structures may be dis-
ordered depending on the composition, ionic strength,
dielectric constant and medium pH. During temperature
decrease especially below free water crystallization
1
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Ju3JIeKTpUdYeckoi noctosHHod u pH cpensl. Ilpu
MTOHMKEHNH TEMIIepaTyphl, 0OCOOEHHO HMXE TOYKHU
KpHUCTAIM3alii CBOOOTHON BOJBI, BaXKHBIM (haKTo-
POM ABIISIETCS TAZIEHHUE €€ MOTEHIIMANA NN aKTHBHOC-
TH JI0 YPOBHSI, IPY KOTOPOM JaJIbHENIIIEE TOTHOLIEHHOE
(YHKIIMOHUPOBaHUE OMOIOTMYECKUX CTPYKTYP HEBO3-
MoxHO. Kpome Toro, cymiecTByoT 1 Apyrie (aKkTophl:
3aMeJJIEHUE CKOPOCTH PEAKIIMH TPU HU3KHUX TEMITEPaA-
Typax, orpaHnueHue qudQy3un BemecTs u T. 1.

B nocnennee Bpems 6oblioe BHUMaHHE yIEIsIeT-
CSl HCCTIEIOBAaHUIO €CTECTBEHHBIX OEIKOBBIX cMecei
¢ (pu3HONTOTNYECKUMU KOHIISHTPAIHSIMU OSITIKOB U COC-
TaBOM CpEJIbL: IIa3Mbl MIIM CBIBOPOTKH KPOBH, (hoIIITH-
KyJISIPHOH KHUJIKOCTH, OETTKOBBIX SKCTPAKTOB Pa3yIny-
HBIX OMOJOTUYECKUX TKaHeH U T. 1. Takue pacTBOpHI
4acTO UCMONB3YIOT B KIMHUUeCcKuX uemsix [11, 12, 29,
36, 48, 111]. Hanpumep, cbIBOPOTKY KOPIOBON KPOBU
(CKK) uenoBeka, koTopas coaepkut oonee 60 crenu-
(uueckux OENKOB, NENTHABI, BATAMUHBI © MUKPOJIe-
MEHTBI IIUPOKO MPUMEHSIOT JJ1s1 KOPPEKLIUHU 1 JIEIEHUS
MaTOJIOTMYECKUX COCTOSIHUM 4esoBeka. /nurenbHoe
JKe ee XpaHEeHHE BO3MOYKHO TOJIBKO B yCTIOBHUSAX HA3KUX
temnepatyp [10, 29, 32].

IToHumaHue ABJIEHUH, TPOTEKAIOIIUX [TPU 3aMOpa-
KHUBaHUH-OTOTPEBE ONOJIOTMYECKHX OOBEKTOB, IIOMO-
JKET yCTaHOBUTH OCHOBHBIE MPUYNHBI TIOBPEXKICHUS
OMOMaKpPOMOJIEKYJN U MPEAyNPEeInuTh UX BOSHHUKHO-
BEHUE.

Panee cunrtanoch, MOCKOIBbKY OCIKU-QEPMEHTHI,
BBIJIETICHHBIE U3 OXJIAXKIEHHBIX 0 TEMIIEpATyp HIDKE
0°C n oTOrpeThIX TKaHEH JKUBOTHBIX COXPAHSIIH CBOIO
aKTUBHOCTB, TO Takue OenKku o0iajgain KpuoycToii-
9UBOCTHI0. OTHAKO TOCIEAYIOIINE HCCIEA0OBAHNS B
00J1acT! KpHOOMOXUMHUH U KPUOOHO(DH3UKH OKA3aTH
CYIIECTBEHHOE Pa3pyIIUTEIbHOE BIUSHUE HU3KHUX
TEeMIIepaTyp Ha aKTHBHOCTh ()EPMEHTOB, €CITU Cpelia,
B KOTOPOY OHM HaxOJATCA, HE HUBEJIMPYET IEUCTBUE
Hu3KHX Temneparyp (puc. 1). CocTosHue H30IMpOBaH-
HBIX OEJIKOB, 0COOEHHO C YEeTBEPTUUHON CTPYKTYPOH,
MOTYT U3MEHATHCSA yxke TP 4°C, MOCKOIBKY OXJIaKe-
HHUE J0 3THX TEeMIIEpaTyp BIUSAET Ha HEKOTOpbIe (u-
3MKO-XMMHYECKUE CBOMCTBA BOZBI, HAIPUMED Ha €€
IJIOTHOCTB U BA3KOCTb, BCIEICTBUE YETO MOXKET OTIIH-
YaThbCs IepBOHAYaIbHAsl HATUBHAS KOH(opManus Oen-
KOBOH 100y7bl. Takue TpaHcOpMaIul COMPOBOXK-
JAIOTCsl HAPYIICHUSMH BHYTPHUMOJIEKYISIPHBIX B3aH-
MOJICHICTBHI aKTHBHBIX YYaCTKOB OMOIIOIMMEpA, YTO
BiusieT Ha ero pyHkIw [ 114]. DT HapyIIeHUS 3aKITIO-
YaloTCsl B U3MEHEHHUH KECTKOCTH MOJHUIENTHIHBIX
nernei 0eaka M MPOCTPAaHCTBEHHOTO PACIOI0KEHUS
OTIENBHBIX €r0 Y4acTKOB. MeTOoAbI painoCIeKTpOC-
KOITMH MO3BOJISIIOT HAOJIIOATh TaKue TpaHCc(HopMaLuu
HAaTHUBHON CTPYKTYPHl KaTAJIUTUYECKUX OEJIKOB MPH
temneparype okosno 0°C u, kak ciencTBue, NHTH-
OoupoBanue ux pyHKIwH [55]. UMeroTcss MHOrOuucIeH-

&

point an important factor is a decrease of its potential
or activity down to the level at which the further normal
function of biological structures is impossible. In addition
there are other factors: slowing down of the rate of
reactions at low temperatures, limited diffusion of
substances etc.

Much attention has been paid recently to the study
of natural protein mixtures with physiological concent-
rations of proteins and medium composition: blood
serum plasma, follicular fluid, protein extracts of various
biological tissues etc. These solutions are frequently
used with clinical aims [24, 44, 45, 76, 85, 107]. For
instance, human cord blood serum (CBS) containing
more than 60 specific proteins, peptides, vitamins and
microelements is widely applied to correct and treat
human pathologies. Its long-term storage is possible
only under conditions of low temperatures [43, 76, 79].

Understanding the phenomena proceeding during
freeze-thawing of biological objects will help to estab-
lish the causes of damages of biomacromolecules and
to prevent their appearance.

It was thought previously, that due to the fact that
enzyme proteins isolated from cooled down to subzero
temperatures and thereafter thawed animal tissues
preserve their activity, these proteins are cryoresistant.
However, further cryobiochemical and cryobiophysical
studies have shown a destructive effect of low tem-
peratures on activity of enzymes, if the medium where
they are present does not balance the effect of low
temperatures (Fig. 1). The state of isolated proteins
especially those possessing quaternary structure may
change even at 4°C, since the cooling down to these
temperatures affect several physical and chemical
properties of water, e. g. its density and viscosity, and
as a consequence a primary native conformation of
protein globule may differ. These transformations are
accompanied by the disorders of intramolecular
relationships of active sites of biopolymer, affecting
its functions [112]. These disorders consist in the
change of rigidity of protein polypeptide chains and
spatial location of some sites. Radiospectroscopy me-
thods enable to observe these transformations of native
structure of catalytic proteins at above zero tempe-
rature and as a consequence their function inhibiting
[102]. There are numerous data about so-called cold
inactivation of some oligomeric proteins. Dissociation
to subunits after cooling down to 0°C was noted in
glucose-6-phosphate-dehydrogenase of erythrocytes,
carbomoyl phosphate synthetase, adenosine triphos-
phatase [29, 30, 113], pyruvate carboxylase [ 100], ribu-
lose-1,5-biphosphate-carboxylase-oxygenase [15].
These enzymes can be set against other proteins (e. g.
urease and 17-oxysteroid dehydrogenase), cooling of
which is accompanied with aggregation, accompanied
with an altered structure of subunits [113].
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HbIE JJAHHBIE O TAK HA3bIBAEMOU XOJIOI0BOM MHAKTUBA-
WU psJia OJTUTOMEPHBIX OenkoB. Jlucconumanus Ha
cyObemuHUIIBI Tocie oxiaxkaeHus 1o 0°C Obuta oT™Me-
YeHa y DII0K030-0-(hocdar-aeruiporeHassl 3puTpo-
IUTOB, KapOamomindochaTCHHTETa3bl, aIECHO3UHTPH-
¢docdarassl [7, 72, 73], nupyBaTkapbokcumnassl [ 105],
pu6030-1,5-6udochar-kapboKcuIa3pI-OKCUTEHA3BI
[62]. OTuM pepMeHTaM MOKHO MPOTUBOIOCTABUTH
apyrue Oenku (Harpumep, ypeasy u 173-okcucrepon-
JIETUAPOTEHAa3y), KOTOPbIe IPETEPIEBAIOT MPH OXJIAXK-
JIEHWH arperaiuro, COPOBOKAAIOITYIOCS H3MEHEHHEM
CTPYKTYpPHI CyObequHuII [ 7].

MHOrouMCIeHHBI HCCIIEI0OBAHMS BIUSIHNS Ha OSITKU
Oonee HM3KUX TemIirepaTyp. CyIecTBeHHOMY Tiepe-
CMOTpY ObLTa TIOJBEPTHYTA THIIOTE3a O HEMOBPEK-
JAIOIIeM ISHCTBUN HU3KUX TEMIIeparyp Ha OCIIKOBBIC
cucteMsl [13, 50, 99]. YcranoBneHo, YTO MpHU 3aMo-
PaKUBaHUY H30JIMPOBAHHBIX OSIIKOB JI0 O0JIee HIU3KUX
TEMIIEPaTyp U MOCIEAYIOIEM OTOrpeBe HabIIoaaoT-
cs arperanus [60], a Takke U3MeHeHUEe KOH(opMa-
[IUH — pa3peIxyieHne 6emkoBoi r100yis! [ 100]. OT™me-
YEeHO, YTO 3aMOPAKNBAHNE-OTOTPEB OTAEIBHBIX Oe-
KOB (TJTFOKO300KCH/1a3bl, IUTOXPOM-OKCH/Ia3bl, CHIBO-
POTOYHOTO anbOyMHHA) C MCIIOIB30BAHUEM HHU3KUX
ckopocreii (1-7 rpaji/MuH) HapyaeT BHY TPUMOJIEKY-
JIIpHBIE B3aWMOJIEHCTBUSA B OMOMaKpOMOJIEKYIax H
BIIUSIET HA UX KOH(OPMAIIHIO, 2 UMEHHO Pa3phIXJIIeT
MOBEPXHOCTHBIE nonunentuansie uenu [30]. Cmere-
Hue mosiockl AMup | B cTOpoHy OONBIINX 9acTOT OT
1644 1o 1649 cm! 1 oTCyTCTBHE U3MEHEHUI B 00J1ac-
T 1615 cM™' s OBIYBETO CHIBOPOTOYHOTO aNbOy-
MUHa CBUJICTEIBCTBYIOT O JeTUApaTaIlii OHOMaKpO-
MOJIEKYJ, CBSI3aHHOM C UX arperamueil B pe3ynbrare
3aMOpaKMBaHUSA-0TOTPEBA PU COXPAaHEHUH BTOPHY-
HOM cTpyKTYpHI [ 16]. KpriomaGmiIbHOCTE OEIKOB, B TOM
YUCJIe ¥ MEMOpPAHHBIX, 3aBUCHUT OT YPOBHSI X HaIl-
MOJIEKYJIIPHOM opraHu3anuu (B pacTBOpEe, COCTaBe
MeMOpaH, KIIETOK, TKaHei ). BeicTpoe 3aMmopakiBaHue
(mo —196°C) B OydepHBIX pacTBOpax 03 3HAUUTEh-
HOU noTepH crienuduyeckux QyHKIUH XOpOILo nepe-
HOCSAT IpOCThIe Oenku (puOOHYKIIeasa, NeTCuH, TPUII-
CHH, XMIMOTPUIICHH ), IMEIOIIE YCTONYNBYIO KOH(DOP-
MAallMIO 32 CYET S—S CIIMBOK MOJIUMENTUIHON LENU
[106, 119]. OngHako BciaenCTBUE MHOTOKPATHOTO
3aMOpaXUBaHUS U MEJUIEHHOT'O OTOTPEBa aKTUBHOCTh
dbepmenToB cumxkaercs. [locme O6vsIcTporo 3amopa-
YKUBAHUS TTO]] 3aITUTON TTTUIIEPUHA TAKWUE THAPOIIATH-
yeckue (epMEHTHI, KaK JIMIa3a, aMuiia3a, TPUIICUH U
XUMOTPHUIICHH XOPOIIO U JUIUTEIHHO COXPAaHSIOTCS
Jake MpH HeOJaronpusITHBIX Temmeparypax oT —20
n0—25°C[28, 115]. I[Tocne 3aMopakuBaHMUs CIOKHBIX
OEITKOB C YETBEPTUYHOU CTPYKTYPOU KPHOIMOBPEK-
JISHYsI TIPOSIBIISIIOTCS B OoIbIIeH ctenenu. B niepymo-
IJ1a3MUHE U TAaNTONIOOWHE TIOCIe HU3KOTeMITepaTyp-
HOT0 BO3/ICHCTBHS HAOIIIOMATUCh CTATUCTHYECKH 3HA-
YMMBbIE HApyIIEHHUS CTPYKTYPHBIX M (DYHKIIMOHAIBHBIX
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Puc. 1. Peakums 6uononMMmepoB Ha NOHWXeHNe Temnepa-
Typbl.

Fig. 1. Reaction of biopolymers to decrease of tempera-
ture.

There are plenty of the studies concerning the effect
on proteins of much lower temperatures. A hypothesis
about non-damaging effect of low temperatures on
protein systems was significantly revised [20, 27, 91].
It has been noted that freeze-thawing of some proteins
(glucose oxidase, cytochrome oxidase, serum albumin)
using low rates (1-7 deg/min) impaired the intramole-
cular interactions in biomacromolecules and affected
their conformation, in terms of loosening of superficial
polypeptide chains [84]. Shifting of Amide I band
towards higher frequencies from 1,644 to 1,649 cm™
and the absence of changes in the area of 1,615 cm™
for bovine serum albumin testified to dehydration of
biomacromolecules related to their aggregation due to
freeze-thawing, whilst the secondary structure was
preserved [63]. Cryolability of proteins including the
membrane ones depends on the level of their supra-
molecular organization (in the solution, as a part of
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cBoiicTs [39]. [locie 3aMopaXxiBaHHUSI-OTOTPEBA BOJI-
HBIX PaCTBOPOB OBIYBETr0 CHIBOPOTOYHOTO ab0yMHHA
HaOJII0Jaly arperauuio OTAEIbHBIX OHOMaKpOMO-
JIeKyJl, KOTOpasi ”HTEPIPETUpyeTcs Kak oOpa3oBaHue
MEXMOJIEKYJISIPHBIX S—S CBSA3€H, MU MOJIHYIO IeHaTy-
paumto Oenka [68, 71]. O6pazoBanue AUCYIbGUIHBIX
CIIMBOK OBIJIO TaKXe OTMEYEHO MPH UCCIICAOBAaHUH
JNEUCTBUA 3aMOpaXMBaHUSI HA CTPYKTYpPY JIaKTaT-
neruaporenassl [21]. [lox BiugHrEM TITyOOKOTO OX-
JIKJICHUSI MOTYT 00Pa30BBIBATHCS THOPUTHBIE KOMII-
nekchl pepmenToB [51, 52]. XuMuueckue mporeccsl,
MIPOTEKAIOIINE B BOJHBIX PACTBOPaX MOJUMEPOB IPH
HU3KHX TEeMIIepaTypax, 0OyCIOBIEHBI CHIaMH, BO3-
HUKAIOIIVMH ITPH N3MEHEHHH arperaTHoro COCTOSTHAS
BOzbL. [Ipy 3TOM MOT'YT IPOMCXOANTE pa3phIBEI LiETICH
MaKpOMOJIEKYJI C MOSBIEHHEM CBOOOTHBIX PAAUKAJIOB,
a IpU pa3MOpPaXMBAHUU — OOPa30BHIBATHCS HOBBIC
CBSI3H M MOJIEKYJIbI, OTIMYAIOLINECS OT IEPBOHAYAIIb-
HbIX [53]. B pe3yasrare 3amopaxxMBaHUA-OTOTPEBA
cMecH AByX (pakuuii ©30(epMEHTOB JaKTaTAECTHIPO-
rerassl (JIAL'1 u JIJII'S) mponcxonuia AuCCOAAaIys
(dhepMeHTa Ha CyOBEIMHHMIIBI, a BIIOCICACTBUU OCY-
MIECTBIISAIACH CTIOHTAHHAS PEKOMOWHAITHS C 00pa3o-
BaHUEeM rHOpHUITHBIX H30(hepMeHToB. [lokazaHo moss-
JIEHUE TpeX IOMOJHHUTEIbHBIX N30(QEePMEHTHBIX
(dpakiuil ¢ MPOMEKYTOYHON IEKTPOGOPETHIESCKON
MOABMXHOCTBIO 10 OTHOLICHUIO K UCXOTHBIM (popMam
[96]. O6pa3zoBanue ruOPUAHBIX U30()EPMEHTHBIX
¢opM, 00yCIIOBIEHHOE BHY TPUMOJIEKYJISIPHBIMHU HApy-
LICHUSIMH B MCXOAHBIX OeNKax, Jalle Bcero Haoio-
JlaeTCsl TPY MEIUICHHBIX WIIK MHOTOKPATHBIX PEKUMaX
3amopaxkuBanus 10 —30 unu —70°C, korga KOHUEHTPU-
poBaHue cojiell 1 MeTaboJINTOB MPOSIBIISIET CBOE MaK-
CHUMaJIbHOE MOBPEX/IAoIIee JeHCTBUE HAa OHOMAaKpO-
MOJIEKYIBI. BMecTe ¢ Tem, eciu TakTaTaeruaporeHasy
3aMopakuBaTh co ckopocThio 300400 rpag/MuH 10
—196°C B 6eccosieBOM pacTBOPE, TO THOPUIAN3AIUS HE
npoucxoaut [96]. Meromom anekrpodopesa ycTaHOB-
JIeHa THOPUAM3aLKs IN30IMMa, pUOOHYKIIea3bl, CMECH
au30UMMa U puOOHYKJIeas3sl IO JeHCTBUEM 3aMOopa-
x)uBaHUs [51], a Takke MOATBEPKIEHA KPHOTHOPH-
JIu3alus Jak-tataeruaporeHassl [61]. B HekoTophix
paborax [52, 61] Takxe ObLTH OTMEUEHBI THOPHIN3a-
LSl U KpHoarperanus 0eKoB, XOTs JaHHBIE JIUTepaTy-
PBI O XapakTepe KpUOIIOBPEKICHUH OMOMaKpoMoJIe-
KyJI BO MHOTOM ITPOTHBOPEYHBHI.

B pesynbrare 3amMopaknBaHUSA-0TOTPEBA B Pa3HOM
CTETICHH MOBPEXJANNCh B PACTBOPE M TKAHAX ITUTO-
xpomokcuaaza (L[XO), murtoxpom P-450 u Tpancmopt-
Hele Oenku [2, 46, 98]. J. K. Sherman [107] moka3au,
YTO TIOCJIE MEAJICHHOTO 3aMOPaKUBAaHMs TKAaHU Cep-
L@ KPBIChI ¥ N30 IMPOBaHHBIX MUTOXOHAPHI CHIKAETCS
aKTUBHOCTHh MUTOXpOoMoKcuaasbl. J.U. O6o3Has u
COAaBT., U3y4asl BIUSHUE IByX3TAIHOTO 3aMOPaXH-
BaHUS HA KJIETKH KOCTHOTO MO3ra, TAKXKe BBISIBUIH
CHIDKEHHE aKTUBHOCTH 3Tor0 (hepmenTa [40]. JlanHbIi
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membranes, cells, tissues). Simple proteins (ribonuclea-
se, pepsin, trypsin, chymotrypsin) possessing a stable
conformation provided by S—S cross-linking of peptide
chains tolerate well a rapid freezing (down to —196°C)
in buffer solutions without significant loss of specific
functions [103, 119]. However, multiple freezing and
slow thawing result in a reduction of the enzymatic
activity. After rapid freezing under protection of gly-
cerol such hydrolytic enzymes as lipase, amylase, tryp-
sin and chymotrypsin could be preserved well for a
long period even at unfavorable temperatures from
—20 to —25°C [76, 115]. After freezing of complex
proteins with quaternary structure the cryodamages
are manifested in a greater extent. Ceruloplasmin and
haptoglobin affected by low temperature had a statis-
tically significant impairments of structural and functi-
onal properties [89]. Freeze-thawing of aqueous
solutions of bovine serum albumin led to either an
aggregation of some biomacromolecules which was
interpreted as the formation of molecule-molecule S—
S bonds or a complete protein denaturation [21, 29].
Formation of disulphide cross-links was also observed
when investigating the effect of freezing on structure
of lactate dehydrogenase [66]. The effect of deep
freezing was also in terms of formation of hybrid
complexes of enzymes [58, 59]. Chemical processes
proceeding in aqueous solutions of polymers at low
temperatures are stipulated by the forces appearing
due to altered aggregate state of water. Herewith, the
ruptures of macromolecule chains can occur with the
appearance of free radicals, and later during thawing
there could be formed new bonds and molecules, diffe-
ring from initial ones [14]. Freeze-thawing of mixtures
of two fractions of isoenzymes of lactate dehydroge-
nase (LDG1 and LDGS) resulted in the dissociation of
the enzyme to subunits and thereafter in a spontaneous
recombination with the formation of hybrid isoenzymes.
The appearance of three additional isoenzyme fractions
with an electrophoretic mobility being intermediate as
for initial forms has been shown [70]. Formation of
hybrid forms stipulated with intermolecular impairments
in initial proteins was often observed after performing
slow or multiple freezings down to —30 or —70°C when
the concentration of salts and metabolites manifest
their maximal damaging effect on biomacromolecules.
Moreover, if lactate dehydrogenase was frozen in a
saline with the rate of 300-400 deg/min down to
—196°C, no hybridization was found [70]. Electropho-
resis method was applied to find hybridization of
lysozyme, ribonuclease, mixture of lysozyme and
ribonuclease due to freezing effect [57], as well as to
confirm the cryohybridization of lactate dehydrogenase
[13]. Some investigators [15, 59] reported hybridization
and cryoaggregation of proteins, though the published
data about the character of cryodamages of biomacro-
molecules are largely quite contradictory.

npo6nemMbl KpMOOGMONOrMM U KPUOMEAULIMHDI
problems of cryobiology and cryomedicine

Tom/volume 24, Ne/issue 2, 2014



reMcoaepKanuii 00K COSAUHEH C ITUTO30JIbHOH
MMOBEPXHOCTHIO BHYTPEHHEH MeMOpaHbl CIaObIMu
aneKkTpocTaTHuecKuMu csa3samu [ 108], uro obecreun-
BaeT €ro BBICOKYIO JIATEPAJIbHYIO MOJBH)KHOCTH B
MmembOpane [70]. Cunrtaror, 4T0 U3MEHEHUE AKTHB-
HOCTH LIUTOXPOMHOT'O y4acTKa JbIXaTEIbHON LEMH —
YyBCTBUTENBHBINA TECT XOJIOJOBOTO MOBPEXKACHUS
MUTOXOHIpuUH [75, 76]. Ilpu 3TOM OTMEUaeTCs Koppe-
TS MEXKTY CKOPOCTBIO 3aMOPaKMBAHUS M U3MEHe-
HHEM JIaHHOTO y9acTKa aKTUBHOCTH.

CymecTByeT MHEHHUE, YTO OXJIAXKICHHE BIHIET Ha
MOJIEKYJISIPHYIO apXUTEKTypy U ()a30BO€ COCTOSTHUE
JUTUAHOTO KOMIIOHEHTa MEMOpaH, 9TO MOXET TMPH-
BOAHTH K MOBPEXACHUSAM (EPMEHTOB, BXOIALINX B
cocTas Ouonorunyeckux MmemoOpa [2, 98]. Ilpu uccne-
JIOBaHUH BIIMAHUS 3aMOPaKHBaHHSI-OTOTPEBA HA MUTO-
XOHIPHH B cpene, cogepxaiieii caxaposy, N. Araki
OTMETHJI PE3KOE CHUKEHHE aKTUBHOCTH O-KETOIIIIO-
Tapataeruaporenassl [58]. AKTUBHOCTB 3TOro Qep-
MEHTa BO MHOTOM OIPEENAETCS COCTOSHUEM OKpY-
JKAFOIINX MEMOpPaHHBIX JIUTINIOB, U €€ CHUKCHHE Ha-
OmromaeTcs mocie SKBUIMOpanuu o0pas3ioB B 30HE
TeMIepaTypsl (Pa3oBBIX MEPEXON0B MOCIETHUX, B TO
BpeMs KaK M3MEHEHHE aKTHBHOCTU LUTOXPOM-C-
penyKTa3bl U MUTOXPOM-C-OKCUAA3BI B MMOJOOHBIX
ycnoBusax He Habmomaercs [S7]. W. Wino u V. Uni-
code, uzyyas BnusiHue 3amopaxkuBanus 1o —20°C Ha
M30JIMPOBAaHHBIN JIUIIONIPOTEMHOBBIM KOMIUIEKC I[IUTO-
XPOMOKCH1a3bl, OTMETHIIN HHTHOMPOBaHUE aKTHBHOC-
TH (hepMeHTa, KOTOPOE C YBEINYCHHEM KOJINYECTBA
LMKJIOB 3aMOPaKUBAHUSI-0TOIPEBA YBEIMUNBAIOCH
[116]. ITocne 3aMOpax1BaHUS-0TOIPEBA MUTOXOHAPHH
B cpene, conepxaieit KCI, W. N. Fishbeinu J. L. Grif-
fin 0OHApYXHUIIN yMEHBIIIEHHE aKTUBHOCTH LINTOXPOM-
c-penykrassl [75].

CHmxenne (hepMEeHTaTHBHON aKTUBHOCTH KaTaJu-
TUYECKHUX OEJIKOB IOCTE 3aMOPaKUBAHHUSI-OTOTPEBA,
BI10Th 110 (52 £ 4)% misa LIXO u mo (72 £ 3)% ans
[TFOKO300KCHAA3bl, 3aBUCHUT OT CKOPOCTH OXJTKIACHUS
U COJIEBOT'O COCTaBa CPEAbl U SBJISETCS PE3yJIbTaTOM
HU3MeHeHHs KoH(popMauuu Oenka, BCISICTBHE KOTO-
poro HaOIIOAAIOCH YBEJIIMUEHHE CTEeH! TuApodho0-
HOCTH B o0siacty akTuBHOTO IeHTpa [30]. Kpome Toro,
3aMopa)XuBaHHe U nocienyomui ororpes [[XO
MPUBOAMIN K YMEHBIICHUIO Pa3MEPOB JIUIONPOTEHU-
HOBOTO KOMITJIEKCA B Pe3yJbTaTe OTLICTUICHUS YacTh
ACCONMUPOBAHHEIX ¢ OeKoM JunuIoB. O TOM, 4TO
MpoIeaypa 3aMOPaKUBaHUA-OTOTPEBA ecTabmIn-
3UpOBaNa CTPYKTYpy hepMeHTa, CBHICTEIHCTBOBAIIH
cHmwkenne ycroiunBocty L[XO K HarpeBy (TU1aBicHIe
Ha4YMHAJIOCHh MpHU OoJiee HU3KUX TeMIepaTypax) U
CIBUT B 00J1acTh O0Jiee HU3KHUX TEMIEeparyp npease-
HaTypaUHOHHOT0 KOH(GOPMALMOHHOIO MEepexoa.
S. Kawato u coaBT. moka3anu, 4TO 3TOT MEPEX0.]
00ycIoBJIeH KOH(POPMALMOHHBIMUA U3MEHEHUMHE OeJI-
KOBOM 4acTH U HE 3aBUCHT OT KOJIMUECTBA U CBOWCTB,
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Cytochrome oxidase (CO), cytochrome P-450 and
transport proteins being frozen-thawed in a solution
and in tissues were damaged in a different extent [6,
78, 110]. Sherman [103] has shown that after slow
freezing of rat heart tissue and isolated mitochondria
the activity of cytochrome oxidase decreases. Oboz-
naya et al. [90] also found the reduction of this enzyme
activity when studying the effect of two-stage freezing
on bone marrow cells. This heme-containing protein is
bound with cytosol surface of the inner membrane by
means of weak electrostatic bonds [105], that provides
its high lateral mobility inside membrane [28]. Changes
in activity of cytochrome site of respiratory chain is
considered to be a sensitive test of mitochondria cold
damage [31, 33]. Herewith, the correlation between
the rate of freezing and change in the activity of this
site is noted.

There is a notion that cooling affects molecular
architecture and phase state of lipid component of
membranes, that may lead to a damage of enzymes
being the components of biological membranes [6, 77].
Investigation of the effect of freeze-thawing on mito-
chondria in the medium containing sucrose conducted
by Araki revealed a sharp reduction of the activity of
o-ketoglutarate dehydrogenase [4]. The activity of this
enzyme is mainly determined by the state of envi-
ronmental membrane lipids and its reduction is observed
after equilibration of the samples in the temperature
zone of phase transitions of the latter, whilst no altera-
tion in the activity of cytochrome-c-reductase and cyto-
chrome-c-oxidase under similar conditions is observed
[3]. Wino and Unicode investigated the effect of freez-
ing down to —20°C in isolated lipoprotein complex of
cytochrome oxidase and observed the inhibiting of
enzyme activity which increased after mul-tiple freeze-
thawing cycles [115]. Fishbein and Griffin have found
a decreased activity of cytochrome-c-reductase after
freeze-thawing mitochondria in KCl-containing me-
dium [32].

A decrease in enzymatic activity of catalytic pro-
teins after freeze-thawing down to (52 +=4)% and (72 +
3)% was revealed in CO and glucose oxidase, respec-
tively, that was found to depend on cooling rate and
solutes composing the medium, and was associated
with a change in protein conformation, resulted in an
increase in hydrophobicity in the vinicity of the active
center [83]. Moreover, freezing and subsequent thaw-
ing of CO led to a decrease in lipoprotein complex
dimensions as a result of detaching some protein-asso-
ciated lipids. The fact that freeze-thawing procedure
destabilized the enzyme structure was confirmed by a
reduced resistance of CO to heating (melting began at
lower temperatures) and a shift of pre-denaturation
conformational transition towards lower temperatures.
Kawato et al. showed this transition as stipulated by
conformational changes in a protein part of the complex
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CBsI3aHHBIX ¢ OenkoM yunuaoB [93]. Cumkenue dep-
MeHTaTuBHOM akTuBHOCTH [[XO B pesynbrare KpHo-
MOBpEXIeHUs (pepMeHTa OOBACHIOCH U3MEHEHUEM
KOH(pOpMaIMy BHYTpHY O€JIKOBOM I1100YIIbI, HApYILIAIO-
LIMM B3aUMOJEHCTBHE MEXIYy ABYMS reMamu, 0e3
JMCCOLNALINY TOCIIE HU3KOTEMIIEPATYPHOTO BO3/IEHCT-
Bua qumepoB L1XO Ha MoHOMEpEI [45].

Hcxoas u3 maHHBIX THTEPATypbl OTHOCUTEIBHO
BITUSTHHS HU3KHUX TEMIIEPaTyp Ha O€TIKH (KaK H30IHPO-
BaHHBIE, TaK M BXOJSIINE B COCTaB OMOIIOTHYECKHUX
CHCTEM), MO>KHO TPENIOIOKUTH, YTO OEIIKH C YeTBEp-
TUYHOH CTPYKTYpOil Hanbomee KpronadmibHEI [7, 21,
52]. OnHako HaIMYHE KPUOPE3UCTEHTHBIX OEIKOB C
YETBEPTUYHOMN CTPYKTYpPOH CBUAETEILCTBYET O Yac-
TUYHOW YHHBEPCAJIBLHOCTH 3TOro HabmroneHus. Bo
MHOTHX CITy4yasix He yCTaHOBJIEHA CTENEeHb 00paTH-
MOCTH OOHapYXEHHbBIX U3MEHEHHUH CTPYKTYPHO-(PYHK-
LUOHAIBHBIX CBOMCTB (DEPMEHTOB MOCIIE 3aMOPaKH-
BaHMS U mocleayromero ororpena [87, 90, 115].
OcHOBHBIE 32aKOHOMEPHOCTH KPUOTIOBPEKIACHUS O€eII-
KOB B IIMKJIE 3aMOPaXKHBAaHUS-OTOTPEBa MOAPOOHO
n3yqanuce 11. ly3y [13] Ha mpumepe pacTBOPUMBIX U
MeMOpPaHOCBS3aHHBIX (PEPMEHTOB C Pa3HOM MOJIEKY-
JIAPHON CTPYKTYpOH M MeMOpaHHOMN JTOKaIH3aIHen.
MexaHu3M CTPYKTYPHBIX U3MEHEHHU OEIKOBBIX MaK-
POMOJIEKYIT IO/ BIUSTHUEM HU3KUX TEMITEPATyp Ipea-
CTaBJIsIET 0COOBIN HHTEPEC, TOCKOIBKY €10 MOXKHO HC-
[I0JIb30BATh JUIsl PACKPBITUS PUPOJIBI MOJIEKYJIIPHON
OpraHuzanuy 1 GyHKIMOHUPOBAHKS OOMaKPOMOJIEKYIT
C YETBEPTHUYHOU CTPYKTYypoil. OKOHYATENBEHO BOMIPOC
0 B3aUMOCBSI3H MEXKy MOJIEKYJIIPHOI opraHu3anueit
KaTaJINTHYECKUX OENKOB U KPHOIAOMIBHOCTBIO UM
KPUOPE3UCTEHTHOCTBIO 10 HACTOSAIIETO BPEMEHHU He
pemreH. Bo3aM0O)XHO HOBBIE 3KCTIEpUMEHTAIbHBIE JaH-
HBIE KaK B KpHOOMOIOTHICCKIX, TAK U B 00111eO1O0ITOTH-
YEeCKUX O0JIACTAX MOMOTYT MPOSCHUTH CUTYAITHIO.

IIpomecc kproaeHaTyparu OSIKOB, KOTOPHIH IPo-
ABIISIETCS B TIOTEPE CTPYKTYPHOT'O COCTOSTHUS HATHB-
HOU OEITKOBOW MOJICKYJIBI IO/ BIUSHUEM XOJIO/A, B
OTIINYHE OT BBICOKOTEMIIEPATYPHON JEHaTypaluH,
yIpaBisieM, a TP HUCIIOJIb30BaHUH KPUOIIPOTEKTOPOB
BO3HHKAET BO3MOKHOCTD €IIe B OOJIbLICH CTeNeHH
COXPaHUTH CBOICTBA OOMaKPOMOJIEKYJI ITPH 3aMOpa-
xuBaHuu [3]. B cnydae 3aMopakuBaHusi OCIKOB B
H30JIMPOBAHHOM BHJIE HAOIIOAAETCsl MOBPEXAAOLICe
JeficTBHE HU3KUX TEMIIEPATYP, IPOSBIIIONIEECS B 00-
parumoii ferarypaunu 6nomakpomonexyn [ 109, 113].
B03MO0XHOCTh HU3KOTEMIIEPATYPHOU J€HATYpaLUU
0€JIKOB OTpeeNaeTCs SHTPONUHHON TPUPOIOH THAPO-
(oOHBIX B3aMMOJICHCTBUH, KOTOPBIE B TIIOOYIISPHBIX
Oenkax o0pa3yroT OCHOBHYIO CHCTEMY BHYTPHMOJIC-
KYJISIpHBIX KOONepaTuBHbIX cBsazel [91]. Ilpu saTom
HEOOXOOUMO OTMETUTbH, YTO aHAJIU3 CYLICCTBYIOLICH
JUTEPATyphl IO JaHHOK MpobiieMe MOATBEPKAACT
HEOOXOAMMOCTD JAJIbHEHUIIINX HCCIECAOBAHUI TEPMO-
JUHAMUKH HU3KOTEMIIEpaTypHO! JIeHaTypalyH, mo-
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and not dependent on a number and properties of
protein-associated lipids [55]. Decrease in CO enzy-
matic activity as a result of enzyme cryodamage was
explained by a change in the conformation inside protein
globule, disordering the interaction between two hemes
without dissociation of CO dimers into monomers
following low temperature exposure [97].

Basing on the published data on the low tem-
perature effect on proteins (both isolated and being
the part of biological systems), one can assume proteins
with quaternary structure to be the most cryolabile [58,
69, 113]. However, the presence of cryoresistant pro-
teins with quaternary structure indicates only a partial
universalism of this observation. In many cases the
limits of reversibility of the revealed changes in struc-
tural and functional properties of enzymes after freez-
ing and following thawing were not established [49,
52, 114]. Basic regularities of protein cryodamages dur-
ing freeze-thawing cycle were studied in details by
Duzu [20] in soluble and membrane-bound enzymes
with different molecular structure and membrane
localization. Of special interest is the mechanism of
structural changes in protein macromolecules under
low temperature effect, because of the possibility to
use it for revealing the nature of molecular organization
and functioning of biological macromolecules with qua-
ternary structure. The question about the relationship
between molecular organization of catalytic proteins
and cryolability/cryoresistance has not been finally re-
solved yet. It is possible, that new experimental data
obtained both in cryobiological and general biological
fields would help to clarify the situation.

The process of protein cryodenaturation, manifested
in a loss of structural state of native protein molecule
under cold effect, in contrast to high temperature dena-
turation is a controlled one, and in case of using cryopro-
tectants there is the possibility to preserve to a greater
extent the properties of biological macromolecules
during freezing [6]. In case of protein freezing in isolated
form a damaging effect of low temperatures was ob-
served, manifested in a reversible denaturation of
biological macromolecules [105, 109]. The possibility
of low temperature denaturation of proteins is deter-
mined by an entropic nature of hydrophobic interac-
tions, which form the basic system of intramolecular
cooperative interactions in globular proteins [53]. It
should be noted that the analysis of current relevant
publications confirms the need for further studies of
thermodynamics of low temperature denaturation, be-
cause of difference of this process from usual thermal
denaturation [46].

Glycoproteins of some poikilotherms, cold-adapted
fish in particular, were established to be not only
cryostable, but capable to be antifreeze proteins [49,
101]. Up to now there are not enough data on glyco-
proteins, especially of homoiotherms not adapted to
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CKOJIBKY 3TOT MPOLECC OTAMYAETCS OT OOBIYHOM Tel-
JIOBOM fieHaTypaiuu [ 84].

YCTaHOBIEHO, UTO TITMKOIPOTEUABI HEKOTOPBIX
MOWKUIOTEPMOB, B YaCTHOCTH PBIO, aJan THPOBAHHBIX
K XOJIOJTY, SIBJISIFOTCSI HE TOJIBKO KPHOCTA0MIIbHBIMH, HO
Y MOTYT UT'PaTh pOJIb aHTU(PHU3HBIX OenkoB [87, 106].
Jlo HacTosIIeT0 BpeMEeHH HE MOTy9IeHO I0CTaTOYHOTO
KOJIMYECTBA JAHHBIX OTHOCUTEIHFHO IIIUKOTPOTENIOB,
B YaCTHOCTH TETUIOKPOBHBIX )KHBOTHBIX, HE a1alI THPO-
BaHHBIX K XOJIONY, TIOITOMY YTBEPKACHNUS, YTO TIIHKO-
MIPOTEUABI TF0O0H MPUPOIBI KPHOPE3UCTEHTHBI Oe30C¢-
HOBAaTEJILHBI.

OxyaxneHne OMOIIOTHUECKUX CYCIIEH3UH 10 TeM-
neparypsl Gpa3oBOro nepexona pacTBOPUTEIST COMPO-
BOXIAeTCsl PU3UKO-XUMUIECKUMH ITPOLIeccaMu, KOTO-
pble MOTYT OKa3bIBaTh MOBpPEKIAIOIIEe BIUSHUE HA
CTPYKTYpY 1 QpyHKIHIO OenkoB. B mureparype onmca-
HBI (PU3UKO-XUMHYECKHE SIBIICHUS, TPOTEKAIOIINE TIPU
3aMOpaKUBaHUN-OTOTPEBE ONOJIOTHYECKUX CyCIICH3UH
Ha YPOBHE MEXMOJIEKYJIIPHBIX B3aUMOJEHCTBHI [9,
14]. YcranoBneHo, 4TO MOBPEXKAAIOIIEe BO3ACHCTBIE
Ha OMOMaKpPOMOJIEKYJBI TIPHU 3aMOPaXMBAHUN MOTYT
OKa3bIBaTh TAKHE NMPOLECCHI, KAK KOHIIEHTPUPOBAHNE
coJIel M IpyTHUX KOMIIOHEHTOB pacTBOpa IPH BEIMOpa-
KMBaHUH OCHOBHOW Macchl CBOOOIHOM BOABI, U3MEHE-
HUE MEXMOJIEKYIAPHBIX B3auMoieicTBuil u pH cpensl
(puc. 1). CoBOKYMHOCTB 3THX (paKTOPOB MOTy4MIIa 00-
niee Ha3BaHue «3(dexTsl pacTBopay. Ilockonbky yka-
3aHHBIE PH3UKO-XUMUYECKIE H3MEHEHNS B3aNMOO0YC-
JIOBJICHBI U ABIISAIOTCS CIIEACTBHEM BBIMOPaKMBaHUS
BOJIBI, TO X BJIMSHHAE Ha OMOMaKpOMOJEKYJIBI, 11O
CYIIECTBY, KoMIUIeKCHOe. HecMoTpst Ha maHHBIH (akT,
ABTOPBI HEKOTOPHIX paboT MBITAIOTCS ONEHUTH BKJIA]T
B KpHOIIOBPEXAEHUE OTAETBHBIX MpolieccoB. Hampu-
Mep, U3y4asiach poiib 3 (HEKTOB MOBBIICHHUS KOHLICHT-
pauuii coneit Npu BBIMOPaKMBaHUH CBOOOTHON BOJIBI.
Honsl coneil B pacTBOpe OKa3bIBalOT BIMSHUE HA Oe-
KH{ B OCHOBHOM ITYTEM 3JIEKTPOCTAaTUYECKOTO B3aMO-
JNEeHCTBUA C NOJSPHBIMH aMHUHOKUCIOTHBIMH OCTaT-
KaMH, HaXOSILIMMUCS Ha IIOBEPXHOCTHU OEIKOBOI MO-
neKyisl. [Ipy BEICOKMX KOHIEHTPALUSIX HOHOB MOYKET
HPOSIBIATECS APQPEKT, CBA3AHHBIA C UX IMIPATHBIMU
cBoiicTBamu. [Ipu U3ydeHUU BIUSHUS 3aMOpPaXKU-
BaHUSA-0TOIPEBa Ha KOH(OPMAIMIO W30JIMPOBAHHOM
X0 Meromamu muddhepeHITHaTbHON TeMITepaTypHO-
neptypbaunonnoii cnekrpodoromerpun E.JI. Po3a-
HoBa u E.W. Haymenko [37, 45] mokasainu, 4To aKTUB-
HOCTh (pepMEHTA CYILIECTBEHHO 3aBUCHT OT COJIEBOTO
coctaBa cpefpl. Tak, ecnu cpefoi 3aMopakuBaHUs
cirykui pocdarabiii 6ydep, TO 3SHAUNMOTO CHU)KEHHS
aKTUBHOCTH (hepMeHTa Iocie OTOrpeBa He HalIo-
nanock. B tpuc-0ydepe mmm B hocdaraom Oydepe,
coaepxamem 0,15 M NaCl, aktuBHOCTH epMeHTa
[10CJIE 3aMOPAKUBAHUA-OTOIPEBA YMEHBILAJIACH 110Y-
TH B 2 pa3a. ABTOPHI TIOKa3aJd, YTO MHAKTHBAIIHS
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cold, so the assertions that glycoproteins of any nature
are cryoresistant have no basis.

Cooling of biological suspensions down to the
temperature of solvent phase transition is followed by
some physical and chemical processes, likely pos-
sessing a damaging effect on protein structure and
function. There are the publications concerning physi-
cal and chemical phenomena occurring during freeze-
thawing of biological suspensions at the level of mole-
cular interactions [40, 120]. Such processes as con-
centrating of salts and other solutes during freeze-out
of a bulk free water, as well as the changes in mole-
cular interactions and pH of medium were established
as capable to cause a damaging effect on biological
macromolecules during freezing (Fig. 1). The combi-
nation of these factors has been generally defined as
the ‘solution effects’. Since the mentioned physical
and chemical changes are interdependent and result
from water freeze-out, their effect on biological macro-
molecules is substantially complex. Despite this fact,
some authors attempt to assess the contribution of
individual processes to cryodamage. For example, there
was studied the role of effects of salt concentration
rise during free water freeze-out. Salt ions interact
with proteins in a solution mainly through electrostatic
interactions with polar amino acid residues located on
protein molecule surface. If the ions are highly
concentrated the effect associated with their hydrate
properties may appear. When studying the effect of
freeze-thawing on conformation of isolated CO by the
methods of temperature-perturbation differential spect-
rophotometry Rozanova E.D. and Naumenko E.I. [86,
97] showed the enzyme activity as significantly depen-
dent on the medium salt composition. In particular, if
phosphate buffer was a freezing medium, no significant
decrease in enzyme activity had been observed. After
freeze-thawing in Tris buffer or in phosphate buffer
containing 0.15 mol NaCl the enzyme activity dec-
reased two-fold. The authors showed that enzyme
inactivation occurred within the range of —20...—30°C
after the CO was affected by concentrated saline
solutions following freeze-out of free water. It was
found also that CO inhibition was stipulated by confor-
mational changes in the vinicity of active center, mani-
fested in higher accessibility of solvent to the heme
areas.

High concentrations of some cations and anions
which are normally present in low concentrations and
required to maintain the structure and function of
protein may cause a damage effect. Such ions as F-,
NO?*, CI', Br are able to interact with copper cation
inside a protein globule [69]. Similar results after rapid
freezing were obtained by H. Beintert et al. who
studied by EPR the interaction of anions with cyto-
chrome oxidase hemes in cavities inside a molecule
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(hepmenTa npoucxoaut B auamazone —20...—30°C B
pesynsrare AeiictBusa Ha 1[XO KOHIEHTpUPOBaHHBIX
pacTBOPOB coJieil mociie BEIMOPasKUBaHUs CBOOOTHOM
BoAbl. [Ipy 3TOM ycTaHOBIEHO, YTO HHTMOUPOBAaHUE
LIXO o6ycnoBneHo n3MeHeHHeM KOH()OPMAITIH B 30He
AKTHUBHOTO IIEHTPA, KOTOPOE MPOSIBISIIOCH B OOJBIIEH
JOCTYITHOCTH PAaCTBOPUTENS K TEMOBBIM 00JIACTSIM.

Bricokue KOHIIEHTpanuyu HEKOTOPBIX KaTHOHOB U
AHHOHOB, KOTOPbIE B HEOONBITNX KOHIIEHTPAIUAX
HEOOXOIMMBI JJIsl TOAEP KaHHS CTPYKTYPbI M (PYHKIIN
OeJKa, MOTYT OKa3bIBaTh MOBPEXAAIOIIEe JeHCTBHE.
Takwue nonsl, kak F-, NO*-, CI, Br-, cnocoOHBI B3au-
MOJIEHICTBOBAaTh C KATHOHOM MENHN, KOTOPBIN HAXOIUT-
Cs BHYTpHU OenKoBO# rioOynbl [22]. AHaIOTHYHbBIE
pe3yNbTaThl Mocie OBICTPOro 3aMOpaKUBaHUS ObLTH
noyueHs! H. Beinert v coaBT. mpu H3y4eHUH METOAOM
OIIP B3anMOIEHCTBUS aHHOHOB C TeMaMU [TUTOXPOM-
OKCH/1a3blI, PACTIOI0)KEHHBIMH B TIOJIOCTSIX BHYTPH MO-
nekyisl [59]. S.P. Sun u coaBt. HabIOMaTH N3MEHEHUE
TPETUYHOMN U YETBEPTUUHOU CTPYKTYP CBIBOPOTOYHOT'O
anpOyMuHa ObIKa B pacTBopax ¢ KoHuenTpamuei LiCl
Beime 4 M [110]. HeoOparumsie koH(pOpMaImoHHBIE
HU3MEHEHHUS! IMMYHOTTIO0YTMHOB MO ICHCTBUEM COJCH
NaCl, KCl, NaBr nporcxomst npy KOHIEHTPaLWH BbIILE
2-4 M [25, 27], a neHaTyparysi CbIBOPOTOUYHOTO ajlb-
OymuHa ObIka — pu KoHueHTpauuu NaCl 4,6 M [26].
[Ipoueccrs! pekpucTanIu3anuy, NPOUCXOASIIINE IPU
OTOTPEBE, TOMOTHUTENIBHO YBETMUMBAIOT OBPEKAAL0-
1ee IeHCTBUE TUTIEPKOHIICHTPAITAHN COJIeH Ha OmoMaK-
pomonexy:sl (puc. 2) [18, 69].

AHanu3 IuTepaTypbl CBUIETENLCTBYET O TOM, YTO
B HU3KOTEMIIEPATYPHOM MOBPEKICHNN OEIKOB C YeT-
BEPTHUYHOMN CTPYKTYPOH CYIIECTBEHHBIMH SIBIISIOTCS
TaKye U3MEHEHHS TapaMEeTPOB CPEbl, KaK KOHLIEHTPH-
poBaHUE COJIel B ABTEKTUYECKOM 00IacTu Temmepa-
Typsl ¥ cHbkeHne pH. Hannane koHeHTpupoBaHHOTO
COJIEBOTO PacTBOPA, KOTOPBIA OPMHUPYETCS] B MUKPO-
(hazax 3aTBepIEBILEH MAaTPHILIBL, YK€ TOCTATOUHO JUIS
pacmazna 6enka Ha cyOobeauHuIb [ 13, 85], kak u u3me-
HeHus Tonbko pH nng nmecrtabunmsanuu GEIKOB ¢
YeTBEPTHYHOHN cTpyKTypoil [41]. Pasnas pactBopu-
MOCTh HEOPTaHUYECKUX COJIEH, B TOM YHCIIE U BXOMS-
IIVX B cOCTaB Oy pepHBIX paCTBOPOB, B IMPOIIECCE 3aMO-
paXUBaHUSI MOXKET BIUATh Ha 3HAYUTEIBHBIH CABUT
pH, mpudem npu UCTIOIL30BaHUN PACTBOPOB (ocdar-
HBIX Oy(epoB cosn Kanus caABuraoT pH MeHbIe, yem
coim Hatpus [60, 63, 81]. [ys 3amopaxuBanus Gep-
MEHTOB NPUMEHSIOT Oy(epHBIEC PACTBOPHI HA OCHOBE
MOJIEKYJI-LIBUTTEPUOHOB, NOCKONIBbKY M3MeHeHue pH
[IPU KPUCTAIM3ALUU BOIHON (ha3bl C OXJIaKACHUEM
TaKHUX PacTBOPOB He3HauuTesabHO [77]. Ilpu atom
[IPUYUHOHN MOBPEXKIECHUS OMOMAKPOMOJIEKY MOXKET
OBITH KOHIICHTPHUPOBAHHUE HEHTPATBHBIX coei [45].

N3ygamace posb 3ppeKkToB AeTHaApaTaIIid OHO-
MaKpOMOJIEKYJI B TIOBPEXKIAIOIIEM ACHCTBUN HU3KUX
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[5]. S.P. Sun et al. observed the change of tertiary
and quaternary structures of bovine serum albumin in
the solutions with concentration of LiCl higher than
4 M [106]. Irreversible conformational changes of im-
munoglobulins under effect of NaCl, KCl, NaBr occu-
red under concentrations higher than 2—4 M [72, 74],
and denaturation of bovine serum albumin was found
at NaCl concentration of 4.6 M [73]. Recrystallization
processes during thawing additionally aggravate a da-
maging effect of salt hyperconcentrations on biomacro-
molecules (Fig. 2) [21, 64].

Analysis of publications shows that such changes
of medium parameters as concentrating of salts in the
eutectic temperature range as well as decreased pH
are significant agents of low temperature damage of
proteins with quaternary structure. The presence of
concentrated saline formed in microphases of solid
matrix is sufficient for proteolysis [20, 47] and the
changes of solely pH is enough for destabilization of
proteins with quaternary structure [90]. Various solu-
bility of inorganic salts including the ones constituting
buffer solutions can cause a significant shift in pH
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Fig. 2. Reaction of biopolymers to heating post freezing.
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temnepatyp [82, 83]. Jeruaparanus 6HoMakpomo-
JIEKYJ1 BCIIEICTBHE BEIMOPAXHBAHHUS BOIBI, CBI3aHHON
¢ OeJIKOM, MOXKET CYIIECTBEHHO BIHMATH HA KPHUOIIOB-
pexaeHue OENKOB P 3aMOPAKUBAHUH U TIOCIEAYIO-
meM otorpese [24, 54, 103]. bsuio uccnenoBano uzmMe-
HEHME TUApaTaLUH IPH JCHCTBUH 3aMOPaKUBAHUS Ha
KaTajiasy W INepoKcuaasy, IpU 3TOM MOKa3aHO, YTO
JeruapaTanys SBiseTcs IPUINHON KPHOTIOBPEXKICHU
[64, 65]. OcobeHHOCTH TeTHAPATAITIH IIPH TTOBPEXKIC-
HUU OEJTKOBBIX CUCTEM B PE3YJIBTATE 3aMOPAKUBAHHS-
OTOTpeBa MIMPOKO U3ydannch Ha pepmentax [19, 20,
64, 65, 88]. bbL10 00HAPYKEHO, YTO XapaKTEP HHAKTH-
BaIMu (PepMEHTOB IPUMEPHO OJJHOTHUIIEH. ITO JaJI0 OC-
HOBaHHE CYUTATh JAECTHAPATALNI0 OMOMAaKPOMOIEKYII
MPUYUHON KPHOIOBPEKACHNS KATaTUTHUECKUX OSIIKOB
[1, 53].

Kak mokazanu E.A IlepmakoB u coapt. [101],
MOHM)KEHHE TEMIIEpaTyphl pacTBOpoB OenkoB ot 0 10
—196°C BBI3BIBAET PE3KUE CTYIIEHUATHIE CABUTH CIIEK-
TpoB TpunTodaHoBoi ¢iryopecuenunu. [lpu stom y
0EJIKOB C BHYTPEHHUMH TPUNTO(AHOBBIMHU OCTATKAMU
9TH CIIBUTH MIPOUCXOAAT B nuamazoHe —2..—90°C, a 'y
0€eJIKOB, IMEIOIIHX TOJIHKO BHEIIHNE TPUITO(DAHO-BbIE
ocrtatku, — npu 20...0°C [5]. IIpu uccrenoBanum BeI-
CYIIEHHOTO 70 HeOOIBIION OCTaTOYHON BIAKHOCTH
OeJjka onmucaHHbIN 2 GEKT UcUe3aeT, a TP yBIaKHe-
HUH — TIOSIBIISICTCA.

Ha ocHoBaHuM pe3ynbTaToB U3MEPEHUN H30TEPM
ancopOuu FO.U. Xyprus ycTaHOBWII CYIIECTBOBAHHE
HECKOJIBKUX (hpaKunii CBA3aHHOH ¢ OeNTKoM BOIIbI [53].
Hanubiii pakt onucan u B 0onee No3AHUX padoTax, B
KOTOPBIX MCIIOJIb30BAJINCh TAKHE METOABI, KaK sSAep-
HBII MarHUTHBIA PE30HAHC, TEMIIEpaTypHO-TIepTypoa-
[IUOHHASI CIIEKTPO(OTOMETPHS, CKAHUPYIOIAS KAIOPH-
METpHsI ¥ BBICYIIMBAHUE KOJUIOWIHOTO pacTBopa [8,
43, 44, 47]. IlepBas ¢pakuus BOAbI HAXOAUTCS Ha
OTJAJIEHHOM PacCTOSHHUH OT MOBEPXHOCTH OMOTIONH-
MEpOB WIIK KOMITOHEHTOB MEMOPaH, XapaKTepU3yeTCsI
BBICOKOW MOJIBUKHOCTBIO MOJIEKYIT H SIBIISIETCS] METa-
Oosmvecky akTuBHOM. OHa o0ecreunBaeT TPaHCIOPT
BELIECTB U META0OJIUTOB, KaTaINU3 U Ipyrue QyHK-
LUOHAJIBHBIE TTpoLiecchl. BTopas ¢ppakuus MeHee nmos-
BIDKHA, PacIiojioykeHa Orke K TOBEPXHOCTH OUOTIONH-
Mepa, JIOKaJTM30BaHa B THAPo(OoOHBIX KapMaHax JTu00
JOPYTHX W3BUTHIX KaHAJbLAX, CYyLIECTBYIOIIUX OKOJIO
MOBEepXHOCTH Onomonekyn. CauraeTcs, 4To BTOpas
(dhpakuus umeet 0oJee CI0KHYIO CTPYKTYPY, 9eM Iep-
Basi, U COCTOUT U3 KIIATPATTUIPATOB HIIH OIUMOP(HHO-
JIBJIOTIONOOHBIX crcTeM. TpeThst ppakiyst BOIIbI, COC-
TaBJISAIOMIAsI O- © MOHOMOJIEKYJISIPHBIN CIIOH, TIPOYHO
CBsI3aHa HEMIOCPEICTBEHHO C MOBEPXHOCTHIO0 OMOMOIIE-
KYyJI 332 CUET CHJI B3aUMOJCHUCTBUS C 3apsDKEHHBIMU
rpynmupoBkamu 6enka [ 13]. [To Mmepe yaaneHus ot rmo-
BEPXHOCTHU OMONONINMeEpa, Iepexosl OT TPEThEH K nep-
BOH (hpakuuu, MOABUKHOCTb MOJIEKYJ BOJBI, KaK U
TeMIepaTypa ee KpUCTaJUIN3aluH, YBEITNINBAIOTCSI.
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during freezing, particularly, the potassium salts in
phosphate-buffered salines shift pH less, than sodium
salts [12, 16, 39]. To freeze enzymes one use buffer
solutions based on zwitterion molecules since pH
changes occured during crystallization of aqueous
phase in the course of cooling of these solutions is
insignificant [34]. In this case, the concentrating of
neutral salts could cause the biomacromolecules da-
mage [97].

The biomacromolecules dehydration was studied
to reveal its part in damaging effect of low tempera-
tures [41, 42]. Biomacromolecules dehydration due to
freeze-out of protein-bounded water can significantly
affect the protein cryodamage during freezing and
following thawing [14, 71, 98]. The changes in
hydration during freezing was investigated in catalase
and peroxidase, and dehydration was shown to be the
cause of cryoinjuries [ 17, 18]. Dehydration peculiarities
in damage of protein systems after freeze-thawing
were thoroughly studied in enzymes [17, 18, 50, 65,
66]. The character of enzyme inactivation was revealed
to be of similar type. This allowed to consider dehyd-
ration of biomacromolecules as the cause of cryoin-
juries in catalytic proteins [2, 59].

E.A. Permakov ef al. [95] showed that cooling of
protein solutions from 0 down to —196°C induced sharp
stepwise shifts in the spectra of tryptophan fluores-
cence. In particular, in proteins with internal tryptophan
residues these shifts occured within the range of
—2...-90°C, while in proteins containing only external
tryptophan residues they were found at 20...0°C [10].
If the protein was dried to some remnant moisture the
described effect disappeared, but after moisturizing it
appeared again.

Based on the measured adsorption isotherms
Yu.l. Khurgin found the existence of several fractions
of protein-bound water [59]. This fact was described
also in later researches which utilized the methods of
nuclear magnetic resonance (NMR), temperature-
perturbation spectrophotometry, scanning calorimetry
and drying of colloid solution [37, 93, 96, 110]. The
first water fraction is found at a remote distance from
biopolymers or membrane components surface, it is
characterized by a high mobility of molecules and as
possessing metabolic activity. It provides a transport
of substances and metabolites, catalysis and other
functional processes. The second fraction is less
mobile, it is located closer to biopolymer surface, in
hydrophobic pockets or other convoluted tubules near
biomolecules surface. It is believed that the second
fraction has more complicated structure than the first
one and consists of clathrate hydrates and polymorphic
ice-like systems. The third water fraction forms bi-
and monomolecular layer and it is tightly bound
immediately with biomolecules surface due to the for-
ces of interactions with the charged protein groups
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Uccnenosanna merogamu JIMP u DIIP crimHOBBIX
METOK TTOKAa3bIBAIOT, YTO BOJIU3H MOJIEKYJ OCITKOB Cy-
LIECTBYET CI0M BoABI TOMLMHOM 0,5-0,6 HM, MUKpPOBSI3-
KOCTh KOTOPOTO B 2—3 pa3a BbIILIE, YeM Yy CBOOOIHOM
¢pakunu Bomsl [17, 23]. [IpouyHOCTE CBA3M MOJNEKYI
(pakuuii cBA3aHHON BOIBI C MOJIEKyJIaMK OHOIOIH-
MEPOB BakKHA B POPMHUPOBAHUH 1 OAAEPKAHNH HATHB-
HOH CTPYKTYPbI OMOMAaKpPOMOJIEKYJI U MX (PyHKLIHOHHUPO-
BaHMsI B )KMUBBIX cucTeMax [ 1,49]. OxnaxkaeHune, HU3KO-
TeMIIepaTypHOE BO3ACHCTBUE 3HAYUTEITHHO H3MEHSIIOT
CTPYKTYPY BOIBI, GpaKIny KOTOPOH y4aCTBYIOT B CTa-
Ownn3anuu KoH(GopManuu OnonoauMepoB. BakHoi
TEPMOAMHAMHYECKOW 0COOEHHOCTHIO BOJBI, CBA3AH-
HOU C MOBEPXHOCTHIO OHomonuMepa Gpakiiuy BOJIbI,
SABIIsieTCs ee Ooyiee HU3Kas TeMIepaTypa IUIaBICHUs
10 CPaBHEHUIO CO CBOOOJHOI BOAOI, KOTOpast B Jalib-
HEHIIIEM IPOAOIIKAET CHUKATHCS IO MEpe JeTuapaTa-
uu Oenka [78, 79]. Cauraercs, 4To (ppakiuul BOJIBL,
JIOKaJIM30BaHHBIE BOJIN3HM MOBEPXHOCTH HITH B 3aMKHY-
TBIX TIOJIOCTSIX OMOIOJIMMEPOB, IIPH 3aMOPAKUBAHUH
MMEIOT Pa3MBITYIO 30HY KPUCTAJUIU3AI[UH, OXBATHI-
BAIOIIYIO TeMIepaTypHbIid auama3on ot 0 7o —70°C u
naxe mo —80°C [3, 17]. Eme no 6oyiee HU3KUX TeM-
nepatyp (—120 umu —130°C) coxpaHseTcs MOIBHIK-
HOCTBH MOJIEKYJT B TIPOYHO (pUKCHpOBAaHHOM OW- WIIN
MOHOMOJIEKYIIIPHOM CJIO€ BOJBI.

JlaHHBIMH JIUTEPATyPhI TOATBEP>KICHO CYIIECTBO-
BaHHE MOJIEKYJ BOJbI, CBSI3aHHBIX C BHYTPEHHEH
MTOBEPXHOCTHIO OenkoBoi 1100yibl [38, 92]. Kpome
TOTO YCTaHOBJICHO, YTO BpeMs KOPPEISALMH OpUEHTa-
LMOHHOM pelaKkcaluy TaKOW BOJBI COOTBETCTBYET
BpPEMEHHU KOPPEISINH BPAIIaTeIbHOW pelaKkcaluu
OenkoB [6, 101]. Do sABIAETCS CBUAETEIHCTBOM TOTO,
YTO B NTYOOKHX MOJIOCTSX OETTKOBOM TITOOYITBI HAXOIUT-
sl IPOYHOCBSI3aHHAsI C MOJIEKYJIOHN OeKa Bofa.

Kak ormeuanocs BbIlie, IpH OXJIAXKIESHUH U OCO-
OEHHO IIPH 3aMOPaKMBAHUM CBOMCTBA BOJIBI, TOAAEP-
YKUBAIOIIEH B GU3NOIOTHIECKUX YCIOBUSIX HATHBHYIO
KOH(OpMAIHIO OMOMaKPOMOJIEKYJI, TIOJIBEPKEHBI 3HA-
yuTENbHBIM U3MeHeHusM [1, 14, 49]. [Toatomy Bax-
HBIM JIJIS TOHUMaHUSI MEXaHU3MOB KPHOTIOBPEIKICHHIA,
X 00paTHMOCTH B IIUKJIE KPUOKOHCEPBUPOBAHUS, a
TaKKe ISl pa3pabOTKU CPEACTB U MOAXOJ0B KPHO3a-
LIUTHI SIBJISETCS OTIPEICTICHHE POJIH BOABI B CTPYKTYP-
HOW CTa0MIIbHOCTH/HECTAOMIPHOCTH OXJIQXKICHHBIX JI0
0°C nir 3aMOPOKEHHBIX 10 HEOOJBIIIX OTPHUIIATEITh-
HBIX TeMIeparyp ouomnonumepos. Jliist OenKoBo# rito-
OyJIbl B BOJIE PAaBHOBECHE CHJI, OAIEPKUBAIOIINX €€
HaTUBHYIO KOH(OpMaIHio, TOCTUTaeTcs Oiaromaps
PAcCIIONIOKEHHIO OTIPE/IENICHHOTO YMCIIa THIPOPOOHBIX
TPYTII HE TOJIBKO BHYTPH, HO M Ha TOBEPXHOCTH OENKO-
Boii 1100yI1BI [89, 94, 95, 102], HAIMYHIO MOJIEKYIT BOJIBI
BHYTpH Makpomouekyn [38, 92]. PapHoBecue cun
OCYIIECTBIIACTCSA TaKxke Oyaronaps JBOHCTBEHHOMY
XapakTepy BO3ICHCTBHS BOJABI HA CTPYKTYpY Oenka:
CTaOMIH3NpYOIIEMY (3a cUeT TUAPOPOOHBIX B3aUMO-

2

[20]. When moving from the biopolymer surface with
transiting from the third into the first fraction the
mobility of water molecules as well as its crystallization
temperature increase. Spin label NMR and EPR
showed that there is a layer of 0.5-0.6 nm water
around the protein molecules, its microviscosity is 2—3
times higher than the one of free water fraction [8,
63]. The bonding strength in the fractions of water
associated with biopolymer molecules is essential in
formation and maintenance of native structure of
biomacromolecules and their functioning in living sys-
tems [2, 26]. Cooling and low temperature exposure
significantly change the structure of water, the fractions
of which are involved into stabilization of biopolymers
conformation. An essential thermodynamic feature of
water fraction associated with the surface of biopo-
lymer is its lower melting temperature as compared to
free water and its following decrease during protein
degradation [35, 36]. It is believed that water fractions
localized near surface or in closed cavities of biopoly-
mers have diffused zone of crystallization during
freezing, and it is within the temperature range of 0...
—70°C and even to —80°C [7, 63]. The molecular
mobility in tightly fixed bi- or monomolecular layer of
water is preserved even at lower temperatures (—120
or —130°C).

There are published data about the existence of
water molecules bound with internal surface of protein
globule [54, 87]. Moreover, the correlation period of
orientational relaxation of this water was found to be
consistent with that of rotational relaxation of proteins
[11,95]. This supports the fact that water tightly bound
with protein molecule is located in deep cavities of
protein globule.

As it was mentioned above, the properties of water
maintaining the native conformation of biomacromo-
lecules in physiological conditions are exposed to
significant changes during cooling and, especially, freez-
ing [2, 26, 120]. Therefore, the revealing of how water
participates in stability/instability in the structure of
biopolymers cooled down to 0°C or frozen down to
near-zero negative temperatures is important to under-
stand the mechanisms of cryodamages, their rever-
sibility during cryopreservation cycle and to develop
the means and approaches of cryoprotection. The
balance of forces maintaining native conformation of
protein globule in water is acquired due to localization
of certain number of hydrophobic groups both inside
and on the surface of protein globule [51, 56, 60, 94],
presence of water molecules inside the macromolecu-
les [54, 87]. The balance of forces is provided by a
dual character of water effect on protein structure:
stabilizing (due to hydrophobic interrelations) and
loosening (due to the effects of competition between
water molecules for interchain hydrogen bonds within
the protein globule) [1]. Water features in the vinicity
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NeHCcTBUIN) U paspeIxisoomeMy (3a cueT 3¢ dexTos
KOHKYPEHIIUHM MOJIEKYJl BOABI 32 MEKIIETIOUYEUHbIE
BOJIOPOJHBIE CBS3M B Ipeaesiax 0eIKOBOU I100yIIbl)
[56]. CBoiicTBa BO/IbI OKOJIO THIIPOGOOHBIX MITH THIPO-
(PMITBHBIX YYaCTKOB OMOJIOTHYECKUX MOJEKYT pajiu-
KaJbHO OTIMYAIOTCA OT TAaKOBBIX B pacTBope. Cy-
LIECTBYET NPENNOI0KEHUE, UTO XOJI0J0Bas JICHaTypa-
uus o0yCIOBIEHa U3MECHEHHUSIMH HATUBHBIX B3aHU-
MOJIEUCTBUI MEXY MOJIEKYJIaMHU BOJbI U HEMOJISAP-
HbIMH Tpynmamu [66]. [TokazaHo, yTO ruApaTanvoH-
HBIH CIIOH, CTPYKTYPHO CBSI3aHHBIN C OETTKOBOM MoJIe-
KYJIOH, IMeeT OOJBIIoe 3HAUYCHUE JJIS CTa0MIIH3aITiN
€€ HaTUBHOM KOH(popMaIiu, HEOOXOAMMOH JIJIS peaTu-
3anun oenkoM cnenupuaeckux Gynkiwmii [ 1]. Cesasan-
HYI0, YIIOPSAIOYCHHYIO WM OHOJIOTHYECKYIO BOAY B
KpHOOHOJIOTHH e1lle HAa3bIBalOT He3aMep3alolieH (Impa-
BHJIBHEE TOBOPUTH O HE3aMep3IIel BoJe, NOMycKas
HepaBHOBeCHBIE coctostan) [14, 117, 118].

CrnencTBueM BIUSHUS HU3KHX TEMIIEpaTyp Ha OHO-
MAaKpOMOJIEKYJIbI SIBISIETCSI HAPYIIEHUE BOAOPOIHBIX
cBsi3el — (hakTopa, CTAOMIIM3UPYIOIIETr0 HATUBHYIO
CTPYKTYpY OHOTIOIMMEPOB M OIPENIEIISAIONIET0 UX MPOC-
TpaHCTBEHHYIO KoH(popmaruio. BMecre ¢ TeM BKias
BOJIOPOJIHEIX CBSI3E€H B CTAOWIIM3AIIMIO HATUBHOM IIPO-
CTPAaHCTBEHHOH CTPYKTYpHI OHOTIONIMMEpPA HEBEIHK,
[TOCKOJIBKY BBIMTPBIII B CBOOOIHOM SHEPTHY IIPH TIepe-
HOCE TpymI, 00pa3yoIuX BOJOPOIHYIO CBSI3b, U3
pactBoputels (BOIbl) B MHTEPhEP MaKPOMOJICKYIIbI
MaJl. AHaJIOTUYHBIE BBIBOJIBI O CTAOUIU3HPYIOMEM
XapakTepe BOJOPOIHBIX CBsI3€i ObLIH MOTyYeHBI TIPU
TEOPETHUYECKOM PACCMOTPEHHH TIEPEXOJI0B CIHPAITh-
KITyOOK B moTMaMHHOKUCIIOTax [41]. OmHako cucrema
BOJIOPOJHEIX CBsi3el B O€Ke MOXKET KaueCTBEHHO
OTIIMYATHCS OT TAKOBOM B CHHTETHYECKHUX IOJIHIIETI-
THAAX, TI03TOMY HEKOTOpPbIE aBTOPHI OCTOPOYKHO TIOA-
XOZSAT K BBIBOJAM, C/ICJIaHHBIM Ha OCHOBE MOJIEIIb-
HBIX cucteM [15].

Kpome BoopoAHBIX CBS3EH, BAXKHOE MECTO MpHU
00CYXICHHUHU BOMPOCA O CTAOUIBLHOCTU OCJIKOB OT-
BonuTcs THAPO(OoOHBIM 3pdekTam. OTHacTu 3TO
00yCIIOBJIIEHO POJIBIO CTPYKTYPHI PACTBOPHUTEIS B
OTIpENIeIICHN CTaOMIBHOCTH OSIIKOBOW MOJIEKYITBI, HO
B OOJbIIEH CTENEHH MPOCTHIM SKCIIEPUMEHTATBHBIM
oOHapy>xeHHeM ruIpoPOoOHBIX 3G PEKTOB. 3HAUUTEIb-
HOE YHCJIO THIPOPOOHBIX OOKOBBIX IETICH, CKPBITHIX BO
BHYTPEHHEH 4acTH MOJIEKYJIbl HATHBHOTO OelKa,
BCTYIIAIOT B KOHTAKT C PaCTBOPUTEIEM B pe3yJbTrare
pa3ymnopsaI09YuBaHus CTPYKTYpHI. JIto0oe Bo3myIiie-
HUE, CHIXKAIoIee UX CTaOMIIbHOCTh, HAIIPUMEpP BO3-
JeCTBIE HU3KHUX TEMIIEPaTyp, OyJeT U3MEHSTh PacT-
BOPUMOCTH O€JIKa B TOM CITydae, €M OHO He MPHUBO-
JIUT K BOSHUKHOBEHHIO HOBOT'O M SHEPTEeTHUYECKH OojIee
BBITO/IHOTO CITOC00a pa3MeleH s HEMOJISPHBIX TPYIII
[101].

Bonbiryro poib B o0ecriedeHnr COXpaHHOCTH Oell-
KOB UTPAIOT CKOPOCTH 3aMopakuBauusl. [ Ipu oxmaxe-
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hydrophobic and hydrophilic regions of biological
molecules drastically differ from those in a solution.
There is a suggestion that cold denaturation is stipulated
by the changes in native interactions between water
molecules and non-polar groups [19]. It was shown
that hydration layer being structurally bound with
protein molecule had a significant value for stabilization
of its native conformation required to implement the
specific protein functions [2]. Cryobiology defines also
the bound, ordered or biological water as non-frozen
one (one should speak about non-frozen water taking
into account the non-equilibrium states) [116, 117, 120].

Effect of low temperatures on biomacromolecules
results in the disorder of hydrogen bonds, being the
factor stabilizing native structure of biopolymers and
determining their spatial conformation. Herewith, the
contribution of hydrogen bonds into stabilization of
native spatial structure of biopolymer is insignificant
since the advantage of free energy during transition of
groups forming hydrogen bond from solvent (water)
into interior of macromolecule is non-essential. Similar
conclusions on stabilizing character of hydrogen bonds
were obtained during theoretical analysis of the helix-
to-coil transitions in polyamino acids [90]. However,
the system of hydrogen bonds in protein can fundamen-
tally differ from that in synthetic polypeptides, there-
fore some authors are careful when making conclu-
sions based on the used model systems [61].

When discussing the question of protein stability
the attention is paid not only to hydrogen bonds but to
hydrophobic effects as well. This is partially due to
the role of the solvent structure in providing the stability
of protein molecule, but mostly owing to a simple expe-
rimental discovery of hydrophobic effects. A great
number of hydrophobic side chains, hidden in the inner
part of native protein molecule comes into contact with
solvent as a result of structure disordering. Any distur-
bance, reducing their stability, e. g. the cold tempera-
ture exposure will change the protein solubility in case
if it would not lead to a new, energetically more efficient
location way for nonpolar groups [95].

Freezing rates are prominent in providing protein
integrity. During cooling with moderate rates
(~20 deg/min) there are formed the crystals with larger
surface as compared with those occurring when freez-
ing with low rates (~1-2 deg/min) [12]. There are
reports about significant denaturation changes in
biological macromolecules when using moderate cool-
ing rates [99]. High freezing rates significantly reduce
the period of molecules stay under unfavourable
conditions, so their use is preferrable [119]. There is a
believe that with increasing the protein concentration
its stability enhances. This fact can be explained by a
decreased relative amount of protein on the ‘ice —
concentrated solution’ interface [108]. Melting pro-
cesses of biological macromolecules in concentrated
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HUH C YMEPEHHBIMHU cKopocTamu (~20 rpaj/MuH)
00pa3yroTCs KPUCTAIITBI ¢ OOJIBIICH TOBEPXHOCTHIO IO
CPaBHEHUIO C KPUCTAJIAMHU, KOTOPBIE BO3HUKAIOT IIPU
3aMOpaXMBaHUH C HHU3KHUMH CKOpPOCTAMHU (~1—
2 rpag/muH) [60]. OnucaHbl ciiy4au, KOrua Mpy HC-
[OJIb30BAHUHN YMEPEHHBIX CKOPOCTEH OXJaxACHUS
[OJTy4Yally 3HAYUTEIbHbIE JCHATY PALlHOHHBIE U3MEHE-
Hust Onomakpomosekyn [104]. Beicokue ckopocTn
3aMOpPaXMUBAHMS CYIIECTBEHHO CHIDKAIOT BPEMs IIpe-
OBIBaHUS MOJIEKYJ B HEOJIArOMPHUATHBIX YCIOBUSX,
[I03TOMY UX MCIIOJIb30BaHKE O0JIee MPeAOYTUTETHHO
[120]. CuuTarot, 9To C yBEIUYCHNEM KOHIIEHTPAIUU
Oenka ero cTa0MIBHOCTH MOBBIMIAETCS, 3TO MOYXKHO
OOBACHUTH yMEHBIIIEHHEM OTHOCHUTEILHOTO KOJTMYECT-
Ba OeJlka Ha IOBEPXHOCTH pa3ziena Jiea — KOHIIEHTPU-
poBaHHBIHA pacTBOp [112]. B KOHIEHTpUPOBaHHBIX
pacTBopax OeJKOB Ja)ke MPOLECChl IUIABIEHUsT OHO-
MakpomoJekys oOparumsl B 85-90% cnydaes [4].
OnHako MO OKOHYATENbHOM KapTUHE CTPYKTYpPHO-
(YHKIIMOHAJIBHBIX HAPYLIEHU OMOMaKpOMOJIEKYJI He-
BO3MOKHO OTIPENIETUTh OTHOCHTEIbHBINA BKJIAJ OT-
JeTBHBIX (PaKTOPOB KpronoBpexaeHus [3, 14, 97].

B nacrosmee Bpems 00JbII0€ BHUMAaHUE YIEIsIeT-
CSl MCCJIEZIOBAaHUIO €CTECTBEHHBIX OEIKOBBIX CMECEH.
3aMopaXxrBaHNE CHIBOPOTKH KOPAOBOU KPOBH, (POIITH-
KYJISIPHOU )KHUKOCTH, BOTHO-COJIEBBIX SKCTPAKTOB IIJIa-
LIEHTHI CO CKOPOCTSIMU OXJIXKICHUs OT 1 110 7 rpas/MuH
MIPUBOAMT K PA3PHIXJIEHUIO IOBEPXHOCTHBIX MOJIUIET-
TUJIHBIX LIETIeH 1 arperanuu OnomMakpomonekyn [31, 35,
42, 82]. IlokazaHo, 4To mpu 00pa30BaHUU arperaToB C
MoneKyisipHeIMU Maccamu 120 u 300 k/la BeIcOKOMO-
JeKyIspHbIMU OenkaMu (anbOyMuH, r0OyIMHBI) B
arperalnyy MOTyT IPUHUMATh ydacTue U OMOMaKpo-
MOJICKYJIBI C MOJICKYJISIpHOW Maccoit 12 k/la m HiKe
[33]. Habmromanu cTpyKTypHBIE N3MEHEHUS B OCITKO-
BBIX KOMIIOHEHTaX CHIBOPOTKH IUIAIIEHTAPHOW KPOBU
YeNoBeKa, CBA3aHHBIE C TUAMUI-MHTyIHPYEMOH arpe-
rarueii 6emkoB, 00yCIIOBIICHHOM, OYEBHIHO, TIPOIIEC-
caMU 3aMOPaXUBaHUSA-OTOTPEBA, MOCKOJIBKY pa3iin-
YU, CBA3aHHBIX C JUIUTEIBHOCTHIO M TEMIIEpaTypaMu
xpanenus (—20 u—196°C), B popMupoBaHIHU arperaros
He oOHapy:xeHo [67]. Bo3HuKaro1ee npu KpuoKoOHCep-
BHUPOBaHMUHU HapyIICHUE MEXMOJCKYIIIPHBIX B3aUMO-
JNEeHCTBUI B CIOKHBIX, MHOTOKOMIIOHEHTHBIX CHCTe-
Max, B TOM YHUCJIE€ CBIBOPOTKU KPOBH, MOKET IPHBO-
IUTHh HE TOJIBKO K CTPYKTYPHO-KOH()OPMAaIMOHHBIM
HW3MCHEHHSM OCIKOBBIX MOJIEKYN, HO U HEKOTOPBIX
MoKazaTeseli Bceil OeJIKoBoM cucTeMbl. Tak, nccieno-
BaHHUE BIUAHUA (DAKTOPOB KPHUOKOHCEPBUPOBAHUS HA
CTa0OMIBHOCTh (PU3HOJOTHYECKHUX IMOKa3aTelel B
00pasiiax CBIBOPOTKH KPOBH, XpAHHUBIICHCS B TEUCHHE
2 1 25 ner npu —25°C no cpaBHEHHIO ¢ 00pa3uamu,
XPaHUBIIMMUCS B TEUEHUE MECHIA, BBISBUIIO B HUX
oIpezeIeHHbIe N3MEHEHHS. YPOBCHb OHUX IIOKa3are-
Jnieii (HaTpus, KaJbLys, )KeJle3a M KpeaTHHHHA) He N3Me-
HSUICS, B TO BPEMS Kak Jpyrie UMeNd 3HaYUMbIe pa3-

%

protein solutions are even reversible in 85-90% of
cases [9]. However, the final pattern of structural and
functional disorders of biological macromolecules could
not be used to determine a relative contribution of indivi-
dual factors of cryodamage [6, 70, 120].

Currently a great attention is paid to studies concer-
ning natural protein mixtures. Freezing of cord blood
serum, follicular fluid, aqueous-saline placenta extracts
with cooling rates from 1 to 7 deg/min led to loosening
of surface polypeptide chains and aggregation of bio-
logical macromolecules [41, 82, 84, 92]. It was shown
that formation of aggregates with 120 and 300 kDa
molecular weights by high molecular weight proteins
(albumin, globulins) could also involve biological macro-
molecules with molecular weight of 12 kDa and below
[80]. The structural changes found in protein compo-
nents of human placental blood serum were associated
with diamide-induced protein aggregation, that obvious-
ly was stipulated by freeze-thawing processes, since
no differences associated with the duration and storage
temperatures (—20 and —196°C) in aggregate forma-
tion were observed [25]. The disorders in molecular
interactions in the complex, multi-component systems,
including blood serum, occurring during cryopreser-
vation, might lead not only to structural and conforma-
tional changes in protein molecules, but affect some
indices of the entire protein system. In particular, the
investigation of the effect of cryopreservation factors
on stability of physiological indices in blood serum
samples stored for 2 and 25 years at —25°C, if compa-
red with those stored for 1 month, revealed certain
changes. The level of some indices (sodium, calcium,
iron and creatinine) remained unchanged, while the
other ones had significant differences (uric acid con-
centration and bilirubin level in the samples decreased
by 7.6 and 59.4%, respectively). Probably, these
disorders could be related primarily to the possible
changes in the interactions between various compo-
nents of serum, including macromolecules and small
organic and inorganic molecules [38]. Storage of blood
serum at cryobank under —25°C resulted in the changed
albumin and free fatty acids concentration. In the
samples stored for 612 years we noted a significant
increase in these indices compared with those stored
within 3 years. The authors believed that an increased
level of free fatty acids resulted from their release out
of lipoprotein triglyceride-containing complexes, but the
elevation of albumin content, estimated colorimetrically
using bromocresol green dye in serum samples might
be due to a progressing protein unfolding, allowing
tighter binding of reactive groups of protein macromo-
lecules with the dye [48]. Proceeding from the
analyzed results of experimental data the mechanism
of conformational and structural cryoinjuries in biolo-
gical macromolecules was established [83], the
recommendations were made for cryoprotectant-free
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TUars (KOHIIEHTPALKs MOYEBOI KHCIOTHI CHIDKAIACh
Ha 7,6 %, ypoBeHb OmHpyOrHa B mpodax —Ha 59,4 %).
MOXHO NPeANOI0KHUTh, YTO JaHHbIE HAPYIICHUS MO-
r'yT OBITh CBSI3aHBI, B IEPBYIO O4Y€peab, C BO3MOXK-
HOCTBIO M3MEHEHHUH BO B3aUMOACHCTBHU MEXKAY pas-
JIUYHBIMH KOMITOHEHTAMHU CBIBOPOTKH, BKITIOUAsl MaK-
POMOJIEKYJIbI, MaJIble OPraHMYEeCKUE U HEOPTaHHYECKUE
Mosekydsl [80]. [Ipu xpanennu B kproOaHKe CHIBOPOT-
K¥ KpoBH 1ipu —25°C ObUIH BBISBIIEHBI U3MCHCHHUSI
KOHIICHTPAIIUH aJIbOyMUHA U CBOOOHBIX KUPHBIX
KUCIO0T. B o0pa3nax, XpaHUBIIUXCA B TE€UCHHE 6—
12 net, oTMeYanoCch 3HAYMMOE yBEIMYEHNE JTAaHHBIX
[oKa3aTesiel 10 CpaBHEHHIO C 3-IETHUMHU 00pa3IaMH.
[ToBbIIeHHE yPOBHS CBOOOJHBIX KUPHBIX KHUCIOT
SIBIISIETCSA, 110 MHEHHUIO aBTOPOB, CIEICTBUEM UX BbI-
CBOOOXKICHUS U3 JIUIONPOTEUIHBIX TPUIITHLEPUACO-
Jep KaluX KOMIUIEKCOB, a YBEJIMUEHUE COACPKaHUS
ap0yMHUHa, OLIEHEHHOE KOJIOPUMETPHUYECKH C UCTIONb-
30BaHMEM KpacuTelisi OpOMKpe30J1 3eJIeHbIH, B 00pa3-
[1aX CBIBOPOTKU MOXKET OBITH O0YCIIOBIICHO MPOTPECCH-
pyroimuM aHGOIAMHIOM OejKa, 0Ny CKaIOIUM 00b-
mee CBA3BIBAHNE PEAKIMOHHBIX TPy OEITKOBBIX
MaKpoMoJIeKyl ¢ kpacuteneM [86]. Ha ocHoBe pe-
3yJBTaTOB aHAJIM3a YKCIIEPUMEHTATBHBIX JAHHBIX OBLI
YCTaHOBJICH MEXaHU3M KOH(OPMAIIHOHHO-CTPYKTYP-
HBIX KpHOTOBpPEKIAeHUN Onomakpomomnexyn [30],
BbIpabOTaHbl PEKOMEHAINH 110 KPHOKOHCEPBUPOBA-
HUIO OEJIKOBBIX PACTBOPOB O3 KpHOIPOTEKTOPOB C HC-
MOJIb30BAaHUEM PEKHUMA OXJIAXKICHHUS CO CKOPOCTHIO HE
meHee 100 rpaj/MuH ¢ TIeNbI0 COXpaHeHHST HATUBHBIX
CBOMCTB OMOMaxkpoMoJexya [34].

Takum 00pa3zoM, aHAIIN3 JAHHBIX JIUTEPATyPhl CBU-
JETETBCTBYET O TOM, UTO IPH AEUCTBUH KaK OXJIaXKe-
HUS 10 CyOHYJIEBBIX TEMIIEpaTyp, TaK ¥ 3aMOpPaKHBa-
HUS-0TOTPeBa OCJIKU MPETepIIeBalOT KOH(GOPMAaILIUOH-
Hble U3MEHEHHS, KOTOPBIE MOTYT COMPOBOXKJIATHCS
roTepeii aKTUBHOCTH U CTPYKTYPHBIMH HAPYIIICHUSIMIL.
Cunrarot, 4To (pepMEHTHI, IMEIOIINE YETBEPTHUHYIO
CTPYKTYPY, MOTYT HHaKTHBUPOBATHCSI TPY HOHMKEHUN
Temnepatypsl yxke 10 0°C. IHakTHBaLuIO CBA3BIBAIOT
C AMCcoIManyueil OJITMroMepoB Ha CyObeIMHULIBI, BBI3-
BaHHOI ocnabneHueM TUAPO(OOHBIX B3aUMOJEHCT-
BUH. YKa3aHHbIC U3MEHEHHSI 00YCIIOBIICHBI COBOKYII-
HOCTBIO (PU3UKO-XUMHUUYECKUX (HAKTOPOB (IOBBILICHHAS
KOHIICHTPAIHSI DJIEKTPOIUTOB ¥ METAaOOIUTOB, U3Me-
HEHUE YCJIOBUM MEKMOJIEKYIISIPHBIX B3aUMOACHCTBUM,
JeTHPATAUOHHbIE (P PEKThI, U3MEHEHUE CTPYKTYPHI
pactBopuTens, pH u T. 11.), KOTOpbIE BO3HUKAIOT IIPH
MTOHIKEHUH TEMITEPATYPHI U (ha30BOM ITEPEXO0/IE BOIBI
B BOJHO-OEIKOBOH CHCTEME B TBEPAOE COCTOSHUE.
OnHaKo YETKOTO NPEICTABICHHUS O MEXaHU3MAaX KPHO-
7a0MIBLHOCTH OMOMaKpOMOJIEKYJ 0 HACTOSIIEro
BpeMEeHH He cyuiecTByeT. OcTaeTcs OTKPBITHIM BOII-
pOC O pa3aesibHOM BIMSHMM HU3KHX TEMIIEpaTyp U
pacTBOpUTENS HAa CTPYKTYpY OCIKOB H, KaK CJIEACT-
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cryopreservation of protein solutions using cooling
regimen with the rate not lower than 100 deg/min, in
order to preserve native properties of biological macro-
molecules [81].

Thus, the analysis of published data suggests that
the effect of both cooling down to subzero temperatures
and freeze-thawing is expressed in conformational
changes in proteins, which may be accompanied by a
loss of activity and structural disorders. There is a belie-
ve that the enzymes with a quaternary structure may
be inactivated already during decrease of the tempe-
rature down to 0°C. The inactivation is associated with
dissociation of oligomer into subunits, caused by
weakening of hydrophobic interactions. These changes
are stipulated by a complex of physical and chemical
factors (increased concentration of electrolytes and
metabolites, changed conditions of molecular interac-
tions, dehydration effects, change in solvent structure,
pH, etc.), that occur under temperature decrease and
phase transition of water in aqueous-protein system
into a solid state. However, there is no distinct notion
on mechanisms of cryolability in biological macromo-
lecules. The question about a discrete influence of low
temperatures and a solvent on protein structure and,
consequently, their activity is still open. Of note is the
fact, that the studies do not demonstrate (with rare
exceptions) the limits of reversibility of revealed
changes in structural and functional properties of
proteins after freeze-thawing. There is a small number
of reports with noted resistance of some proteins in
solution during freeze-thawing, while a specific reason
for such a stability has not been revealed yet. Since
the data confirming the relationship between molecular
organization of catalytic proteins and cryolability or
cryoresistance are not sufficient, further experimental
studies are nessessary.
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BHE, HA UX aKTHBHOCTh. ClIeJlyeT OTMETUTbh, UYTO B
HCCIIEIOBAHUSX (32 PEIKUM MCKITIOYEHUEM) HE TIOKa-
3aHa CTeNeHb 00paTUMOCTH 00HAPYKEHHBIX H3MEHEe-
HUH CTPYKTYpPHO-(YHKIMOHANBHBIX CBOUCTB OEKOB
mocje 3aMopakuBaHUs-oTorpesa. Mmeercst HeOOIb-
LI0€ KOJIMYECTBO Pa0OT, B KOTOPHIX OTMEUYECHA YCTOMU-
YUBOCTh HEKOTOPHIX OEJIKOB B pacTBOpE IpH 3aMo-
pPaKUBaHUH-OTOIPEBE, IPUUYEM KOHKPETHAsI IPUUMHA
o100HOM CTaOMIIFHOCTH He omnpeneieHa. [lockonbky
JIAHHBIX, TOITBEPKIAIOIINX B3aMMOCBSI3b MEYKTY MO-
JIEKYJISIPHON OpraHu3aIeil KaTaTuTHICCKUX OCIIKOB
U KpUOJIAOWIBHOCTBIO MIIU KPUOPE3HCTEHTHOCTHIO
HEJIOCTATOYHO, HEOOXOTUMO ITPOBEIICHHE JATbHEUIINX
9KCIIEPUMEHTAITLHBIX UCCIIETIOBAHNH.
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