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Antifreeze Proteins.

Report 1. Classification and Mechanism of Action

[IpeacTaBneHbl ujieH, Kacalomuecs MIPUHINIOB COBPEMEHHOI! KiaccuduKanvy aHTUGPHU3HBIX OCIIKOB, HA OCHOBAaHHH CBEICHUIM
00 UX CTPYKTYpe M MeXaHu3Me JIeHCTBHs. PaccMOTpEHBI CyILECTBYIOIINE TUIIOTE3bI O MEXaHU3MaX IeHCTBHSI aHTU()PHU3HBIX OSIIKOB U

TJIIMKOIIPOTECUHOB PA3JIMYHOI'O IMPOUCXOXKACHUS.

Knrouesvie cnosa: antudpusnbie OCIKH, KPUCTAIUTA3AINS, MEXaHU3M ICHCTBHS.

IMomaHo inef, siki CTOCYIOThCS MPUHIMIIB cydacHol Kinacudikamii aHTUPpU3HKX OiNKIB, Ha MiACTABI ySIBICHB PO 1X CTPYKTYpPY Ta
MexaHi3M ail. Po3misiHyTO icHYIOYI rinoTe3u Ipo MexaHi3Mu Aii aHTUPPU3HHUX OUIKIB Ta TIIIKOIPOTEINiB Pi3HOTO MOXOIKSHHSI.
Knrwowuoei cnosa: antudpusHi 611KH, KpUCTaTi3allis, MEXaHi3M Jii.

Modern ideas concerning principles of a modern classification of antifreeze proteins on the basis of concepts of their structures
and functioning mechanisms are briefly presented in the review. The hypotheses suggested about functioning mechanisms of antifreeze

proteins and glycoproteins of different origin are reviewed.

Keywords: antifreeze proteins, crystallization, mechanism of action.

B coBpemeHHOl HayyHOH TUTEPATYpE BBIACIECHBI
3 xitacca 6eTKOB, KOHTPOJUPYIOUINX MPOIECCH HYK-
JIealluu ¥ PeKpUCTAIIM3ALINY.

1. benku-nyknearops! (BH) nHOympyor kpucran-
JU3alMIo, SBISACH MaTpuled st GOpMUPOBaHUS
JIB/1a, ¥ IPETISITCTBYIOT IepeoxaxkaeHnto. OOHapyxe-
HBI y OakTepwuii [13], HacexkoMbIx [ 7], IATyIIeK U yepe-
nax [19].

2. Aatunykneupytoutue 6enku (AHB) unrubupy-
10T (POPMHPOBAHKE 3aPOJIBIIIEBLIX KPUCTAJIIOB JIbJa
[IpH TeTEPOTreHHOM HyKiearun. OOHapy KeHbI y OaKTe-
puii. DTy pa3HOBHIHOCTH OEIKOB OTHOCHTENBHO HEZlaB-
HO MPEUIOKIIN PAacCMaTpHUBaTh KaK OTJENIBHBIN Ki1ace
[10].

3. AuTudpusHbIe OEJIKN CHIKAIOT TEMIIEpaTypy
3aMep3aHus, MOIU(ULIUPYIOT WIH OCTaHABIMBAIOT
POCT KpHUCTAJIJIOB JbJa, HHTUOUPYIOT PEKpPUCTAI-
JIU3AIHIO ¥ 3aIUINAI0T KJIETOYHBIE MEMOPAHBI OT ITOB-
pexnenuii. Hexoropele nccienoBarenu cuutaor [3],
YTO TEPMUH “aHTHU(PU3HBIE” OEJTKU HEAOCTATOUHO
OTIMCHIBAET (PYHKILUH, a TAK)KE ACTIEKThI MX TPUMEHe-
HUS, TTOCKOJIBKY B 3aMEp3aloNIuX CHCTEMax OHH He
[IPEJOTBPAILAIOT 3aMOPAKUBAHUE, 3 KOHTPOIUPYIOT
pasmep, GopMy M arperanuio KpucTajioB Jipaa. B
CBSI3H C 3THM OBLI NPEJIOKEH HOBBIA TEPMHH ““O€NKH,
CTPYKTypupytomme 1én”.
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Three classes of proteins controlling the processes
of nucleation and crystallization are classified in con-
temporary scientific literature.

1. Nucleator proteins (NPs) induce crystallization
being the matrix for ice formation and prevent super-
cooling. There are revealed in bacteria [13], insects
[7], frogs and turtles [19].

2. Antinucleating proteins (ANPs) found in bacteria
inhibit the nucleation of ice crystals at heterogenous
nucleation. This type of proteins recently has been
proposed to be considered as a separate class [10].

3. Antifreeze proteins reduce the freezing tempera-
ture, modify or stop the growth of ice crystals, inhibit
re-crystallization and protect cell membranes from
damages. Some researchers consider [3] that the term
“anti-freeze” proteins do not correctly describe the
functions as well as the area of their application, since
in freezing-up systems they do not prevent freezing,
but control the size, shape and aggregation of ice
crystals. In this connection there has been proposed a
new term “ice-structuring proteins”.

The gene coding unusual protein manifesting both
nucleating and anti-freeze activity was identified in
rhizobacterium Pseudomonas putida [15].

Fig. 1 shows the scheme of action of different
proteins controlling crystallization process [10].
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Fig. 1. Diagram of different proteins’ effect to control crys-
tallization.

W3 pusodakrepun Pseudomonas putida Obu1 uaeH-
TU(UIIMPOBAH T'eH, KOTOPBIA KOTUPYET HEOOBIYHBIN
0enoK, MPOABIAIOMINN KaK HYKJIEHPYIOIIYIO, TaK U
aHTH(QPU3HYIO aKTUBHOCTH [ 15].

Ha puc. 1 m3o0pakeHa cxema IeHCTBHUS pa3THIHBIX
0€JKOB, KOHTPOJIUPYIOIIMX MPOLIECC KPUCTAIUIN3ALNN
[10].

CymecTBYyIOT pabOThl, MOCBALICHHBIE MEXaHU3-
MaM JercTBus aHTU(puU3HBIX mpoTenHoB (ADII).
[ToaTOMY MBI JINIIIB KPAaTKO paCKpPOEM OCHOBHBIE HIIEH.
CornacHo KJIacTepHON MOAENU CTPYKTypsl Jbja [1]
KpPHUCTAaJUI B HOPME pacTeT BAOJIb OCH a (puc. 2), Tak
Kak 3To 3HepreTrudecku BoirogHo. A®II I, nnsa xoro-
PBIX W3HAYANBHO ObUTa CPOPMYTHPOBaHA THIIOTE3a O
MmexanuzMe naedctBus ADII, mpeanmodTuTensHO
CBSI3BIBAIOTCS C IPU3MAaTHYECKIMH MTOBEPXHOCTAMH,
napajuieabHbpIMU <211>[5] mocpencTBOM JUITONBHBIX
B3aMMOJICUCTBUI U BOIOPOAHBIX CBSI3€H, IIOCKOIBKY
peleTrka Jpja ¢ 3TOH CTOPOHBI KOMIJIEMEHTapHa
CTPYKType OMOJIOTHYECKUX aHTH(GPU30B B UX aKTHB-
HoH KoH(popmarmu (puc. 2). ITO IPUBOIAUT K YHOPSIO-
YHBAHUIO MOJIEKYJI-IHUIIONIE BOBI B JAHHOM MJIOCKOC-
TH (3alIpUXOBaHHAas 00JacTh, puc. 2). B HanpaBnennn
OCH € POCT KpHCTajllla DHEPreTHUECKU HEBBITOJEH. ba-
3aJIbHAs! IOBEPXHOCTh OCTAETCS HEYIIOPSAOUCHHON U
JIe/T IPOJI0JKAeT HapacTaTh Ha HeH (B HAlpaBIeHUU
OCH C) TIpHU TOHM)XEHHH TEeMIIEpaTyphbl U CIABUTE
TepMonuHaMudeckoro papHoBecus. ADII cBs3pIBatOT-
Cs1 C BHOBb BO3HUKIINMH IrpaHsiMu. YepemoBanue 3THX
COOBITHH IPUBOIUT K 00pPa30BaHUIO KPUCTAILIOB JIb1a
OunupaMuaaIbLHOR (HOPMBI.

B cBs3u ¢ otkpeitueM HOBbIX ADII naHHyr0 KOH-
LENIHI0 He0OXOANMO TIEpecMaTpUBaTh U TOTOJIHATD.
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There are some papers devoted to action mecha-
nisms of antifreeze proteins (AFPs). Therefore we just
briefly will specify the main ideas. According to clus-
ter model of ice structure [1] a crystal in the norm
grows along the axis a (Fig. 2), since this is ener-
getically profitable. AFP I, for those initially the
hypothesis about the mechanism of AFP action was
formulated, preferably bind with prismatic surfaces
parallel <211>[5] by means of dipole interactions and
hydrogen bonds, since an ice lattice from this side is
complementary to the structure of biological antifree-
zes in their active conformation (Fig. 2). This results
in the ordering of water dipole molecules in the given
plane (shaded area, Fig. 2). Towards the axis ¢ the
crystal growth is nor energetically profitable. Basal
surface remains unordered and ice gets growing on it
(towards the axis c) at temperature decrease and shift
of thermodynamical balance. AFPs bind with again
appeared facets. The alteration of these events results
in the formation of ice crystals of bipiramidal shape.

Due to discovery of new AFPs this conception is
necessary to be reconsidered and added. According
to current notions the known AFPs on the efficiency
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60°
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AFPs NOBEPXHOCTb
Prismatic surface
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Puc. 2. Cxemarudeckoe H300pakeHUE B3aMMOACHCTBUS
A®DII I ¢ xpucranmoM npaa.

Fig. 2. Scheme of AFPs I interaction with ice crystal.
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CormacHO COBpEMEHHBIM TPEICTABICHUSIM, U3BECT-
Hbie ADII 1o 3¢ deKTUBHOCTH ACHCTBHUS MOXKHO pa3-
nenuts Ha 3 rpynnsl. Ha puc. 3 mpuBeneHa 3aBucu-
MocTh akTUBHOCTH A®DII OT X KOHLEHTpauuu B
pactBope [17]. HecMoTpst Ha ycTaHOBIIEHHBIE CYILIECT-
BEHHBIE Pa3U4Ms B aKTUBHOCTH T'MIIEPAKTUBHBIX U
ymepeHHbIX ADII, moka 0TCYyTCTBYIOT JaHHBIE O OeI-
Kax C MPOMEXYTOYHOH aKTUBHOCTBIO.

1. “Ouenp cnabsie” A®II, ocHOoBHaA (yHKIHSA
KOTOPBIX — MHTHOMPOBAHNWE PEKPHUCTAITU3ALNH,
BCJIC/ICTBUE WX YPE3BBIYAHHO Cl1a00i TepMOTHCTe-
pe3ucHol akTuBHOCTH. K nipeacTaBuTensim aToi rpyI-
Bl OTHOCHUTCA OeoK maci€Ha TOPHKO-CIagKOTo
Solanum dulcamara [9]. Ha C-xoHIle 0OH COTEPKUT
10 mocnenoBaTeNbHBIX MOBTOPOB, YTO SBISETCS
o0meii ueproit 6onpmmHCTBa ADII. AHANMHM3 IOKa3a,
yTo cTpyKTypa 3TuXx A®II comepxut 2 KoHcepBa-
TUBHBIE 00JIACTH UIMHOM 110 56 1 57 aMAHOKHUCIIOTHBIX
OCTaTKOB, KOTOpPbIE OPraHU30BaHbI B 2 “IIMHKOBBIX
nanbua’”. Jlpyroi npeacTaBuTeNb 3TOM Ipybl — Oe-
JIOK U3 MHOTOJIeTHETO TuieBena Lolium perenne [16],
cofiep KaIuil yriueBoaHyto 9acTte. [Ipu nccnenqoBannu
[JIMKO3WIIMPOBAaHHbBIX U HETIIMKO3WINPOBAHHBIX (OPM
BBISIBJICHO, YTO C KPUCTAJIJIOM CBS3BIBAETCS MOJTUIIETI-
TUJHBIA 0CTOB. BroprnuHas ctpykrypa 3toro ADII
MpeaCTaBisieT co0oi B-ckmamuarsii cioit. Hecmorpst
Ha HEKOTOPYIO TEPMOTHCTEPE3UCHYIO aKTUBHOCTD, K
JaHHOM rpymnmne 0enkoB Taxke oTHocAT ADII ¢ mone-
KynsapHo# Maccoit 36 k/la mopkoBu Daucus carota,
BBIJICTICHHBIN U3 anoruiacTa KopHeii [ 18]. DToT 6emox
TaK)Ke COAEPKUT YIIIEBOIHYIO 4acTh Ha N-KOHIIE.

2. Ymepenno aktuBHble ADII. K aroit rpynne
OTHOCHUTCS OONBIIMHCTBO M3BeCTHBIX ADII I-111
THUIOB ¥ aHTH(pu3HbIe IHKonpoTen bl (ADITI) prio,
Oakrepuii u T.1. [TogpoOHas xapakTepuUCTHKA MTPECTa-
BUTEIICH 3TOH MHOTOYHCIICHHOH TPYIIITEI OyAeT Ipe/I-
CTaBJICHA B CIEAYIOUIEM COOOIIEHNH, ITOCBAIICHHOM
pacipoCTpaHeHUIO aHTU(PUIHBIX OEITKOB B IPHUPOJIE.
B macrosmelt paboTe ONMMCaHbl OCHOBHBIE OTIUYHS
9TOH rpynnsl OENKOB OT OEJNKOB C MHBIMU XapaKTe-
PUCTHKaMH aKTUBHOCTH.

3. I'mnepaktuBHbele ADII, K KOTOPBIM OTHOCST
A®II kambanbl, HekoTopbie ADII GakTepuii u HaceKo-
MbIX. [Ipn oxnaXkAeHUU pacTBOPOB, COAEPIKAIMUX
yMepeHHO akTuBHble ADII, HUXKe TOUKU paBHOBECHS
HauyMHAETCs BHE3AIMHBII POCT KPHCTAJIIOB JIb/IA BAOJb
ocu ¢ (cMm. puc. 2) [17]. OToT mpouecc B MPUCYTCTBUU
mo6oro runepaktuBHOT0 A®II ocTaeTcst KOHTPOIH-
pyeMbIM mpu OoJjiee HU3KUX TEMIIEpaTypax, a 3aTeM
Ha4YMHAETCS B3PHIBOOOPA3HBIN POCT B HAIPABJICHHH,
MEPIIEHANKYISPHOM K ocH c. [Ipu 3ToM 00pazyroTcs
KpHCTAJLJIbI TeKCAaroHaJIbHOM POPMBI C SIPKO BBIPAXKEH-
HBIMH IJIOCKUMHU Oa3ajibHBIMU rpaHaMu. [losTomy
ABTOPBI CYUTAIOT, YTO runepaktuBHbie ADII Onoku-
PYIOT POCT KPUCTAJJIOB 3a MpeaeiaMu 0a3ajibHBIX
oBepxHocTeH, a ymepeHHo akTuBHble ADII ocTas-
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Tepmoructepesuc, °C
Thermal hysteresis, °C

1 2 3 4 5 6 7 8

KoHueHTpauns A®I1, mM
AFPs’ concentration, mM

Puc. 3. TepmorucrepesncHasi akTHBHOCTh THIIEPAKTUBHBIX
n ymepeHHo akTuBHbIX ADII [17]: 1 — pexkoMOUHAHTHEIE
ADII Archips fumiferana m Marinomonas primoryensis,
HarypanbHbIH ADIT kambansr; 2 — pekomOuHAHTHEIH ADIT
Tenebrio molitor n HatypansHbIil ADII cHexHOI Ooxu; 3 —
YMEPEHHO aKTHBHBIE HaTypalbHbIe, PEKOMOWHAHTHBIE 1
cunrernaeckue ADII pei6 [-11I tunos u ADITIL.

Fig. 3. Thermal hysteresis activity of hyperactive and
moderately active AFPs [17]: 1 — recombinant AFPs of
Archips fumiferana and Marinomonas primoryensis, natural
flounder AFPs; 2 — recombinant AFPs of Tenebrio molitor
and natural AFPs of snow flea; 3 — moderately active natural,
recombinant and synthetic fish AFPs of I-III types and
AFGP.

of action may be divided into 3 groups. Fig. 3 demon-
strates the dependence of activity of AFPs on their
concentration in the solution [17]. In spite of the
established significant differences in the activity of
hyperactive and moderate AFPs there have been no
data about the proteins with intermediate activity yet.

1. “Very weak” AFPs, inhibiting the re-crystal-
lization due to their very weak thermohysteresis acti-
vity. To the representatives of this group the protein
of bitter nightshade Solanum dulcamara is referred
[9]. At the C-terminal it contains 10 consequent repeats
that is a common feature of the majority of AFPs. The
analysis has shown that the structure of these AFPs
possesses 2 conservative areas with the lengths of 56
and 57 amino acid residues, which are organized into
2 “zinc fingers”. Another representative of this group,
the protein from long-standing darnel Lolium perenne
[16] contains carbohydrate part. However during the
study of glycosylated and non-glycosylated forms it
has been found that polypeptide skeleton binds with
the crystal. The secondary structure of this AFP
represents B-sheet. In spite of some thermohysteresis
activity to this group of proteins the AFP with
molecular weight of 36 kDa of the carrot Daucus
carota isolated from apoplast of roots [18] is also
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JISIOT YA3BUMBIME KOHUYNKH OUITHPaMHIATBHBIX KPUC-
TaJUIOB C MUHUMAJBbHOHN 0a3ajbHOM MOBEPXHOCTHIO,
Ha KOTOPBIX HAUMHAETCS POCT KPUCTAIIIOB IPU yMe-
peHHOM mepeoxnaxaeHuu. I'unepaktuBHoie ADII
MPEAOTBPAIIAIOT POCT KPUCTAIJIOB JIbAa Ha 0a3abHOM
noBepxHocTH. Kpucrannsl, oOpasyoomuecs B UX
MPUCYTCTBUHU, UMEIOT IUIOCKYIO, T€KCarOHaIbHYIO
¢dbopMy C SpKO BBIpa)XCHHOH 0a3albHOU MOBEPX-
HOCTBIO. DTO MPEATONIoKeHNE TpeOyeT AambHenen
MpoBEpKH, HanpuMep ¢ nomolipio ADII, MeueHHbIX
(hyopecreHTHBIMH 30HJaMH, 10 KOTOPHIM MOKHO
TOYHO ONPEAENUTh MeCTO cBsi3biBaHus ADII ¢ kpuc-
TasutoM. M3BeCTHO, 4TO KOHYMKH KPUCTAJLIA HE BCETna
OBIBAIOT CTAPTOBBIMU JIOKYCaMu HyKJearuu. [Ipu o1-
cyrctBuH ADI] HOpMaIbHBIN POCT KPUCTAJIIOB JIbJA
OCYILECTBIIACTCS BAOIb OCH @ (CM. puc. 2), TaK Kak
KUHETHYECKUH Oapbep mist ancopouuu Monekyn H,O
B HampaBJIeHUH OCH ¢ Oobie. B ¢Bs3M ¢ 3TUM MOXHO
MIPEANON0KUTH, 4T0 ADII MOTyT H3MEHSTH TEPMOAU-
HaMUKy 3aMep3aHus BOIbI, OJHAKO IO HACTOSIIETO
BPEMEHHM HE NPEUIOKEHO €IUHOM JIOTUYHOM KOHLIEIT-
M, 00be TNHSAIONIEH BCE CyIIEeCTRBYIOIINE TPEACTaB-
neHus o Mexanu3max (yaknuonnposanus ADII.

K runepaktuBasiv ADII oTHOCAT 6OTaTHIN aTaHN-
HOM O-CIUpanbHEIN Oeok Maccoit 16,7 x/la, Beime-
JICHHBIN W3 TIa3MbI KPpOBU KamOaisl [14], a Takxke
pexomMOuHaHTHBIE U HaTypanbHble ADI] HaceKOMBIX.
[IpuueM mocne cpaBHEHHUS! WX AKTUBHOCTEH OBLIO
YCTAHOBJIEHO, YTO HAJIMUUE 1y>KEPOIHBIX YUaCTKOB HE
OOBSACHSICT UX YPE3BBIYAHHO BBICOKYIO AKTHBHOCTD.
HeoO6bruno kpymubiii (6omee 1 MJla) Ca**-3aBu-
cumblii ADII ¢ BEICOKO aKTMBHOCTBIO OB BBISIBIICH
y aHTapKTU4ecKoi Oaxrepuu M. primoryensis [8].

CymectBoBasio mHeHUE, uTo ADII HEeoOparnMo
CBSI3BIBAIOTCS] C MMOBEPXHOCTHIO JIbJIa B IMpeaeax
THUCTEPE3UCHOTO MpoMexyTKa. OTHAKO 3TO MPOTHUBO-
peunuT psngy dakrtoB: paznudabsie THIEI ADII oTimm-
YaloTCsl TEPMOTUCTEPE3UCHON aKTUBHOCTHIO TIPH IK-
BHMOJIAPHBIX KOHIIEHTPAIUIX; TOBEPXHOCTB JIbJIA HE
neperpesaercs B npucyrctsun A®II; kpome Toro,
CHJIa CBSI3U C IOBEPXHOCTBHIO JIbJIa HEA0CTATOYHA IS
HeoOpaTUMOro cBs3biBaHusA. CyllecTBYET THIIOTE3a
[11], yauTsiBatomias oOMeH monekyinamu ADII mexmy
JBAOM M PacTBOPOM B TOUKE TasiHHA. 3a 00paTUMoit
acconuanueit A®II cnenyer HeoOparumasi UX acco-
LMAIVs Ha BHOBb 00OPa30BaHHBIX TOBEPXHOCTSIX KPHUC-
TaJUIOB JIb/Ia TIPHU TOHMKEHUU TEMIIEpaTyphl HIDKE
TOYKH TassHusA. HeoOxommumast cria CBS3H TOCTUTaeTcs
mpu “BMmep3annn’ ADI] B moBepXHOCTh KpHCTaIa
pu cy03aMOpaKUBAIOIINX TeMIeparypax. Paznnanas
TePMOTHCTEPE3NCHAs aKTUBHOCTH Pa3HBIX BUIOB
A®II o6bsicHAETCS OCOOEHHOCTAMHU MX PacTBOPH-
MOCTH BO BpeMsA (a3bl 00paTUMOH accouuanuu:
HU3Kasl pacCTBOPUMOCTD B BOZE IPUBOAUT K yBEJINYE-
HUIO 1onu Monekyn A®II, cBA3aHHBIX C NMOBEPX-
HOCTBIO JIbla B TOUKE TasgsHUA. [Ipu 3TOM € OHM*Ke-
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referred. This protein also contains the carbohydrate
part on the N-terminal.

2. Moderately active AFPs. The majority of the
known AFPs of I-1II types and antifreeze glycopro-
teids (AFGPs) of fish, bacteria etc. are referred to this
group. Detailed characteristics of the representatives
of this numerous group will be presented in the
following report, devoted to the dissemination of
antifreeze proteins in nature. The present research
describes the main differences of this group of proteins
from those with other activity parameters.

3. Hyperactive AFPs, comprising the AFPs of
flounder, some AFPs of bacteria and insects. During
cooling of the solutions containing moderately active
AFPs below the balance point the abrupt growth of
ice crystals along the axis c starts (see Fig. 2) [17].
This process in presence of any hyperactive AFP re-
mains to be controlled at lower temperatures and then
the burst-like growth in the direction perpendicular to
the axis ¢ begins. Herewith the crystals of hexagonal
shape with vividly manifested flat basal facets are
formed. Therefore the authors believe that hyperactive
AFPs block the crystal growth beyond the limits of
basal surfaces and moderately active AFPs remain
vulnerable the tips of bipyramidal crystals with mini-
mum basal surface whereon the growth of crystals at
moderate supercooling begins. Hyperactive AFPs pre-
vent ice crystal growth on basal surface. The crystals
forming in their presence have flat hexagonal shape
with vividly manifested basal surface. This supposition
demands further checking, for instance with AFPs la-
belled with fluorescent probes due to which the binding
site of AFP with crystal can be properly determined.
It is known that crystal tips not always be the start
loci of nucleation. At the absence of AFPs the normal
growth of ice crystals is accomplished along the axis
a (see Fig. 2), since kinetic barrier for adsorption of
H,O molecules towards the axis c is higher. In this
connection one may suppose that AFPs may alter the
thermodynamics of water freezing, but up to now no
logical concept, joining all the existing notions on the
mechanisms of functioning AFPs have been proposed.

An alanine-rich helical protein of 16.7 kDa isolated
from flounder blood plasma [14] is referred to hyper-
active AFPs as well as recombinant and natural AFPs
of insects. Herewith after comparison of their activities
the presence of alien sites has been established as not
explaining their quite high activity. An unusually big
(above 1 mDa) Ca*-dependent AFP with a high acti-
vity was revealed in Antarctic bacteria M. primoryen-
sis [8].

There was a notion that AFPs are irreversibly
bound with ice surface within the limits of hysteresis
interval. However this contradicts some facts: different
types of AFPs differ by thermohysteresis activities at
equimolar concentrations; ice surface is not overheated
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HHEM TeMIIepaTypbl OBHIIIAETCS MIIOTHOCTH HeoOpa-
TMO aacopbupoBanHbix ADII u, kak ciencrsue,
pacTeT TEpMOTHCTEPE3UCHAS AKTUBHOCTb.

A®II HaliieHbl Y TO3BOHOYHBIX M O€CIIO3BOHOU-
HBIX XKHBOTHBIX, PaCTCHH, OakTepuii U TpuoOoB [2].

Paznuunbie ADII cBsI3bIBalOTCSA C pa3HBIMU IO-
BEPXHOCTSIMH KPUCTAJIJIOB JIbJIA U, BO3MOXHO, IO3TO-
My €JMHOTO MeXaHH3Ma, OOBSCHSIIOIEro crieruduy-
HOCTh M adduHHOCTH cBsi3biBaHus ADII co mprom,
MIpenIoKeHo He ObLIO.

Uccnenoanune 4-x HeromonoruuHbix ADII pei6 u
HaCEKOMBIX ITyTEeM CalT-HaIlpaBIEHHOTO MyTareHe3a
[0Ka3aJio, YTO CAWTHl CBA3BIBAHMS BO BCEX Oelkax
OTHOCHUTENHHO TJIOCKWE W B CBA3BIBAHHE CO JHAOM
BOBJICKAETCS CYLIECTBEHHAS YaCTh OETKOBON MOJIEKY-
TeI [4]. DTH cailThl YacTHYHO TUAPOGOOHBI, IPUIEM
B OOJIbILICH CTENIEHH, YeM MPEATOoaraiochk. YCTaHOB-
JIEHO, 4TO TUAPO(OOHAs YacTh CATOB CBSI3BIBAHUS
oOparieHa K xuakoi ¢asze. OnHaKo KOTUIECTBO TU-
POQOOHBIX Yy4acTKOB OOJIBIIE, YEM IKCIIOHHPYEMBIX
B XKHIKYI0 (hazy. KiroueByro poiib B TECHOM CBSI3bI-
BaHWH, MO-BUANMOMY, UTPAET KOMILJIEMEHTAPHOCTh
MTOBEPXHOCTH, KOTOpasi 00eCcrieunBaeTcs, B MEPBYIO
ouepenb, Ban-nep-BaanbcoBckuMuy B3auMOIeHCTBUSI-
MH, & BO BTOPYIO — BOJIOPOIHBIMH CBA3SIMHU.

B mHacTosimee Bpemsi CymeCTBYIOT 3 THITOTE3HI,
oOBsAcHsOMMEe akTuBHOCTE ADIT [12]:

— IepBasi TUIOTE3a OCHOBAaHA HA PEHTIEHO-
CTPYKTYPHOM aHaJIM3€, KOMIBIOTEPHOM MOJAEIUPO-
BaHMU U JPYTHX (PHU3NUECKUX METOIAX; IpeIoiaract-
Cd KJII04YeBas poJib KOMIIJIEMEHTApHOCTH aTOMOB
KHCIIOPO/ia B PEIIETKE JIbJ]a U TPYIIHUPOBOK B MOJIEKY-
ne Oeka, OTBETCTBEHHBIX 32 BOAOPOIHBIE CBSI3H;

— BTOpas TUIIOTE3a OCHOBaHA Ha CalT-HaIpaBIICH-
HOM MyTareHe3e ¥ KOMITbIOTEPHOM MOJEINPOBAHUH;
COIJIACHO JaHHOU TUToTe3e, THAPOPOOHAS YaCTh aM-
¢dbudnnsHol crimpanu ADII 1 pacnionaraercs Ha rpa-
HHUIIC IEI-BOAA;

— TpeThs TUIIOTE3a TAK)KE OCHOBAaHA HA CaWT-Ha-
[IPaBJICHHOM MYTAareHe3e 1 KOMIIbIOTEPHOM MOJEIH-
poBanuu; npennoinaraercs, 4o ADII, pacronoxen-
HbIE Ha NMOBEPXHOCTHU JEN-BOAA, CAMM BIUSIOT Ha
CTPYKTYpy MJIOCKOCTH KPHCTAJUIA, C KOTOPOH Aanee
CBA3BIBAIOTCS.

[lepBas u Bropasi TMIIOTE3bl HOAYEPKUBAIOT (HaKT
CBSI3BIBAHUS WJIM HAKOIUICHHs Oenka Ha OmpenenéH-
HBIX TIOBEPXHOCTIX KPHUCTAJIA, @ COTJIACHO TPEThen
TUIOTE3€e, OEJIOK caM YJ4acTBYyeT B Pa3BUTHH MecCTa
CBA3BIBaHUSA. B HacTosIIee BpeMs HU OJHA M3 ITHX
TUIOTE3 He onpoBeprayTa. OTMETHM, 9TO B [6] 0m1y0-
nuKoBaHO coobmenue o cnocoonoctu ADII III peid
a/71copOUPOBAThCSl HE TOJBKO HA MMOBEPXHOCTU KPHUC-
TaJUIOB JIbJIA, HO U HA IOBEPXHOCTH YaCTHYEK, SIBIISIO-
LIUXCS IEHTPaMU IeTEPOreHHON HYKJIEALHH.

Takum 00pa3oM, UMeIOIIKECs CBEJCHUS IOKa HE
MO3BOJISAIOT CHOPMYIUPOBATH TUTIOTE3Y O €AMHOM Me-
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in the presence of AFPs; in addition, the strength of
the bond with ice surface is not essential for irrever-
sible binding. There is a hypothesis [11] taking into
account the exchange of AFPs molecules between ice
and solution in the melting point. AFPs irreversible
association follows reversible one on newly formed
ice crystal surfaces at temperature lowering below the
melting point. Necessary bond force is achieved at
freezing-in of AFPs into the surface of crystal under
subfreezing temperatures. Different thermohysteresis
activity of different types of AFPs is explained by the
peculiarities of their solubility during the phase of
reversible association: low solubility in water leads
to the rise in the share of AFPs bound with ice surface
in the melting point. Herewith with temperature
reduction the density of irreversibly adsorbed AFPs
increases and as a consequence the thermohysteresis
activity grows.

AFPs are found in vertebrates and invertebrates,
plants, bacteria and fungi [2].

Different AFPs are bound with various surfaces of
ice crystals and probably therefore no common mecha-
nism explaining specificity and affinity of AFPs’
binding with ice has been proposed.

The study of four non-homological fish and insect
AFPs by means of site-directed mutagenesis has shown
that the binding sites in all the proteins are quite flat
and significant part of protein molecule is involved
into binding with ice. These sites are partially hydro-
phobic, moreover in a greater extent than it was suppo-
sed [4]. It has been established that hydrophobic part
of the binding sites is orientated towards liquid phase.

However the number of hydrophobic sites is bigger
that those exposed into liquid phase. The key role in a
tight binding is likely played by complementarity of
the surface, which is first of all provided by van der
Waals forces and secondly by hydrogen bonds.

Today there are 3 hypotheses explaining the AFPs
activity [12]:

— the first hypothesis is based on X-ray structure
analysis, computer modeling and other physical
methods; the key role of complementarity of oxygen
atoms in ice lattice and the arrangements in protein
molecule, responsible for hydrogen bonds is supposed;

— the second hypothesis is based on site-directed
mutagenesis and computer modeling; according to this
hypothesis hydrophobic part of amphiphilic helix of
AFP 1 is located at the ice-water interface;

— the third hypothesis is also grounded on site-di-
rected mutagenesis and computer modeling. It is suppo-
sed that AFPs located on ice-water surface affect the
structure of crystal plane, which is later bound with.

The first and second hypotheses establish the fact
of binding or accumulation of protein on certain crystal
surfaces, and according to the third one the protein
itself participates in development of binding site.
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xaamsMe aerctBus ADII u ADITI. [TockonbKy aHTH-
(hpu3sl y IpencTaBuTenei Janekux IpyT OT Jpyra CHc-
TEMaTHYECKUX TAKCOHOB He 00OHAPYKUBAIOT TOMOJIO-
THH U pa3iINyHbl 10 CBOEH TPETUYHOM CTPYKType [2],
JIOTHYHO JIOMTYCTUTB, YTO B IIPOLIECCE IBOIOLUH Y HUX
YCTaHOBHWJIMCH Pa3IMYHbIE CHOCOOBI peann3aluu ux
aKTUBHOCTH. B nanpHeleM Mbl OMBITaeMcs TPUBEC-
TH Knaccudukanuro paznnaabix ADII B 3aBucumocTn
OT MX pPaclpoCTPaHEHHUs B Pa3IMYHBIX CHCTEMAaTH-
YECKHUX TaKCOHAX.
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Nowadays no one of these hypotheses is denied. It
should be noted that it has been reported [6] about the
ability of fish AFPs III to be adsorbed not only in ice
crystal surface, but also on the one of particles being
the centers of heterogeneous nucleation.

Thus the available data have not allowed yet to
specify the hypothesis about uniform action mecha-
nism of AFPs and AFGPs. There is logical admission
that during evolution in antifreezes there were set
different ways of their activity realization, since they
in the representatives of distant systematic taxons do
not reveal homology and vary on their tertiary structure
[2]. Later we will try to present the classification of
different AFPs depending on their variety in different
systematic taxons.
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