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Nucleating Agents of Vertebrates and Invertebrates

B 0030pe npezncraBieHsl CBEICHUS O CTPYKTYPE U aKTUBHOCTH HYKJICHPYIOIIUX areHTOB OECII03BOHOYHBIX M [T03BOHOYHBIX. JlaHo
CPaBHUTCIBHOE OIIMCAaHUE HYKJICATOPOB )XKUBOTHBIX U HYKJIEATOPOB 6aKTepuaanor0 IPOUCXOKIACHHUA.
Knrouesvie cnosa: Genku-HykieaTopsl, yCTOWYMBOCTD K 3aMEP3aHUI0, HACEKOMBIE, TUXOXO/AKU, aM(HONH, PEITHUIIUH.

B 0030pi mosaHO BiOMOCTI IIO0 CTPYKTYPH Ta aKTUBHOCTI HYKJICIOIOYHMX areHTiB Oe3xpeberHux Ta xpeberHux. Ilomano
HOPIBHSUIBHUI ONKC HYKJICATOPiB TBAPHH Ta HyKJICaTOPiB OaKTEpialbHOrO MOXOKECHHS.
Knrouogi cnosa: 6inku-HyKieaTopu, CTiHKICTb 0 3aMep3aHHsI, KOMaxu, THXOXiAKkH, aMm(ibii, pentuii.

The information on invertebrate and vertebrate nucleating agent structure and activity is presented in the review. The data on
animals' nucleators are compared with those of nucleators of bacterial origin.
Key words: ice nucleating proteins, freeze-tolerance, insects, tardigrades, amphibia, reptiles.

3aMep3aHue KUAKOCTH HauMHaeTcs ¢ o0pa3oBa-
HUS siApa — Hykjieyca (0T jaT. nucleus), KOTOPBI
HMMEET JIbIOTOA00HYIO CTPYKTYPY. DTall MHUIIHALIAN
3aMep3aHus )KUIKOCTH Ha3bIBaeTCs HyKJIearuen —
(bm3myueckuii mporecc, OTINYAIONINICS OT KaTain3a
U SBJIIIONTANCS BEChbMa HEOOBIYHOU (DYHKITMEH st
6enkoB [43]. CtocoOHOCTh HHUITMUPOBATH (POPMHPO-
BaHME KPHUCTAJUIOB JIbAA B MEPEOXIIAXKIAECHHON BoME
MpHCyIla Py HNCUXPO- U ME30(UIBHBIX OaKTepuil
[13]. YcTaHOBIIEHO, UTO HYKJIEUPYIOLIUE areHTHI
0aKTEepHAIILHOTO MPOUCXOKICHUS SBISIFOTCS JIUIIO-
IJIMKONIPOTEUTHBIMHU KOMIUIEKCAMH, KOTOPBIE TPUHSATO
Ha3bIBaTh Oenkamu-Hykiaearopamu (bH) [32]. Brioc-
nencteun bH Obl1r 0OHApYXKEHBI y YCTOMYMBBIX K
3aMmep3annio Hacekombix [10, 11, 23, 40, 42, 43],
TUX0X0J0K [36] m mommockoB [1, 2, 14]. Nmerorcs
TaK)Ke CBEJICHUS O HAJIMYUHU HYKJIEaTOPOB OEITKOBON
MIPUPOABI B IJIA3ME YCTOHYHMBBIX K 3aMEP3aHHIO 1103~
BOHOYHBIX — JPEBECHBIX JATYIIEeK Rana sylvatica
[28] u yepenax [29].

[Ipu 3TOM OpranuzMe MHOTHX HM30eraromux 3a-
Mep3aHMs )KUBOTHBIX COZAEpIKATCs OCNKH C HYKIJICH-
pyrolie akTUBHOCTBIO, KOTOPbIE B 3UMHHMI MEPHOJ
KUBOTHBIM MIPUXOIUTCS TUOO MaCKUPOBAaTh, JINOO OT
HUX n30aBisATbes [9, 22].

He Bce ycToifuuBble K 3aMep3aHMIO KWBOTHEIE
CIIOCOOHBI TTpoIyIpoBaTth bH. AnTapkTudeckas He-
martona Panagrolaimus davidi MOXeT BBDKHBATH
MIpU BHYTPHUKJIETOYHOM KPHUCTAJIIO00PAa30BaHUH U
MpeBpalieHnu B Jieq moutu 82% comepkarieiics B
TeJe BOJBI ¥ 3aBUCUT OT MHOKYJIATHBHOTO ("'TIPUBH-
BOYHOro" MM "3apaxaromero") 3amMep3aHusi, IpH
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Freezing of liquid begins with formation of nuc-
leus with ice-like structure. Initiation stage of liquid
freezing is called nucleation, a physical process, dif-
fering from catalysis and being extremely unusual
function for proteins [43]. The capacity of initiating
ice crystallization in supercooled water is inherent to
some psycho- and mesophilic bacteria [13]. It has
been established that nucleating agents of bacterial
origin are lipoglycoprotein complexes, commonly cal-
led as ice-nucleating proteins (INPs) [32]. There-
after INPs were observed in freeze-tolerant insects
[10, 11, 23, 40, 42, 43], tardigrades [36] and molluscs
[1, 2, 14]. There are also the data about the presence
of protein origin nucleators in plasma of freeze-
tolerant invertebrates the wooden frog Rana sylva-
tica [28] and turtles [29].

Herewith in many freeze-avoiding animals there
are proteins with nucleating activity, which animals
either have to mask or eliminate in winter [9, 22].

Not all freeze-tolerant animals can produce INPs.
The Antarctic nematode Panagrolaimus davidi can
survive intercellular crystallization and transformation
of nearly 82% of body water into ice and depends
on inoculative (‘contaminating’) freezing wherein
crystallization is initiated with environmental ice [37].

INPs of invertebrates

The nucleators were found in haemolymph of /y-
menoptera, coleoptera and diptera [40]. In many
freeze-tolerant insects nucleators are present only in
winter, for example in the tenebrionid beetle Eleodes
blanchardi [42]. In summer haemolymph nucleators
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KOTOPOM KpHUCTaJUIM3alis WHULHUHUPYETCSA JbIOM
oKpyxatomieit cpeast [37].

bH ©0ecno3BoHOYHbBIX

Hykneatopsl oOHapykeHB B remMoiuMmdpe y
JKECTKO-, TIEPETIOHYATO- U IBYKPBUTEIX [40]. ¥V 60ib-
INIMHCTBA YCTOWYMBBIX K 3aMEP3aHHUI0 HACEKOMBIX
HYKJIEATOPHI MPUCYTCTBYIOT TOJIBKO 3UMOM, HaIPH-
Mep y uepHoTenku Eleodes blanchardi [42]. Jletom
HYKJIEaTOPBI B reMojuM(e OTCYTCTBYIOT, CII€IOBa-
TEJIbHO, MEPEOXIIANKACHUE KUAKOCTEH B TEJe Hace-
KOMBIX Ooiee ryOoKoe, M03TOMY OHU YyBCTBUTEIb-
HBI K 3aMep3anuio. [Ipyu HaTMYuM BRICOKOAKTUBHBIX
HYKJIEaTOPOB reMoiauMdbl MeHee Y3 PEeKTUBHBIC K-
LICYHBIC U BHYTPUKIETOYHbBIE HYKJICATOPBI MOTYT HE
WHAKTUBUPOBATHCS U HE YIAISATHCS B 3MMHHUI IEPHO],
IIPH 3TOM HACEKOMBIE BBIIEPKUBAIOT HEOAHOKPATHBIC
LMKITBI 3aMOpakUBaHUA-0TTanBanus [41]. B ycnosu-
X o0uTaHus ¢ QIyKTyalnussMHu CyOHYJIEBBIX TeMIIe-
patyp B TEUYEHHE CYTOK JIETOM, KOTJla HaceKOMbIe
JOJDKHBI TTUTAThCS, PA3BUBATHCS U Pa3MHOKATHCS,
puck "HOYHOTO" 3aMep3aHus MOJA JeHCTBUEM KH-
LIIEYHBIX HYKJEaTOpOB IpenoTBpamiaercs dolee
3¢ PEKTUBHBIMH HYKJIeaTOpaMH TeMOJUM(BI Ha ITPo-
TSOKCHHUHU BCEro roja, Hanpumep y Phyllodecta lati-
collis [34], Seneciobius kenyanus n Pyrasystotes
elongatus [27].

[Ipu Temnepatypax Boime 80°C HyKJIeaTOPEHI
remonuMmbsl E. blanchardi [42] n Vespula macu-
lata vnaxtuBupyrores [11]. ITockonbky o6paboTka
MpoTeazaMy MPUBOAMIIA K MHAKTHBAIIMH HyKJIeaTopa
V. maculata, asrops! [10] mpumim K BEIBOAY O €T0
OenkoBO# Tmpupone. MolekysapHas Macca dTOTO
Oenxka 74 x/la, on cogepxxkut 20% 0CTaTKOB ITyTama-
Ta, KOTOPBIi, BEPOSITHO, TO3BOJISICT €My YIOPSA0UH-
BaTh MOJICKYJIbI BOJIBI B KPHCTAJIIONOI00OHBIE CTPYK-
TYPHI.

Boigenenubii 13 reMonuM@bl THUUHOK KOMapa
nonronoxku Tipula trivitata BH umeet monexymsip-
Hyto Maccy 800 x/la [23]. On cocTouT U3 AByX O€I-
KOBBIX KOMIIOHCHTOB C MOJICKYJISIpHOW Maccor 80 u
265 x/la, a TaxKe JTUIMHIHOTO KOMIIOHEHTA, ColepIKa-
mero pocharuaunmmaosuton. Y 7. trivitata BH nme-
€T MOBTOPSIOUIYIOCS II0CJIEN0BATEIbHOCTh U3 16
AMUHOKHUCJIOTHBIX OCTaTKOB, 3aMEILICHUE KOTOPbIX
JPYTUMH aMUHOKHCIOTaMH PUBOJHIIO K TTOTEPE HY-
KJIeUpyIomiel akTHBHOCTH. [10CKONbKY HaaM4YKe OB-
TOPOB TAKXKe€ SBISETCS OTIMUYUTEIBHON YepTOr Tep-
BHUHBIX MoclieoBarenbHocTet BH OakTepuii, MOx-
HO TPEANONI0XKNUTh, YTO MOBTOPSIIOIINECS MOTHUBBI —
HE0OX0IMMOE yCIIOBHE NPOSIBICHUS HYKICHPYIOLIEH
aKTUBHOCTU. BO3MOXHO, UMEHHO HaJIMYUE IOBTOPOB
oOyciaBiuBaeT cBopadnBanue Moiiekya bH B koH-
(hopmanuio, 00eCIIeUnBAIONIYI0 B3aUMOJCHCTBUE C
MOJIEKy/1aMU BoJbl. PochaTuAnIMHO3UTON COCTaB-

KpnoGMOnOr MM

T. 20,2010, Ne4

are absent, therefore liquid supercooling in insects'
body is deeper, therefore they are sensitive to freez-
ing. In the presence of highly active nucleators of
haemolymph less effective intestinal and intracellular
nucleators may be not inactivated and are not remo-
ved in winter time, herewith insects survive multiple
cycles of freeze-thawing [41]. Under environmental
conditions with fluctuations of subzero temperatures
during a day in summer, when insects must feed,
grow and reproduce, the risk of "night" freezing due
to action of intestinal nucleators is prevented by mo-
re effective nucleators of haemolymph over the year,
e. g. in Phyllodecta laticollis [34], Seneciobius
kenyanus and Pyrasystotes elongatus [27].

Haemolymph nucleators of E. blanchardi [42]
and Vespula maculata are inactivated under the tem-
peratures above 80°C [11]. Whereas the treatment
with proteases resulted in inactivation of V. maculata
nucleator, the authors [10] concluded about its protein
nature. The molecular mass of this protein makes
74 kDa and it comprises 20% of glutamate residues,
which probably enables the ordering of water mole-
cules into crystal-like structures.

The molecular mass of an INP derived from
haemolymph of the meadow maggot Tipula trivitata
is 800 kDa [23]. It consists of two protein compo-
nents with 80 and 265 kDa molecular mass, and also
lipid component, containing phosphatidyl inositol. In
T. trivitata INP has a repeating sequence from 16
amino-acid residues, the replacement of which by
others amino-acids resulted into a loss of nucleating
activity. Since the presence of repeats is also a disti-
nctive feature of primary sequences of bacterial
INPs it may be suggested that repeating motifs are
the essential condition for nucleating activity mani-
festation. Probably just the presence of the repeats
stipulates the folding of INP molecules in conforma-
tion, providing interaction with water molecules.
Phosphatidyl inositol makes nearly 11% of total con-
tent of phospholipids. The analysis carried-out with
different phospholipases showed that phosphatidyl
inositol was necessary for manifestation of nuclea-
ting activity. According to Warner D.T. the capacity
of inositol to make the ordering of water into ice-
like structures was noted [35], however according
to Duman J.G. et al. it is necessary for the formation
of huge INPs aggregates [12]. The importance of
phosphatidyl inositol for manifestation of nucleating
activity in bacteria, where it performs the "anchor"
function in attaching the INPs to cell membrane was
established [15]. Neither apolipoprotein, nor lipid
component by themselves have a nucleating activity
[23]. The results of experiments, carried-out in the
designed proteoliposomes of different composition
confirm that for manifestation of 7. trivitata INP
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nsier npumepHo 11% ot obmiero conepxkanust hocdo-
JUMUAOB. AHAIN3, TPOBEIEHHBIN C IOMOIIBIO pa3Iny-
HBIX (hocdonumnas, mokasai, uto pochaTuaANIMHO3U-
TOJI HEOOXOAMM ISl IPOSBICHUS HYKJIEHPYIOLIe
aktTuBHOCcTH. Warner D.T. ormeuan cnocoOHOCTH
WHO3WUTOJIA YTIOPSIIOYMBATh BOAY B JIBAONOAO0OHBIE
cTpykrypsl [35]. Ognako o mueruto Duman J.G.
et al. hbocharnaunHO3UTON HEOOXOIUM 11T 00pa30-
BaHMs KpynHbIX arperatoB bH [12]. BaxuocTs ¢oc-
(haTHIUIMHO3KUTONA JJIS TPOSBIICHUS HYKJICUPYIOIIEH
AKTUBHOCTU OaKTEepUH, y KOTOPHIX OH BBIMOJIHSET
¢ynkuuio "sxops" B npukperieany bH k knerounoi
MeMOpane, nqoka3ana [15]. Camu no cebe HU armonu-
MONPOTENH, HU JTUMHUIHBIA KOMIIOHEHT HE 00JIajatoT
HYyKJIEHpYIOIel aKTUBHOCTBIO [23]. Pe3ynbrarsl skc-
MIEPUMEHTOB, TPOBEJICHHBIX Ha CKOHCTPYHUPOBAHHBIX
MIPOTEOIUTIOCOMAX PA3IMIHOTO COCTaBa, TIOITBEPIK-
JAIOT, YTO JUISI TIPOSIBIICHUSI HYKJICHPYIOIIEeH aKTHB-
voctu bH T trivitata neodbxoqumo Hamu4ne OEIKO-
BOW M JIMITHJTHOM JacTei.

Jlunonporeun-nykiuearop 7. trivitata sIBISETCS
OCHOBHBIM JIUTIONIPOTEHHOM TeMOJIUM(BI U COCTaB-
nsiet 6onee 95% oT o0IIeTo copepKaHUs JTUTIONPO-
TerHOB [23]. B menoMm ero cocTtaB CXOJIEH C cOCTa-
BOM JIpyT'HX JIUIIONPOTEUA0B HACEKOMBIX [5, 25]. On
TaKXKe UMEET MIOOYIAPHYIO CTPYKTYPY, Kak M OXapak-
TEpU30BaHHBIC paHee JUIMONMPOTEHHHI [5, 6, 20, 24].
W3BecTHO, UTO TaKWe TUMOMPOTEH]IbI BHIMOJHSIIOT
(ysknuto munodopunoB. Bozmoxno, uro BH 7. trivi-
tata, TOMUMO (PYHKIIH MHAITHAIINN KPUCTAILTH3AIINH,
y9acTBYeT B TpaHcmopTe nunumaoB [23]. HecMoTps
Ha omnuus B coctaBe bH T trivitata n nunodopu-
HOB (oTcyTcTBHE (hochaTuananHO3UTONA U OoJee
BBICOKas y/eJbHAas J10Jis1 OCJIKOBOIO KOMIIOHEHTA B
coctaBe JTUMOPOPHHOB [5, 25]), MUIOPOpPHUHBI BO3-
MOXHO ObuTH "mipenkamu’ BH HaceKoMBbIX, TOCKOIb-
Ky TpaHCIIOpTHAsl GYHKLHUS CKOpEe BCEro MpeIecT-
BOBaJIa HYKJICATOPHOH M ObUIa pUCyIIa TUIO0(OpH-
HaM JIPEBHUX HACEKOMBIX, OOMTABILIUX B TPOIHKAX.
Jlumornporenpl 13 reMOTUM(bI THYMHOK TaOaqIHOTO
Opaxxanka Manduca sexta m umaro tapaxkana Peri-
planeta HykIenpyromieit akTHBHOCTHIO HE 001a1af0T
[23]. OmHako TUIOMPOTEUABI C HYKJICHPYIOMEH aK-
TUBHOCTBHIO OOHAPYKEHBI Y YyBCTBUTEIHHBIX K 3a-
Mep3aHuIo BUAOB HacekoMbIX [38]. [Tockombky y Ta-
KHX HACEKOMBIX €CTECTBEHHBIH OTOOP JOJKEH OBLI
MIPOMCXOANTH B HAIIPABJICHUH IIMMUHALMH aKTHBHBIX
HYKJIEaTOPOB JbJla, BO3HUKAET BOIPOC: MOYEMY
HEaKTUBHBIN B OTHOLICHUH HYKJICA[X JTUIIO(OPHH He
SIBIISICTCSL OOILEPACTIPOCTPaHEHHON U OCHOBHOH (hop-
Moii? BeposiTHO, HHAKTUBUPOBAaHHBIE (YOPMBI JIUIIO-
MpoTena, KOTOPHIE MOXKHO MONYYUTh Y HACEKOMBIX
C TIOMOMIBIO FOBEHUIIBHOTO TOPMOHA, JTHIIEHBI KaKUX-
00 KOMIOHEHTOB, BaXXHBIX JJISI TPAHCIOPTHOM
(hyHKIIMW JTATIONPOTEUAOB, CIEIOBATENHHO, DBOIIO-
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nucleating activity both protein and lipid parts are
necessary.

T. trivitata lipoprotein nucleator is the main lipo-
protein of haemolymph and makes above 95% of
lipoproteins' total content [23]. On the whole its
composition is similar to other lipoproteins of insects
[5, 25]. It also has a globular structure as described
above lipoproteins [5, 6, 20, 24]. It has been known
that these lipoproteins perform function of lipopho-
rines. Maybe 1. trivitata INP in addition to crystal-
lization initiation function takes part in lipid transport
[23]. In spite of the differences in composition of
T. trivitata INP and lipophorines (the absence of
phosphatidyl inositol and higher specific part of pro-
tein component in composition of lipophorines [5,
25]), the latter were likely ‘progenitors’ of insects'
INPs, whereas transport function most likely prece-
ded nucleating one and was characteristic for lipo-
phorines of ancient insects inhabiting in the tropics.
Lipoproteins from haemolymph of the tobacco horn-
worm Manduca sexta and the cockroach imago Pe-
riplaneta express no nucleating activity [23].
However lipoproteins with nucleating activity were
observed in freeze sensitive insect species [38].
Whereas in these insects the natural selection must
take place towards elimination of active ice-nuclea-
tors, the question arises: why non-active in respect
of nucleation lipophorine is not a common and basic
form? Probably inactivated forms of lipoproteins,
which may be derived from insects with juvenile hor-
mones, were deficient of some components impor-
tant for a transport function of lipoproteins and there-
fore the evolution impact could not fully eliminate
nucleating activity. Seasonal and maybe hormonally
regulated ‘elimination’ of nucleating activity of these
lipoproteids during hypometabolic state takes place
[26].

In contrary to bacterial INPs, INPs of insects
were not attached to membranes. However they are
also capable of aggregation, forming long chains,
free-floating in haemolymph as well as single INPs
[39]. Quite a high temperature of nucleation (—4°C),
demonstrated by insects INPs was stipulated by the
formation of aggregates with molecular mass up to
6,000 kDa [43]. For the formation of chains from
INP-monomers phosphatidyl inositol is seemingly
necessary [12]. The presence of plateau in the cur-
ve of nucleating activity dependence on concentra-
tion of insects' INPs points to the fact that these ag-
gregates achieve the fixed size and do not grow any
more as their concentration increases (Figure).

Some insects nucleators are of non-protein, but
mineral nature. For example, freeze-tolerant larvae
of the gall fly Eurosta solidaginis have spherules
of calcium phosphate in Malpighian tubules, which
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LIMOHHOE JABJICHHE HE MOTIIO JIMMHUHUPOBATh HYK-
JECUPYIONIYI0 aKTUBHOCTH MONHOCTHIO. [Ipoucxoaut
TOJIBKO CE30HHOE, BO3MOXHO PEryIHpPyEMOE rOpMo-
HaJbHO, "BBIKIIIOUEHHE" HYKIEHPYIOLIEH aKTUBHOCTH
TaKUX JIUTIOTIPOTEHUIOB BO BpPEMsI TMIIOMETaboIn-
YECKOTO cocTosHUS [26].

B otnuume ot bBH Gakrepuii, BH HacekoMbix He
MpUKpeIuieHbl K MeMOpanam. OHAKO OHHU TakKkKe
CIIOCOOHBI K arperaruu, o0pas3ys JJINHHBIE [IETIOYKH,
CBOOOHO TIaBaIONINE B reMoauMde, Kak U OITNHOY-
Heie BH [39]. JloctaTouHO BBICOKas Temmeparypa
nykieanuu (—4°C), koTopyr JeMoHCTpupywT bH
HaCEKOMBIX, 00yCIIOBIeHa (DOPMUPOBAHUEM arpera-
TOB ¢ MoJIeKyJsipHOM Maccol 10 6000 x/a [43]. Jdns
¢dbopmupoBanus uenodek nu3 bBH-monomepos, mo-
BHJIUMOMY, Heo0xoauM ¢ocharunuanHozuton [12].
Hanuuue nnato Ha KpUBOM 3aBUCUMOCTH HYKJIEUPYIO-
e aKTUBHOCTU OT KOHIeHTpaiuu bH HacekoMbIx
YKa3bIBa€T HA TO, YTO 3TH arperarhl JOCTUTAIOT OTI-
peneneHHoro pa3Mepa 1 Ipy MOBBIIIEHUH KOHIIEHTpa-
UM Jajee He pacTyT (PUCYHOK).

HexoTopsie Hacekomble 00afa0OT HYKJIEaTo-
pamu He OENKOBOI, a MUHEpalIbHOW mpuponbl. Ha-
MIpUMep, YCTOWYHBBIE K 3aMEP3aHUI0 JIMYMHKH TaJlI0-
BOH Myxu Eurosta solidaginis uMeIoT B MabIurue-
BBIX TpyOoukax cdepynsl u3 ¢pocdara Kanbuus,
KOTOpBIE CIIOCOOHBI MHUIIUAPOBATh KPUCTAUIA3AIIUIO
noutu nipu —10°C, 4TO cOBMagacT ¢ TeMIEpaTypou
3amep3annst THIuHOK (—9,5°C) u BechMa CHIILHO OT-
JUYaeTCs OT TEMIIEPATYPHI 3aMep3aHuUs TeMOTUM(BI
(-18°C) [21].

Bricokas TemmepaTypa KpUCTaUTM3aIM HHTAKT-
HBIX THUXOXOHO0K Adorybiotus coronifera montTep-
JKIAaeT MPUCYTCTBHE B KUJAKOCTSIX TeIa HYKICHPYIO-
IIUX areHTOB, KOTOPhIC HHAKTHBUPYIOTCS MPH TEM-
nieparype Bbitie 68°C, 4TO CBUICTEIBCTBYET 00 MX
OenkoBo# npupoze. [enb-punbrpalysi roMOTreHaToB,
MOJIyYCHHBIX U3 A. coronifera, yka3bIBaeT Ha TO, YTO
MOJICKYJISIpHAsI Macca HYKJIECHPYIOIIUX arcHTOB
TUXOXOA0K JoipkHa ObITh BhIe 200 x/la [36].

Koctsanka oOvikHOBeHHAs Lithobius forficatus
yCcTOWYMBa K 3aMep3aHUI0 B 3UMHHUH MEPUOI.
Tursman D. et al. [33] npeanonoXuin MpucyTCTBHE
HYKJICATOPOB B opraHusMme L. forficatus 3uMOH,
OJTHAKO X MPHUpOJIa He onrcaHa. He uckiroueno, 94to
yCTOHYMBOCTD K 3aMep3anuio y L. forficatus Bce xe
3aBUCUT OT MHOKYIISTUBHOTO 3amep3aHus. Eciu ke
B OpraHu3Me 3TOH MHOTOHOXKH M MPUCYTCTBYIOT
HYKJICUPYIOIE areHThl, BO3MOXKHO, YTO OHHU "CIIy-
YaifHbIe", T. €. BBIMOJHSIOT HbIE (DYHKIMH, 2 HYKJICH-
pyrolasi akTUBHOCTh SIBJISICTCS JIMIIb MTOOOYHBIM
adexrom [19].

B remonmmmde ycTOWIHUBOTO K 3aMEP3aHUIO JINTO-
panmbHOTO MOJUTIOCKa Melampus bidentatus B 3uM-
HUI TIepuo]T 00Hapy>KeH BEICOKOMOJICKYISIpHBIH (00-
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Nucleation temperature of serially diluted samples of
E. blanchardi freeze-tolerant beetles haemolymph [42].
Near the < marker the haemolymph dilution factor is noted.

capable to initiate the crystallization near —10°C, that
the same as freezing temperature of larvae (-9,5°C)
and rather strongly differs from haemolymph freez-
ing temperature (—18°C) [21].

High crystallization temperature of the intact tar-
digrade Adorybiotus coronifera confirms the pre-
sence in body liquids the nucleating agents, inacti-
vated at the temperature above 68°C, that testifies
about their protein nature. Gel chromatography of
homogenates derived from A. coronifera shows
that molecular mass of nucleating agents of tardigra-
des should be above 200 kDa [36].

The common drupe Lithobius forficatus is free-
ze-tolerant in winter. Tursman D. et al. [33] sugges-
ted the presence of nucleators in the organism of
L. forticatus in winter, however their nature has not
been described. It can not be ruled out that tolerance
to freezing in L. forticatus nevertheless depends on
inoculative freezing. But if in the organism of this
centipede the nucleating agents are present, probably
they are ‘random’, i. e. perform other functions, and
nucleating activity is only a side effect [19].

In haemolymph of the freeze-tolerant littoral mol-
lusc Melampus bidentatus in winter time a high-mo-
lecular (above 3,500 kDa) thermo-sensitive nucleat-
ing agent was observed [14], however its nucleating
activity was low-sensitive to protease action. If mol-
luscs' nucleators are lipoglicoproteins, similar to bac-
terial nucleators [32], probably carbohydrate and/or
lipid parts of complex screen the cleavage sites for
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nee 3500 k/la) TepMOUyBCTBUTENBHBIN HYKIEHPYIO-
i are’T [14], oqHaKO ero HyKJIeUpyrouas akTUB-
HOCTb MaJOYyBCTBUTENbHA K ICHCTBHIO MPOTEA3bI.
Ecnu Hykieatopbl MOJUTIOCKOB SIBJISTIOTCS JIMIIOTIIUKO-
MPOTEUHAMH, TTOJTO0HO OaKTEpHAIBHBIM HYKJIEATO-
pam [32], TO BO3MOXKHO YIICBOHAS W/WJIU JIUITHIHAS
YacTH KOMILIEKCA SKPAaHUPYIOT CANTHI pacIieTieHus
Iu1st ipoTeas. [lomo6HOoe mpeamnoaokeHne ObI0 BBI-
CKa3aHO B OTHOIIEHUHM HYyKJeaTopa APEeBECHOU Jisi-
TYIIKH, KOTOPBIH HEKOTOPBIE TIPOTEa3bl HE CITOCOOHBI
WHAKTUBHUPOBATH [28].

I'emonumpa ycToitunBoii K 3aMep3aHHIO romyooit
muaun Mytilus edulus Taxxe COIEPKUT HYKJIEaTo-
pBI HEOaKTepuabHOTO poucxoxaeHus [18]. B 3um-
HUH TIepHO HYKJIEUpPYOIasi akTHBHOCTB B TEMOJIHM-
(e MUIMH MOBBIILIAETCS, OTHAKO MIPU UX COACPIKAHUH
B J7a00paTOPHBIX yCIOBHIX HH TeMmIeparypa, HU
(hoTromepmoz Ha TemMIIepaTypy KpUCTAITH3AIMHA TeMO-
mumosl He BausAoT. Ognako Theede H. u Stein U.
[30] Ha TOM ke OOBEKTE MOKa3alaHl, YTO KOPOTKUU
(hoTonepron U HU3KAs TEMIepaTypa CIoCOOCTBYIOT
HAKOTICHNIO HYKJICUPYIOIINX ar€HTOB Y MU JIETOM
W, HAIPOTHB, BBICOKAs TeMIepaTypa M JIMHHBIHA
(doronepron 3UMOI MPUBOJAT K UCUC3HOBEHUIO HYK-
J€aTopoB U3 TeMOIUMQBI.

VY ycTOM4MBOro K 3aMep3aHHI0 JIUTOPAIBHOTO
JBYCTBOPYATOTO MOJUIIOCKAa MUTUINABI Geukensia
demissa B remonuMde He 00HAPYIKEHO HYKICHPYIO-
IINX areHTOB, OJTHAKO B €r0 jkadpax BBISIBICHA JIEI0-
HyKJIenpytomas oaktepust Pseudomonas fulva [17].
ITomoOHBIE CHMOMOTHYECKUE OTHOIIICHUS OITHCAHBI 1
st aMmpuoOnii (CM. HIDKE).

bH no3BOHOYHbBIX

Hykinenpyromuil areHT U3 Miaa3Mbl JSTYLIIKH
R. sylvatica vanmuupyet Hykieanuto npu —7,5°C u
yTpauuBaeT akTUBHOCTH npu 87°C [28], a Takxke npu
o0Opabotke pactBopamu 5% HCI, 7 M Mo4yeBUHBI U
HEKOTOPBIMH MIPpOTea3aMu. DTH JaHHBIE MOTYT BIIOJI-
HE 000CHOBBIBAThH OCITKOBYIO MIPUPOIY HyKJIeaTopa u3
mia3Mel R. sylvatica. Jlob6aBieHne K 1uiazme JisITy-
ek N-OpoMOCYKIIMHUMHUIA, KOTOPBIA OKHUCIISICT WH-
TOJIbHBIE TPYIIHBI TpUnTodaHa M THUPO3WHA, PE3KO
CHIDKAJIO TEMITepaTypy KPUCTaTN3alliH, YTO CBU/IE-
TEIBCTBYET O BAXXHOW POJIM ITUX aMHHOKHCIIOT B
(hopMHPOBaHUY W/WIIN TTOAJEPKAHUU AKTUBHOW KOH-
(hopmanuu HyKiI€aTopa.

B npupone apeBecHble IATYIIKA OOBIYHO KOHTaK-
TUPYIOT CO JBAOM, [IOATOMY JJII HUX XapaKTEPHO
MHOKYJIATUBHOE 3amep3anue npu —1°C. Oanaxo npu
OXJI2XICHUH B J1a0OPaTOPHBIX YCIOBHIX CYXOi Jsi-
TYIIKHA HYKJI€AIHs He TIPOUCXOINT, a JKUIKOCTH Tela
YKUBOTHOTO CHJTBHO TTEPEOXIAKIAAIOTCS. XOTS TEMIIe-
paTypa HyKJIealu HyKJIeupytomiero arenta R. sylva-
tica CymIeCTBEHHO BBINIE, YeM TeMIIepaTypa HHOKY-
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proteases. A similar suggestion was expressed as for
the nucleator of the wooden frog, which some pro-
teases could inactivate [28].

Haemolymph of the tolerant to freezing blue mus-
sel Mytilus edulus also contains nucleators of non-
bacterial origin [18]. In winter time nucleating ac-
tivity in haemolymph of mussels increases, however
under laboratory conditions neither temperature, nor
photoperiod affect haemolymph crystallization tem-
perature. However Theede H. and Stein U. [30] in
the same object showed that short photoperiod and
low temperature stimulated accumulation of nucleat-
ing agents in mussels in summer and, to the contrary,
high temperature and long photoperiod in winter
resulted in disappearance of nucleators from haemo-
lymph.

In the tolerant to freezing littoral clam Geukensia
demissa no nucleating agents were observed, how-
ever in its gills the Pseudomonas fulva [17] ice-
nucleating bacterium was found. Similar symbiotic
relationships were described for amphibia (see be-
low).

INPs of vertebrates

A nucleating agent from the frog R. sylvatica
plasma initiates nucleation at —7.5°C and loses acti-
vity at 87°C [28] and also after treatment with 5%
HCI, 7 M urea and some proteases. These data can
completely substantiate a protein nature of nucleator
from R. sylvatica plasma. Adding to frog plasma N-
bromosuccinimide, oxidating indole groups of trypto-
phan and tyrosine, sharply decreased crystallization
temperature that testified to an important role of the-
se amino acids in formation and/or the supporting of
nucleator active conformation.

In the nature the wooden frogs usually are in con-
tact with ice, therefore, inoculative freezing at —1°C
is characteristic for them. However during cooling
of a dry frog under laboratory conditions the nuc-
leation does not occur and animal liquids are strongly
supercooled. Although the nucleating agent nuclea-
tion temperature of R. sylvatica was significantly
higher than the temperature of inoculative freezing,
it could perform "safety" function if inoculative freez-
ing did not take place under any reasons.

It is also known that the frog R. sylvatica uses
nucleating bacteria as symbions [16]. There were
able for nucleation initiation 13 strains of Pseudomo-
nas fluorescens, 4 strains of Pseudomonas putida
and 2 strains of Enterobacter agglomerance,
isolated from intestine of R. sylvatica. It was the
first mention about nucleating activity of P. putida
species. It is noteworthy that judging by the nuclea-
tion temperature and ability to cause D,O nucleation,
these bacteria have nucleators of A class [31].
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JSIUMOHHOTO 3aMep3aHHusl, OH MOXXET BBINOJHATD
(yHKUMIO "MOACTPaxOBKU", €CIIM HHOKYISLIMOHHOE 3a-
Mep3aHHe B CUITYy KaKHX-THO0 MPUYMH HE MPOU30IILIO.

U3BectHO Takxke, yTo JArymwku R. sylvatica nc-
MOJB3YIOT HYKIEHUpPYIONue OakTepuu B KadecTBe
cuMOnoHTOB [16]. K nHUIIMaum HykiIeanun okasa-
Tuch crocoOHbI 13 mrammoB Pseudomonas fluores-
cens, 4 mramma Pseudomonas putida m 2 mramma
Enterobacter agglomerance, BBIIEICHHBIX U3
KUIIeYHNKa R. sylvatica. DTo iepBOE COOOIICHHE O
HYKJICHPYIOLIeH akTUBHOCTU y Buaa P. putida. Ilpu-
MeuaTeNbHO, YTO CyAs MO TeMIeparype HyKJealuu
1 CrocOOHOCTH BBHI3BIBATh Hykneauuro D,O, atu
OakTepun o0nanaloT Hykieatopamu kinacca A [31].
E. agglomerance u Erwinia herbicola sBnsioTcs
10 CYTH OJHUM U TeM ke BUJIoM. McTopudecku cio-
JKUJIOCh TaK, 9TO €CJIM WX BBIACISUIN U3 PACTCHHI,
TO MCIIOJIL30BaJIM Ha3Bauue E. herbicola, a, ecnu u3
JKUBOTHBIX, TO Has3wplBaM E. agglomerance [3, 4].

[IpencraBnser uHTEpPEC TaKKe COOOIIEHUE O Ha-
JIMYHHN JJOCTATOYHO MOIIHBIX HYKJICHPYIOIINX areéHTOB
HE TOJIBKO B IJIa3Me€ KPOBH, HO M B HEKOTOPBIX TKa-
HSIX U OpraHax — NeYeHH, KOXKH, CKEJIETHBIX MBIIILAX
U KUIIEYHHKE KaK YCTOMUYMBBIX K 3aMEp3aHUI0, TaK
1 4yBCTBUTENBHBIX K 3aMEp3aHMIO JArymek [7].
[Ipupona, cTpykTypa n OHOJIOTHYECKOE 3HAUCHHE
3THX areHTOB IOKA HE M3YYCHBI.

B nawane 90-x roJoB MOsSBUIOCH COOOIICHUE O
HAJINYHUN HYKJICUPYIOIIUX areHTOB, YyBCTBUTEILHBIX
K TerutoBoi o0pabotke, neiicteuio HCl n mepitonara,
B CHIBOPOTKE JIMYMHOK pacnucHoi uepenaxu Chry-
semys picta [29]. ABTOpBI Hake MPEITIOKUIN CUU-
TaTh HanMuKe crenuduuasix bH B kpoBU onHUM 13
KITIOUEBBIX (paKTOPOB B SBOJIOLUHN YCTOHYUBOCTH K
3aMEep3aHMIO Y TTO3BOHOYHBIX M OJJHUM M3 KPUTCPHUCB
YCTOMUYUBOCTH K 3aMEP3aHUIO, HO BIIOCIIEACTBUH STH
JaHHbIE HE TOATBEPAMINCH. B cpiBopoTKe 21-r0 BU-
Ja APYTUX TMO3BOHOYHBIX, BKIIOYAsl YCTOMYUBBIX K
3aMep3aHuIo KopoOuaryio yepenaxy Ierrapin caro-
lina w monBs309HyI0 3Met0 Thammophis sirtalis, ka-
Kas-Tu00 HyKJIEUPYIOIIasi akTUBHOCTh HE BBISBIICHA.
Bonee Toro, nuunnku C. picta, BepOSITHO, BBKUBAIOT
B 3UMHHM Mepuo;] 6J1arogaps mepeoxiakaeHuro [8].
ITapagokc cocrout B TOM, uTo BH KpoBH nsryiex
W Yeperax akTHBHBI IIPH TeMIIepaType, KoTopas Ha
2-4°C HMXe MUHUMAJIbHON TeMIepaTypbl BEIKUBA-
HUS KUBOTHBIX [7]. KoHEUHO, MOKHO MPEON0KHUTS,
YTO CHM)KEHUE HYKJICUPYIOIEH aKTHBHOCTH areHTOB
in vitro MOXeT ObITb OOYCIIOBJICHO CJICIYIOIIHUMU
MpUYUHAMHU: 1) OTCYTCTBHEM KOOIIEPATUBHBIX B3au-
MOJICHCTBHI ¢ MeMOpaHaMH SIUTENHUATBHBIX KIETOK
COCYIOB; 2) M30BITOYHBIM TEPECOXIAKICHUEM H3-3a
Masioro oobemMa 00pasmoB; 3) HEONTUMAIBHBIMHA YC-
JIOBHSIMH XpaHEHUS 00pa3ioB KpoBu. OIHAKO ITH
MIPEOIOKEHUS He TIOATBEP kK AeHbI. He nckmoueHo,
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E. agglomerance and Erwinia herbicola are essen-
tially the same species. For historical reasons if they
were isolated from plants then they were defined as
E. herbicola and if from animals they were called
as E. agglomerance [3, 4].

The report about the presence of rather powerful
nucleating agents not only in blood plasma, but also
in some tissues and organs (liver, skin, skeletal
muscles, intestinal) both tolerant to freezing and
sensitive to freezing frogs is of an interest [7]. The
nature, structure and biological value of these agents
have not been studied yet.

In the early 1990s the report about the presence
of nucleating agents, sensitive to heat treatment,
action of HCI and periodate, in larva serum of the
painted turtle Chrysemys picta [29], appeared. The
authors even suggested considering the presence of
specific INPs in blood as one of key factors in
evolution of tolerance to freezing, but later these data
were not confirmed. In sera of 21 species of other
vertebrates, including tolerant to freezing the box
turtle Terrapin carolina and the ribbon snake
Thammophis sirtalis no nucleating activity was
found. Moreover C. picta larvae probably survive
due to supercooling in winter [8]. Paradox is that
INPs of frog and turtle blood are active under the
temperature, which on 2—4°C below of animal mini-
mal survival temperature [7]. Certainly it may be
suggested that decreasing the nucleating activity of
agents in vitro may be due to the following reasons:
1) the absence of cooperative interactions with mem-
branes of epithelial cells of vessels; 2) extra super-
cooling due to small size of samples 3) non-optimal
conditions of blood sample storage. However these
suppositions were not confirmed. One cannot rule
out that the nucleators of these animals are ‘ran-
dom’ nucleators [19].

Thus, biological nucleation has remained a poorly
studied phenomenon in animals. INPs of animal
origin have obviously common characteristics with
bacterial nucleators. However in contrast to bacterial
nucleators, more detailed studied, animal nucleators
have their peculiarities. The task about their possible
usage in biotechnology also has remained open.

References
1. Aunaas T. Nucleating agents in the haemolymph of intertidal
invertebrates tolerant to freezing // Cryo-Letters.— 1982.—
Vol. 3, N5.— P. 287.
2. Aunaas T. Nucleating agents in the haemolymph of an intertidal
mollusc tolerant to freezing // Experientia.— 1982.— Vol. 38,
N12.— P. 1456-1457.

problems
of cryobiology

Vol. 20, 2010, Ne4



YTO HYKJICATOPHI 3TUX KUBOTHBIX SIBJISIFOTCS TaK Ha-
3BIBAEMBIMU CITy4allHbIMH HyKJIeaTopamu [19].
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