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Ice-Nucleating Proteins of Bacterial Origin.
Report I. General Characterization and Classification

B 0030pe manb! 00Iee onucanne U XapakTepUCTHKa HYKIIeaTOpoB OeIKOBOM mpupoasl 6akrepuil ponos Pseudomonas, Erwinia,
Flavobacterium n Xanthomonas. PaccMOTpeHBI TPpeAI0KEeHHbIE THITH KJIacCH(UKanny OaKTepHaNbHBIX HyKIeaTOpOB.
Kniouegvie cnosa: Hyxinenupyomnas akTHBHOCTb, O€JIKH-HYKJI€aTOpHI, 0aKTepUH, KPHCTAIUIN3AIIHS.

B 0030pi moxaHi 3arajbpHUIT ONKC Ta XapaKTepHCTHKA HyKJIearopiB 0inkoBol npupoan OGaxrepiii poniB Pseudomonas, Erwinia,
Flavobacterium i Xanthomonas. Po3risiHyTo 3ampornonoBaHi THH kiacugikaiii 6akTepiaJbHUX HyKJICaTOPiB.
Kniouosi cnosa: nyxneroda akTHBHICTb, O1IKU-HYKJIeaTOPH, OakTepii, KpucTanizawis.

A general description and characteristics of proteinaceous nucleators, which were found in the bacteria of genera Pseudomonas,
Erwinia, Flavobacterium and Xanthomonas, are presented in the review. The suggested classification types of bacrerial nucleators are

discussed.

Key words: nucleating activity, nucleating proteins, bacteria, crystallization.

MoJteKyIbl BOZIBI CTPEMSITCS K 00pa30BaHUIO JIBAO-
MOJOOHBIX arperaToB BCJIEACTBHE AJIEKTPOCTaTHIEC-
KOTO MPUTSDKEHHSI UX NOJSIPHBIX y4yacTkoB. [1o mepe
CHIDKEHHS TEMIIEpaTyphl U 3aMEIUICHUSI TEIIOBOTO
JBIKEHHS MOJIEKYJI BOJbI TEHICHIMSA K arperalyy ycu-
JIMBAETCS, a BEPOATHOCTH BOSHUKHOBEHHS KPUTUUYECKH
00JBIIOTO KJAacTEpa MOJIEKYT OBICTPO YBEITWYIHBA-
etcs. @opMupoBaHHEe 3apoAbIlIa KpUCTauia [0CcTa-
TOYHO OOJIBIIIOTO pa3Mepa B pe3yabTaTe CIOHTAHHOM
arperaryy caMux MOJEKYIN BOJbI Ha3bIBAETCS TOMO-
reHHOM HykJeanuen. Kpuruueckuii pazmep kiacrepa
ipu —5°C cocramnsieT okoio 45000 Monekys Boabl, a
nipu —40°C — s 70 [4, 28]. Takum oOpa3zom, grcrast
Boj1a pH oxyaxaeHnu 10 0°C B ycnoBHAX HOpMaJIb-
HOTO aTMOC(EPHOro JaBJICHHUS HE 3aMep3aeT CIOH-
TaHHO. Takoe cocTosiHME Ha3bIBACTCA MEPEOXIIANKIEC-
HueM. Kammst abcomoTHO YMCTOM BOIBI 3aMep3acT B
mporecce TOMOI€HHOM HYKJI€AH MPUOIU3UTENBHO
npu —40°C.

B Omonornueckux cucremMax MpUMECH M dyKe-
POJHBIE YaCTHUIIBI, COJIEPHKAIIUECS B BOJIE, CIIOCOOHEI
CBSI3BIBATh MOJICKYIIBI BOJIBI HA CBOCH MOBEPXHOCTH.
Ecnu arperanust MoJieKysl BOJBI KaTajdUu3HpPyeTCs
KaKHM-JIN0O BEIIECTBOM, TO €€ CUYMTAIOT I'eTEePOTeH-
HOH. Eciin MOJIEKyJIbl BOJbl OPUEHTUPOBAHBI TAKUM
00pa3oM, 4TO UX PACIOJIIOKEHUE HATOMHHAET TAKOBOE
B 3apOJBIIIEBOM KpHUCTaJIE JbJa, a UX KJIacTep
JOCTaTOYHO BEJIUK, TO B CUCTEME HHIYLIUPYETCS reTe-
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Due to the electrostatic attraction between their
polar parts, water molecules tend to form ice-like
aggregates. As temperature drops and the thermal
movement of water molecules decreases, the tendency
to aggregation becomes stronger and the likelyhood
that a critically large cluster of molecules will emerge
increases rapidly. When a critically large nucleus is
formed by spontaneous aggregation of water molecules
themselves, the nucleation is called homogenous. The
critical size at —5°C is about 45,000 water molecules
and at —40°C only 70 molecules [4, 28]. Thus, pure
water cooled at atmospheric pressure does not spon-
taneously freeze at 0°C. This state is called supercoo-
ling. A drop of absolutely pure water freezes by homo-
genous nucleation at about —-40°C.

In biological systems impurities or foreign particles
that are usually present in water attach to water
molecules on their surfaces. If aggregation of water
molecules is catalyzed by a substance other than water
molecules, the nucleation is referred to as heteroge-
nous. As water molecules may be oriented in a way
such as to resemble an ice nucleus, their cluster beco-
mes large enough, and heterogenous nucleation is indu-
ced in the system. A substance that promotes the
formation of such an embryo crystal is called an ice
nucleator or an ice nucleating agent [14, 35]. As arule
heterogenous nucleation occurs within the temperature
range of —2...—15°C and is affected in the first place
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poreHHas HyKJearus. BemecTBo, KOTopoe crmoco0cT-
ByeT (DOpPMHUPOBAHUIO 3apOIBIIIIEBOIO KPUCTAILIA, Ha-
3BIBAETCS HYKJICATOPOM JIbJa HIIN JIEAOHYKIIEHPY-
romuM areHToM [ 14, 35]. Kak npaBuio, rereporeHsas
HYKJICAsl IPOUCXOIUT B IMANIa30HE TEMIIEPATYP OT
—2 no —15°C u Ha Hee BIMSIIOT, B IEPBYIO O4Yepeb,
XUMHYECKas IPUPOA U COEPIKaHUE BELIECTB B 3aMep-
3aromieil cucreme.

Bce Genkn B3aMMOIEHCTBYIOT C BOOH, HO JIUIIH
JIBE UX TPYIITBI UMEIOT criennprdeckue QyHKIHH, CBSI-
3aHHBIE C 00pa30BaHUEM JIba — AHTU(PPU3HBIE OEIIKH,
CIOCOOHBIE MHTHOUPOBATH POCT KPUCTAILIOB Jibja [ 1,
2], n 6enku-nykiearops! (bH), koTopsie ”HUITIUPYIOT
o0pa3oBaHUE KPUCTAJLIOB Jibjaa. B HacTosIei pabote
OyIeT omucaH TOJNBKO OJUH KJacC BELIECTB, BIMS-
IOLIMX Ha Mpouecc Kpucramsanuu — BH.

B Tabn. 1 mpuBeneHa cpaBHUTENbHAS XapaKTe-
PUCTHKA HYKJIEHPYIOIIEH aKTHUBHOCTH Pa3IUYHBIX
BemectB [20].

[epBbie cBeeHMs 0 OMOTOTHYECKUX HYKII€aTOpax
nosiBunch B 1974 roxy [18]. B rHHIOMUX JTHCTHIX
00HapyXKeHBI OaKTepUH, CIIOCOOHBIC HHUITMUPOBATH
HyKIIeanuto Pseudomonas syringae. B nanpHeiemMm
YCTAHOBJIEHO, YTO HYKJEUPYIOIIasi aKTHBHOCTH
npucyma eme 10 Bugam Oaktepmii: Pseudomonas
viridiflava, [21], Pseudomonas fluorescens [22],
Pseudomonas antarctica [19], Pseudomonas borea-
lis [31], Pseudomonas putida [15], Flavobacterium
sp. [31], Xanthomonas campestris [9], Erwinia
herbicola [17], Erwinia ananas [9], Erwinia uredo-
vora [23].

Hyxneupytomue neq 6akrepuu BCTPEUYaAIOTCS B
[OYBE 1 HA IOBEPXHOCTHU PACTEHUH, pacIpOCTPaHEHEI
B yMEpPEHHOM KJIMMAaTe M MOJIAPHBIX 30HaX [6, 31].

BakrepuanbHas Hykiearust — HeOObIYHBIH (Pa30BBIit
Mepexo], KaTalu3UuPYEeMbIi )KUBBIMH OpTaHU3MaMH.
Hyxneupyromast akTHBHOCTb MPUCYIIIA JTUIIb HEKOTO-
PBIM TPaMOTPHIIATEIEHBIM OaKTEPHUSIM, HO TIOCKOJILKY
OHH IIMPOKO PaCcIIPOCTPAHEHBI B IPHUPOJIE, TO 3TO ABJIE-
HHUE MOXHO CUMTaTh OOBIYHBIM. B TO e Bpems cpeau
npencraBuTenei poaa Pseudomonas BcTpedaroTcs
KaK C MOJIOKHUTEIbHBIM, TAaK 1 HETAaTUBHBIM 110 3TOMY
npusHaky penorumnom [11].

ATEHTBI, OTBETCTBEHHBIE 32 HyKJICALIUIO JIbJa, pac-
MIOJIOKEHBI HA BHELIHEH CTOpOHE MeMOpaHbl OakTe-
puansHBIX KiIeToK (pucynok). Burke M.J. u Lin-
dow S.E. mpeanonoxuian, 9To HyKJI€aTOPOM MOKET
OBITh LIWJIUHAP BBICOTOH 7,5 HM C JMCKOIOI0OHOMH
CTPYKTYpOii Ha Bepxy1ike [4].

Temmeparypa HyKIeanuu 3aBUCUT HE OT KOHLICHT-
paruu 6akTepuii 1 00beMa 00pasiia, a OT KOJU4eCTBa
Oakrepuii B 00pasiie [34], 4To 00yCIIOBIEHO JIOKAIHU3a-
uueit BH 6akrepuii Ha BHENTHE TOBEPXHOCTH MEMO-
pasbl ¥ pasMepoM arperatoB bH (ponbs arperanuu B
KaTaJln3e KpUcTaJuM3auuu OyleT omucaHa B CIIEAy-
foieM cooOmeHun). B TakoM ciyyae BEpOSTHOCTD
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by chemical nature and contents of substances that
are present in a freezing system.

All proteins interact with water, but only two classes
of proteins, antifreeze proteins, which are able to inhibit
ice crystal growth [1, 2], and ice-nucleation proteins
(INPs) inducing ice crystal formation, have functions
that specifically relate to ice. In this work only one
class of substances influencing crystallization —INPs
is discussed.

The comparative description of ice-nucleating acti-
vities of various reagents is presented in Table 1 [20].

Biological nucleators were first reported in 1974
[18]. Ice-nucleating bacteria Pseudomonas syringae
were found in rotten leaves. Thereafter 10 more spe-
cies were demonstrated to have ice-nucleating activity:
Pseudomonas viridiflava, [21], Pseudomonas fluo-
rescens [22], Pseudomonas antarctica [19], Pseudo-
monas borealis [31], Pseudomonas putida [15],
Flavobacterium sp. [31], Xanthomonas campestris
[9], Erwinia herbicola [17], Erwinia ananas [9],
Erwinia uredovora [23].

Taoauna 1. CpaBHeHHE TeMIIepaTyp HyKJIealun
Ppa3IMYHBIX CyOCTaHIUI

Table 1. Comparison of the ice-nucleating
temperatures of various substances

Temneparypa Hykaeanuu, °C*
CyOGcrannus Ice-nucleating temperature, °C*
(0,22 Mr Geaka/MAa)
Substance (0.22 mg protein/mg)
TlO TSO TQO
BuexkaeTouHbIe
AEAOHYKAECHUPYIONIHAE CTPYKTYPHI —30 —_39 _34
Extracellular ice-nucleating ' ' '
structures
BH
INP —-87 -96 —10,1
Hoaup, cepebpa (onTuyeckas
TMAOTHOCTB IPU 660 HM
cocraBaser 0,1) —70 —78 —82
Silver iodide (optical densityat
660 nm is 0.1)
o-aMHuAa3a —175 —197 —913
o -amilase ! ! !
Rasen —17,5 —21,1 —220
asein
Karanaza
Catalase — 18,6 —19,8 —21,7
AABOyMUH _ _ _
Albumin 18,6 19,5 22,0
B-rarakTo3mpaza —16.0 199 —220
B-galactosidase ' ' '
10 MM docdarusiit 6ydep,
pH 7,0 _ _ _
10 mM potassium phosphate 20,0 211 20,0
buffer (pH7.0)

Mpumeuanue: * — temmneparypa, HeoOXoauMas sl 3aMoOpa-
xusanus: 10 % marepuana — T, 50% — T, u 90% —T,.

Note: * — temperatures required to freeze 10% (T, ), 50% (T, ),
and 90% (T,,) of the material.
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TpaHCMHCCHOHHAS DIICKTPOHHAST MUKPOCKOITHSI JICMOHYK-
neupyrorei 6axrepun P, viridiflava KUIN-3. Ctpenku yka-
3BIBAIOT HA HyKJIEUpyrolue areHTbl. OTpe3ok Ha (HoTo-
rpaduu coorBercTByer 0,5 Mxm [12].

Transmission electron micrograph of the ice-nucleating
bacterium P. viridiflava KUIN-3. The arrows show ice-
nucleating agents. The bar indicates 0.5 um [12].

3apOXKIE€HHs KpUCTaJUIa JIbAA ONPEIENSIeTCs KOJH-
YEeCTBOM M KayeCTBOM arperaTroB, a He 00bEMOM, B
KOTOPOM OHH pacIpeieeHbI.

Kpome Toro, cymectBytor mrammsl P. fluores-
cens [24], E. uredovora [13], E. herbicola [25] n
Erwinia carrotovora [8], KoTOpble dKCKPETHUPYIOT
HYKJIEUPYIOIIHNE areHTHI B KYJIBTYPAIBbHYIO )KUAKOCTD.

Brigenstor 3 kiacca HyKJIEMPYIONINX areHTOB,
MIPOAYLIHPYyeMbIX OakTepusmu. KileTku, akTHBHBIE TIPU
—5°C wnm BeImIe, OT —5...—8 1 —10°C, mpou3BOILHO
0003HaueHsl Kak Tum aktuBHOCTH I, II u III coorset-
CTBEHHO (Ta01. 2). OmHAKO MPUYMHBI TAKUX PA3IHIUMA
OKOHYATEJILHO HE BbIICHEHHBI. Kpome Toro, B uTepa-
Type TakXe HCHOJB3YIOT TEPMHUHBI “TeIible” U
“X0JI0HBIE” HYKJIEHPYIOINE areHThl 17 HyKJIeaTo-
OB, CITOCOOHBIX HHUIIUMPOBAThH KPUCTAITA3AIHIO IPU
temneparypax Boie —5°C u Hmke —8°C coOTBeT-
CTBEHHO [6].

[pu uccnenoBanmu KynsTyp OakTepuii C IETOHYK-
JIENPYIONIEH aKTHBHOCTHIO OTMEYEHO, YTO HEOOIIbIIIast
4acTh KJIETOK B KYJIBType CIOCOOHA WHHUIIMHPOBATH
HYKJIealMIo IpH Temiieparype Boiuie —5°C. Hanpumep,
npu —2°C menee 107° oT Bcex KIETOK B KYJIType CO-
Jep>KaT 3apoAbILIEBbIE KPUCTAIIIBL JbAa [S], Koau-
YECTBO KOTOPBIX NMPH MOHMKEHUHN TEMIIEPATYPHI yBE-
JIMYMBAETCA, ONHAKO AK€ B OYEHb aKTHBHBIX KYJIb-
Typax OakTepuil He Kakaasl KJIeTKa COAEPIKUT 3apo-
JBIII KpUCTAIA JIb1A B KOHKPETHBII MOMEHT BPEMEHH.
3T0 MOYKHO MHTEPITPETUPOBATH KaK ‘‘BPEMEHHOH cpe3”
JUHAMHUYECKOM CUTyalMH, ITPU KOTOPOM KJIETKU BpEMsI
OT BpeMEHH 00JIafaroT JeAOHYKICHPYIOImel aKTHB-
HOCTBIO, HJTH KaK CIIOCOOHOCTH TOJIBKO YaCTH KIETOK
MOMYJISIIIAN IPOU3BOIUTH PYHKIIMOHAIBHBIH 3apO/Ibl-
meBbld kpuctani [6]. Hakonnennas uadopmanus
CBUJETEIBCTBYET B MIOJIB3Y [IEPBOTO MPEAIOTI0KEHUS,
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Ice-nucleating bacteria are identified in soil and on
plants; they are spread both in the temperate climate
and in the polar zones [6, 31].

Bacterial ice nucleation represents an unsusual case
of a phase transition catalyzed by biological entities.
Although bacterial ice nucleation is limited to some
gram-negative species, they are ubiquitously spread in
nature, which makes this phenomenon common. At
the same time there are both ice-nucleating-positive
and ice-nucleating-negative bacteria among the
specimens of the genera Pseudomonas [11].

Agents located on the outer membrane of the
bacterial cells are responsible for the ice nucleation
(Figure). Burke M.J. and Lindow S.E. proposed that
the most likely nucleation structure consisted of a disk-
like ice nucleator on top of a cylinder that is 7.5 nm
high [4].

The nucleation temperature depends not on bacte-
rium concentration or on a sample volume, but on the
quantity of bacteria in the sample [34], which is likely
to be due to location of INPs on the bacterial surface
and INP aggregate sizes (the role of aggregation in
crystallization catalysis will be described in the next
report). The probability of nucleation is then related to
numbers and quality of aggregates and not to the
volume in which the aggregates are distributed.

Besides, the strains P. fluorescens [24], E. ure-
dovora [13], E. herbicola [25] and Erwinia carro-
tovora [8] were reported to release the extracellular
nucleating materials into the culture fluid.

Bacterial nucleating agents were classified in 3
types. Cells active at —5°C or warmer, at —5...—8°C or
at —10°C were arbitrarily assigned as type I, type II,
or type III activity, respectively (Table 2). Nevertheless
roots of these differences were still unclear. Also, the
terms “warm” and “cold” nucleating agents capable
for initiating crystallization at the temperatures warmer
than —5°C and colder than —8°C, respectively, are used
in literature [6].

The studies in ice-nucleating bacterium cultures
revealed that few cells in the culture were active as
ice catalysts at temperatures warmer than —5°C. For
example, less than 10 of all cells in a culture contain
ice nuclei at —2°C [5]. Ice nuclei active at colder tem-
peratures are much more numerous, however even in
very active cultures not every cell contains an ice
nucleus at a given time. It can be interpreted either as
a “snapshot” of a dynamic situation whereby cells only
transiently express ice nucleation activity or as ability
of only a small subset of the cell population to produce
a functional ice nucleus [6]. All available information
suggests that the former hypothesis is correct, since
subtle changes in the environment of cells can cause
preformed INPs in cells to rapidly produce ice-nuc-
leating sites [16, 26]. In addition to it different strains
of a bacterial species differ greatly in their ability to
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TaK KaK Ipy HEOONBIINX N3MEHEHHUIX B OKPY KaIOIIen
cpene 3apaHee HakoruieHHble bH HauHyT OBICTpPO
MIPOU3BOJUTH CailThl Hykieanuu [16, 26]. Kpome Toro,
pa3IU4YHbIE IITAMMBI MOTYT CYLIECTBEHHO OTJINYaTh-
Cs1 CIOCOOHOCTBIO POPMUPOBATH 3aPOABIILN KPUCTATI-
JIOB JpAa. B oHMX mITaMMax MpakTHYECKH Kaxaas
kieTka aktuBHa npu —10°C, a B Apyrux npu Tou xe
TeMIeparype Ha Kaxasle 10 MIH KJIETOK HE Bcerna
BCTpeYaeTcs KJIeTKa C HyKJIEHPYIOIEel aKTHBHOCTHIO
[10].

3aBHCUMOCTD JIOKYCOB 3aMep3aHHsi, HOPMHPO-
BaHHas Ha KOIMYECTBO KIIETOK, OT TEMIIEPaTyphl Ha3bI-
BaeTCs KyMYJISITUBHBIM criekTpoM [29]. [Tocie uccie-
JOBaHHUS KyMYJSTHBHBIX CHEKTPOB HEKOTOPBIX
O0akTepHalbHBIX KyJIbTYyp OBIJIO OTMEYEHO, YTO B
CIIEKTPE MPUCYTCTBYIOT TPU YETKO Pa3IUUYHUMBIE
00macTH, YTO MOApa3yMeBaeT CYLIECTBOBAHUE TPeX
KJIACCOB HYKJIECHUPYIOMIUX CTPYKTYyp [27] (Tabm. 2).
Brl10 mpeaoxkeHo pa3AenuTs JEAOHYKIEHPYIOIIHe
CTpYKTypHI Ha Ki1accel A, B 1 C Ha ocHOBaHUM H3y4e-
HUS (PU3NIECKUX CBONCTB U XMMHYECKON ITPHPOJIEI.
CooTBeTcTBHE CTPYKTYP, 0003HAYECHHBIX KaK THII I, n
CTPYKTYP, BXOJSIINX B KJIacC A HEOCTIOPHMO, OJTHAKO
Kiaccu(UKaus Ha OCHOBE TeMIIEPAaTypHBIX JHaria-
30HOB HYKJI€AI[UW HECOBEPIIEHHA, ITOCKOJIBbKY MPHU
TaKOM TIOAXOAE KOMIIOHEHTHI C XapaKTEePUCTUKAMH,
MPOMEXYTOUYHBIMU MEXIY
CBOMCTBAMM CTPYKTYp KJac-
coB A u B, TpynHo paznu-
yuTh. [TosTomy Turner M. A.

produce ice nuclei. In some strains, nearly every bacte-
rial cell is active at —10°C; in other strains fewer than
one in 107 of the cells are active at the same tempe-
rature [10].

A plot of freezing nucleus units per bacterial cell
versus temperature is called a cumulative nucleation
spectrum [29]. After cumulative spectra of several
bacterial cultures had been investigated, it became
apparent that there were three distinguishable areas
in them, which implied existence of three classes of
nucleating structures [27] (Table 2). It was proposed
to divide ice-nucleating structures into classes A, B
and C on the grounds of studies of their physical
properties and chemical nature. Although there is irre-
futable correspondence, for example, between type I
and class A structures, classification based on nuc-
leation temperature diapasons is imperfect, since this
approach makes discrimination of components that have
properties midway between those of class A and class
B structures difficult. That is why Turner M.A. et al.
think that the classification proposed by them has an
advantage, as it is based on the main difference in
physical properties of specimens from the different
classes: capacity for nucleation of heavy water, which
is defined as difference between freezing temperatures
of D,0 and H,O [27]. The most pertinent for this

Taoauna 2. Knaccudukarms BH 6axrepranbHOro IpoUCcX oK IeHUS

Table 2. Bacterial INPs classification

Tun kraccudukanuy u
CBOMCTBA HyKA€ATOPOB
Classification and
nucleator properties

et al. CYNTAIOT, 9TO IPEIIO-
KEHHasl UMU KJacCupUKaus
HMeeT MPEeUMYLIECTBO, TaK

Ornucanue HYKA€aTOPOB
Description of nucleators

KaK OHa 6a3preTCH Ha OC- Kraccudurarus
HYKAEUPYIOUIUX
HOBHOM pa3jIninu (1)1/13qu0— Gaxrepuit/arentos|33] "l:h/m I Tumn 1T T 111
o o e . ype I Type II Type IIT
KHUX CBOMCTB IIPEICTaBUTEIEN Classification of nucleating
bacteria/agents [33]
Pa3HbIX KJIaCCOB: CIIOCOOHOC-
TH BBI3BIBATH HYKJIEAIUIO HYMKQSIC)CYI:O@L’;;‘;L;?;‘HTOB
» Kaacc A Kaacc B Khaacc C
TAXKCEIJION BO/bI, KOTOpasA OIl- Classificat [27] ) Class A Class B Class C
assification of nucleating
penenseTcs Kak pa3HUIla agents [27]
MEXJYy TeMIepaTypou 3a-
Temmneparypa,npu
mepsanns D,O u H,O [27]. ROTOPOI ARTHBHEL
Cy1iecTBEHHBIM (DaKTOPOM TPEACTABUTEA AQHHOTO | —5... =4,5°C u BLIIIC —5..—-8C/ —8..—10°C 1 HuKe
Kacca — 9.~ 45Cand —6..—7C —8..210°C and colder

aBusgeTcs 0oyiee BbICOKAs
crocobnocte DO (mo cpas-

Temperature, at which
specimens of this class are
active

‘warmer

nenuto ¢ H O) B3aumoneiicr-
BOBaTh ¢ rHAPO(OOHBIMHU
007aCTIMU OCIIKOBBIX MOJIE-

Cnoco6HOCTh K HyKAealun
nepeoxaaxkaeHHoi D,0O

BricokoakTUBHBIE ChraboaKTHUBHEBIE CpepHeaKTUBHBIE

kyn [3]. CTpykTypsl Kiacca
A, KoTOpBIE B OOJbINIEH CcTe-

Capacity for nucleation of Highly active Low active Medium active
supercooled D,O
Xumuyeckas IpUpoAa AUIIOTAUKOIIPOTEUA, I'Aukonporenp, TTporeun
Chemi cal nature Lipoglycoprotein Glycoprotein Protein

IICHH CIOCOOHBI HYKJICHPO-
Bath D O, 6osee ruapodo6-
HBI, Y€M CTPYKTYpHBI Kiacca
B [27]. CtpykTypst knacca C
nocTaTo4YHO 3G PEeKTUBHO
nykiaeupyror D,O u, Bo3-

MonaeKkyAsipHasi Macca
Molecular weight

155 kAa (o6pa3syror
arperarsl C
MOAEKYAIPHOM Maccomn
okono 8,7 MAa)
155 kDa (form
aggregates with
molecular weightof
about 8.7 MDa)

120 kAa (o6pasyror
arperarsl ¢
MOAEKYASPHON Maccomn
ceoirre 1000 kAg)
120 kDa (form
aggregates with
molecular weightmore
than 1,000 kDa)
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MOJXKHO, SABJISIOTCS Oojiee ruapo(GOOHBIMU IO CPaB-
HEHUIO CO CTpyKTypamu kjacca B. XoTs maHHBII
METOJI HE TI03BOJISIET BBISIBUTH OTJIMYHUS KIaccoB A U
C, UX CTPYKTYpPBI XapaKTEpPU3YIOTCS Pa3IUIHON
YYBCTBUTEIBHOCTBIO K M3MeHeHHIO pH, oprannyec-
KHM PacTBOPUTENSIM U THAPOJIa3aM.

Uto0s! areHT OBLT crIOcOOeH (OPMUPOBATE 3apO-
JBIIIEBBIA KPUCTAT HEOOXOAUMBI CIEAYIOIIHNE yC-
JIOBHSA: MTPOCTPAHCTBEHHOE CXOJCTBO C KPUCTAIITHYEC-
KOU pEIIeTKON 1b/1a; HeOONBIION MOBEPXHOCTHBIN
3apsi ¥ BeICOKast THIpodoOHoCTh [7]. Hanboree mosHo
3TUM TPeOOBaHMSAM OTBEYAIOT CTPYKTYPHI Kiacca A.

Takum o6pa3om, HyKiIeaTOpbl OaKTEpUil — ITO
are’Thl, MHUIUUPYIOMNE KPUCTAIINU3AIUIO TPU
BBICOKHMX OTPULATENBHBIX TeMIeparypax (—5...—4,5°C
1 BbINIE) (TaOJ. 2) ¥ pacnoio’KeHHBIE IN0O0 Ha BHEIII-
Heill cropoHe MeMOpaH 6akTepui, 100 3KCKpeTHpye-
MbI€ B KyJIbTypaJIbHYIO cpeny. B Hacrosiee Bpems
WX MPHUHATO MOJApa3JeisaTh Ha 3 Kiacca B 3aBHCH-
MOCTH OT aKTHMBHOCTH U MPHUPOJIBI COCTABIIAIOIINX
KOMIIOHEHTOB. bruonmornueckas pyukmus BH onpeme-
JIeHa UX CTpyKTypoi. IIpu uccnenoBanuu 3Tux coe-
OUHEHW BO3HUKJIA HECTAHIAPTHAS CUTYAIUs: T€HBI
BH psana Gakrepuii oxapakTepH30BaHBI JIETAIHHO B
panHux padorax [30, 32], a BTOpUYHAS U TpEeTHYHAS
cTpykTypsl BH ocraBanmch pgonroe Bpems npeame-
TOM TEOPETUYECKHUX IPEATIONOKEHUN 1 JIUIIb CPAaBHU-
TEJBHO HEIAaBHO MOSBUIINCH SKCIIEPUMEHTAIIbHBIE pa-
00THI 10 3TUM TpoliieMaM. Bonpocsl, cBA3aHHBIE CO
cTpykrypoii BH u opranusanuel ux reHoB, OymyT
OCBELICHHI B CIEIYIOMEM COOOILECHHH.
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system factor is the increased ability of D,O (as
compared to H O) to interact with hydrophobic
domains of proteins [3]. The class A structures, which
nucleate D,O to a greater extent, are more hydrophobic
than the class B structures are [27]. The class C struc-
tures can rather effectively nucleate D,O and appear
to be more hydrophobic than the class B structures
are. While this approach does not distinguish class A
from class C, their structures differ by pH, organic
solvent and hydrolase sensitivities.

The following conditions are necessary for an agent
to form an embryo crystal: spatial likeness to ice crystal
lattice; little surface charge and high hydrophobicity
[7]. The class A structures are best suited for these
requirements.

Thus, bacterial ice nucleators are agents initiating
crystallization at warm negative temperatures (—S5...
—4.5°C and warmer) (Table 2) located either on outer
membranes of bacterial cells or released into culture
media. At present it is accepted to subdivide them into
3 classes depending on their activity and identity of
their components. Biological function of INPs is
determined by their structure. An atypical situation
arose when these compounds were studied: INP genes
of a number of bacteria were characterized in the early
works [30, 32], while secondary and tertiary structures
of INPs remained a subject of theoretical assumptions
for a long time, and only recently experimental
researches in these problems were reported. The issues
concerning INP structure and their gene organization
will be discussed in the next report.
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