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B 0030pe npoaHamu3npoBaHbl COBPEMEHHbIE JaHHbIE O HyKJeaTopax OeJIKOBOil MPHPOAbl GaKTepHUil U KOTUPYIOMINX UX TeHaX.
PaccMoTpeHbI 0CHOBHBIE TUIIOTE3bI M MOJISIIH IPOCTPAHCTBEHHOM OpraHu3aliy OeJIKOB-HYKJIeaTopoB. [IprBeeHbI CBEICHUS O IPUPOJIE

Y pOJIH HEOEJIKOBBIX KOMIIOHEHTOB OaKTepHaIbHBIX HyKJICaTOPOB.

Kniouesvie cnosa: nykneupymolas akTHBHOCTb, O€JIKH-HYKJI€aTOPBI, FEHbI OEIIKOB-HYKIIEATOPOB, OAKTEPHH, KPHCTAIUIN3AIIKS.

B 0030pi npoaHanizoBaHO Cy4acHi JaHi MO0 HyKJIeaTopiB OiNkoBoi nmpupoau GakTepiil Ta reHax, siki ix KoayoTs. Po3rmisHyTo
OCHOBHI TiIIOTE3H Ta MOAEII IPOCTOPOBOI opraHizauii OinkiB-HyKi1eaTopiB. HaBeneHO BiJOMOCTI PO MPUPOLY i pOJIb HEOIIKOBHX

KOMITOHEHTIB OakTepiaJbHUX HYKJIEaTOPiB.

Kniouosi cnosa: nykiewowda akTUBHICTb, OLIKH-HYKJI€aTOpH, TeHH OiIKiB-HyKJIeaTopiB, 6akTepii, KpucTasizanis.

The modern data on bacterial proteinaceous nucleators and their encoding genes are analized in the review. The main hypotheses
and models of nucleating protein three-dimensional structure are discussed. The information on the nature and role of non-proteinaceous

components of bacterial nucleators is presented.

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

YcroitunBbIe K 3aMep3aHUI0 OPTaHU3MBI B ITPOIIEC-
CE IBOJIFOIMH BBIPA0OTAIH aIaNTAIIMOHHBIE MEXaHU3-
MBI, HallpaBJICHHbIC HA 00eCTIeUeHUE BBDKUBAHUS TIPU
00pa30BaHUM KPUCTAILIOB JIbJIa. JIEHoOHyKIenpyromas
AKTUBHOCTH SIBISICTCS OAHUM M3 CPEJICTB 3alllUThI
opranusMa npu 3aMep3anud. bakrepuu, o0Onanaromme
NENOHYKIICUPYIOLIEH aKTUBHOCTBIO, CIIOCOOHBI UHH-
UUPOBATh MPOIIECC Je1000pa3oBaHus B BOJE MPH
temneparypax Beime —10°C [23]. bakrepuanbHas Hy-
KJearust 00yCIIOBICHA HATHYHEM JIUTTOTITMKOTIPOTEH I-
HBIX KOMILJIEKCOB, KOTOPBIE CITYKaT MaTpUIie Jist 00-
paszoBanms KpucTamia jgbaa [10].

I'eHpl OENKOBBIX KOMIIOHEHTOB HYKJICHPYIOIINX
CTPYKTYp OBLIN KIIOHUPOBaHBI U CEKBEHUPOBAHEIL. | €HbI
oenkoB-nykiearopoB (bH) Pseudomonas syringae
NpuHATO 0003Ha4ath inaZ [32], Pseudomonas
fluorescens — inaW [3], Erwinia uredovora — inaU
[31], Erwinia ananas — inaA [1], Pseudomonas
borealis — inaPb [43] w Erwinia herbicola — inaE
[10]. Ilnma3smuzasl, comepskaliue 3TH TeHBI, TIPeBpa-
maroT Escherichia coli B n€OHYKICUPYIONIYIO OaK-
teputo [10, 32]. 'enwr inakE, inad u inaW obHapy-
xkuBarot 80, 76 u 75% romonoruu ¢ inaZ cOOTBET-
ctBeHHO [1, 39, 40]. VY rena inaPb TaxXe BBISBICHO
ssBHOE poACcTBO ¢ Apyrumu renamu bH [43]. JTHK
Pseudomonas antarctica ue rubpunusyercs ¢ inaZ
[28]. IIpennonoxurensuo ee BH umeer ynukansnyio
MIEPBUYHYIO CTPYKTYPY, KOTOPast MOXKET ObITh TIPUYH-
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Freeze-resistant organisms have gotten adaptive
mechanisms aimed at staying alive upon ice crystal
formation in the evolutionary process. Ice nucleation
activity is one of the means to protection of the orga-
nism from freezing. Ice-nucleating bacteria are able
to nucleate ice formation in water at temperatures
above —10°C [23]. Bacterial nucleation is attributed to
lipoglycoprotein complexes that serve as a template
for ice crystal formation [10].

Genes encoding proteinaceous components of
nucleating structures were cloned and sequenced. Ice-
nucleating protein (INP) genes from Pseudomonas
syringae are referred as inaZ [32], Pseudomonas
fluorescens as inaW [3], Erwinia uredovora as inaU
[31], Erwinia ananas as inad [1], Pseudomonas
borealis as inaPb [43] and from Erwinia herbicola
as inaE [10]. Plasmids containing these genes turn
Escherichia coli into an ice-nucleating bacterium [10,
32]. The inaFE, inad and inaW genes demonstrated
80, 76 and 75% homology to the inaZ gene, respectively
[1, 39, 40]. The inaPb gene was also revealed to be
conspicuously similar to the other INP genes [43].
Genomic DNA from Pseudomonas antarctica did not
hybridize with the inaZ gene [28]. Presumably INP
from P. antarctica has a unique primary structure
which can account for the difference between the cell-
free ice-nucleating material from this bacterium and
nucleators from other bacterial species [28].
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HOM OTJIMYMI BHEKJIETOYHOTO HYKJIEUPYIOILIEro MaTe-
puaia U3 3TOro BUAa OakTepuil OT HYKJIEaTOpOB U3
IOpyrux BUIOB OakTepuii [28].

Jl1 IpOAYKTOB 3THX T€HOB XapaKTEPHBI MOJIEKY-
nspHas macca 120-180 x/la u cxomHast mepBUYHas
cTpykTypa [12, 25]. XoTs, ucxoas u3 NepBUIHOMN MO-
CJIeI0BATEIbHOCTU I'eHa inaZ, ero NpoayKT JAODKEH
coctosITh U3 1200 aMMHOKUCIOTHBIX OCTATKOB U UMETh
MoJIeKy IIpHyT0 Maccy 120 k/la, B monmmakpuiiaMuIHoOM
rene (ITAATl'e) on MUrpupyeT Kak OSIOK ¢ MOJIEKYIISIp-
HO Maccoit 155 x/1a [42]. 3To BO3MOXKHO 00y CIIOBIICHO
MTOCTTPAHCIISIINOHHON MOAN(PUKAIIUEH TTOJIUTICTITHIA
[20, 37], uTOo BBI3BIBaeT OCOOBIN HMHTEPEC, TaK Kak
HEOEITKOBbIEe KOMITOHEHTHI HYKJIEHPYIOIINX CTPYKTYP
UrpaloT KJIIOUEBYIO POJIb IJIs NPOSIBICHUS HYKJIEHU-
pyrouieil akTUBHOCTHU. Jpyrue aBTOpbl CUUTAIOT, YTO
TaKO€ OTIIMYHME MOJICKYISPHBIX MacC OOBICHICTCS
YHUKAJIBbHBIM MOBEACHUEM AAHHOIO MOJUIENTHAA B
[TAATe [42]. bonbas ynenabHast 70 CEPUHA, TPEO-
HUHA U TNIMIMHA B IEPBUYHOM MOCIIEN0BATEIBLHOCTHA MO-
KeT OBITh MPUYNHON aHOMATBHO HU3KOTO CPOJICTBA K
nopeunicynbpary Harpus. Kpome Toro, BO3MOXKHO,
910 (popMa ITOTO OeliKa 3HAYUTEITHHO OTIHMYACTCS OT
[I00YIIAPHON |, CIIe0BATEeNIbHO, OH HE TOJHOCTHIO
JIEHaTypPHPOBaH B yCIOBUSAX dnekTpodopesa. [Ipogykr
JIpYTOTO TeHa inal/ mMeeT MOJEKYISpPHYI0 Maccy
180 x/la [3]. 'en inaU xomupyeT OENOK, COCTOSIIUN
n3 1034 aMUHOKHCIOTHBIX OCTATKOB. DTOT OEJIOK
COACPKUT PparMeHT u3 8§32 aMUHOKUCIOTHBIX OCTaT-
KOB € 52 TIOBTOpaMH U3 BICOKOTOMOJIOTUYHBIX MOTHBOB
1o 16 aMHHOKHCIIOTHBIX 0CTaTKOB (R-110MeH), KoTopbIit
¢mankupoBan N- u C-KOHIEBBIMH TIOCJEIOBa-
tenbHOCTSIMH (N- 11 C-JTOMEHBI COOTBETCTBEHHO) [25,
31]. AHanu3 mocienoBaTeIbHOCTA MPOAYKTa TeHA
inaPbh moxasai, 4TO OH JOJKEH COCTOSITh M3 JBYX
IJIOCKHUX JIOMEHOB, PACMOJI0KEHHBIX HAPOTHUB APYT
npyra [43]. OauH U3 TOMEHOB OTHOCHTEIBHO
ruapodobeH u, BEpOsATHO, CIYKUT MaTpUIEH A
(hopMupOBaHUS PEIIETKN KPUCTAIUIA JIbJA, & IPYTOH -
MOXeT (YHKIHOHHPOBATh KaK KOMIUIEMEHTapHas
MTOBEPXHOCTh NPU OEIKOBO-OEIKOBBIX B3aUMOJIEHCT-
BHSIX 1T 00pa30BaHUS arperaTos.

[MocTrpancnsaunonnas MoauduKanus MOIUTIEII-
THJIOB 3aKIIF0YAETCsl B KOBAJICHTHOM IPUCOCTUHEHUN
JIUTHJIHBIX U YTJIEBOJIHBIX KOMIOHEHTOB. [Ipexie
BCETO, 3TOT BHIBOJ| OCHOBBIBAETCS HA AHAJIOTHH C
"AKOPHBIMH" CHCTEMaMH 3YKapHOTHYECKHX KIIETOK,
e TuApoQOOHBIE KUPHBIE KHCIOTHI POChaTHIHIHHO-
3UTOJIa BCTPOCHBI B KIIETOYHYIO MEMOpaHy, IIPH 3TOM
WHO3MTOJI CBSA3aH C OCTATKOM IITIIOKO3aMHHA, KOTOPBIH,
B CBOIO O4Y€peib, CBA3BIBACTCS C MAHHAHOM, a TIO-
CJICIHUH IPUKPEIUIASTCS K ITOJIUTICTITHITY Yepe3 ITaHO-
JAMUHOBBINA ocTarok [4, 22]. TemM He MeHee HyKJIEU-
pYIOIIKE CTPYKTYpPhl MOTYT HMETh HHOM COCTaB, I10-
CKOJIbKY OakTepuayibHbie "SKOpHbBIE" CUCTEMBl HE
WICHTUYHBI dyKapuoTHueckuM. Hampumep, sTaHoz-
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Products of these genes have molecular masses of
120-180 kDa and a similar primary structure [12, 25].
Although the inaZ gene specifies a structure containing
1,200 amino acid residues and a molecular mass of
120 kDa, the isolated protein had an apparent mass on
polyacrylamide gel (PAGE) electrophoresis of about
155 kDa [42]. This can be due to posttranslational ad-
dition of other components [20, 37], which is of consi-
derable importance, since non-proteinaceous compo-
nents of nucleating structures appear to be critical in
ice nucleation activity. Other authors suggest that this
discrepancy in the molecular masses is accounted by
a unique behaviour of this polypeptide in PAGE [42].
The large amounts of serine, threonine and glycine in
the sequence may lead to an anomalously low affinity
for SDS. Finally, this protein may be highly non-globular
and not fully denaturated under the conditions of
electrophoresis. The product of another gene, inaW,
has a molecular mass of 180 kDa [3]. The inaU gene
encodes a protein of 1,034 amino acid residues. This
protein has an 832-amino acid residue segment
consisting of 52 repeats of closely related 16-amino
acid motifs (R-domain), flanked by N- and C-terminal
sequences (N- and C-domains, respectively) [25, 31].
Sequence analysis of the protein encoded by the inaPb
gene suggests that there are two opposite flat surfaces,
one relatively hydrophobic that likely serves as an ice
template, and the other that could function as a comp-
lementary face to facilitate inter-protein interactions
for aggregate formation [43].

Posttranslational modification of polypeptides invol-
ves covalent attachment of lipid and carbohydrate
components. Foremost, this conclusion is grounded on
analogy to the anchoring system in eukaryotic cells, in
which the hydrophobic fatty acids of phosphatidyl-
inositol are imbedded in the cell membrane and the
inositol is bound to a glucosamine residue, which in
turn is linked to a complex mannan that in turn is linked
to the protein via an ethanolamine residue [4, 22].
Nevertheless, nucleating structures can have a different
composition, since the bacterial anchoring system is
not identical to those on eukaryotic cells. For example,
ethanolamine is not a metabolite as such in bacteria,
although it can be formed from phosphatidylserine, and
glucosamine cannot play the same role in bacterial cells
as it does in eukaryotic ones [37]. The pathways of
formation of the anchored structure also differ. In ice-
nucleating bacteria the anchoring elements appear to
be added sequentially to the protein, whereas in
eukaryotic cells the anchoring system is built on
phosphatidylinositol in the membrane and the protein
is attached last. Phosphatidylinositol was proved to be
a necessary component of class A nucleating agents.
Phospholipase CII, a lipase which specifically hydro-
lyzes phosphatidylinositol to produce diacylglycerol and
inositol trisphosphate [41], reduces the nucleation
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aMUH HE SBISETCS METa0OIUTOM y OakTepuil, XoTs
OH MOXET MPOU3BOJUTHCS U3 (hochaTuauiICepuHa;
[IIOKO3aMHH TaKKe HE MOXKET UTPaTh TAKYIO XKe POJib
B OaKkTepHaJbHBIX KJIETKaX, YTO U y dyKapHoT [37].
[Tytu popmupoBanus "SIKOPHBIX'" CUCTEM TAKKE OTIIU-
qalTcs. Y HyKICHPYIOMIUX Je] OaKTepUi SJ1eMEeHTHI
"SKOPHOH" CHCTEMBI, TO-BUANMOMY, TOCIIE0BATENBHO
MPUCOCIUHAIOTCS K O€NKy, TOorna Kak y 3yKapuoT
"akopHas" cucrema ctpoutcs Ha (ocharuamUHO-
3UTOJIe B MeMOpaHe, a 0eoK MPUKPEIUISIeTCs To-
cneqauM. [IpakTrdyeckn goka3aHo, 4to ¢pocharuaui-
WHO3UTOJ SIBISIETCS HEOOXOAMMBIM KOMITOHEHTOM
HYKJICHPYIONINX areHToB kiacca A. [locie 06padboTku
ux pocdomumnazoii CII, koTopas cenupuIHO THAPOITH-
3upyet pochaTuINIHHO3UTOIN ¢ 00pa30BaHUEM JHa-
LWITTHLEposia U nHosuTontpudocdara [41], ucuezaer
HYKJIEUPYIOIast aKTUBHOCTH [37]. DKCIIEpUMEHTAIEHO
YCTaHOBJIEHO, YTO NPH 100aBJIICHUH B CPEY paarloaK-
TUBHOT'O MpeANIecTBeHHUKA (ochaTHIMINHOZUTONA
SH-uno3uTomNa, oH BKItoUaeTcst B BH ¢ MonekynsapHoit
maccoit 210 xla y P. syringae [37]. Kpome Toro,
YCTAHOBJIEHO, UTO 100aBIeHne HoHoB Mn?*, HeoOxou-
MoT0 KohakTopa hochaTuAmITHHO3UTOICHHTA3EI, CTH-
MyJIMpYyeT 00pa3oBaHUE HYKIEHPYIOIINX CTPYKTYP
kinacca A 'y P. syringae B 7 pa3. IIpu 3TOM Ha aKTUB-
HOCTb CTPYKTYp Kiacca C noHb Mn*" He Bimsiu [20)].

MosHO cunTaTh AOKAa3aHHBIM MPUCYTCTBHE MaH-
HaHa B COCTaBe CTPYKTYp Knacca A. [Tocie 06paboTku
ux N- u O-rnuKaHa3zamu, NpeAnoYTUTEIbHON MU-
LIEHBIO KOTOPBIX SBJIAIOTCS NIUKOMPOTEHIBI, COIEpIKa-
LI1e MaHHO3Y, NCUYE3aEeT HyKJIEHPYIOas akTUBHOCTh
cTpykTyp Kinacca A [20]. ®ocdonunaza CII Taxxke
MIPEUMYIIIECTBEHHO Pa3pyllaeT MaHHAHCOAEpIKaIlne
KOMITJIEKCHI. AHAJIOTHYHBIE PE3YNIbTaThl TIOIYYEeHBI U
IPH UCTIONB30BaHuUM O~ ¥ B-manHo3uma3 [ 19]. [prme-
HEHHWE PaMOaKTHBHO MedeHHOU H-MaHHO3BI MOI-
TBEPNIIO 3aKJIIOYEHHE O BAXHOCTH MaHHaHA s
(hopmupoBanus HykiIenpyomux crpykryp [37]. Ha
npumMepe P, syringae ObII0 TPOAEMOHCTPUPOBAHO, YTO
*H u3 MaHHO3bI KOBAJCHTHO CBSI3aH C OENKaMu C
MosnekysipHoil Maccoit 200 u 210 x/la, koTopsle, Kak
OBLIO JOKa3aHO METOIOM UMMYHOOJIOTTHHTA, TPUHA-
nexar k bH.

Bonpoc npucyTcTBHs IMIOKO3aMHHA B COCTAaBE HYK-
JICUPYIOIIMX CTPYKTYP U €ro PoJH B UX (QYHKLIUOHU-
POBAaHMUU OCTAETCsI OTKPHITHIM. J{00aBiIeHNE TITIOKO3-
aMUHa B KyJbTypaJbHYIO CpPeIy HECKOJIBKO YBEITHIN-
BaeT HYKJICHPYIONIYI0 aKTUBHOCTb, OTHAKO METOIOM
pannoaBTOoTpaduM ¢ MCIOab30BaHMeM *H-riroko3a-
MUHAa MIOJIyY€eH OTPHIIATENIbHBIN pe3ysIbTaT, TaK Kak He
OBLI0 0OHAPYIKEHO BKITFOUEHUS 3TOTO BEIIECTBA B I10-
nocsl, coorBeTcTBytomue bH [37].

B GenkoBoii cocTaBnsionell HyKIenpyIOLUHUX areH-
TOB BBIIEISAIOT 3 JJOMEHa:

1. YHukanbHbIH N-KOHIIEBOM JOMEH (COCTaBIIICT
~15% oT Bcelt mociIeI0BaTEIIbHOCTH ) SIBJIIETCS OTHO-
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activity [37]. When a radiolabelled precursor of
phosphatidylinositol, [*H]inositol was added to the
medium, it was incorporated in INP of 210 kDa in
P. syringae [37]. Besides, the addition of Mn?', a
required cofactor for the activity of phosphatidylinositol
synthase, was found to greatly (sevenfold) stimulate
the formation of class A nucleating structures in P,
syringae. At the same time the formation of class C
activity was unaffected [20].

The presence of mannan in class A structures is
considered to be confirmed. N- and O-glycanase, both
of which preferentially attack mannose-rich proteins,
destruct class A activity [20]. Phospholipase CII also
preferentially attacks mannan-containing complexes.
Analogous results were also obtained after - and -
mannosidase treatment [19]. Usage of radiolabelled
[*H]mannose confirmed the conclusion about the im-
portance of mannan in nucleating structure formation
[37]. As exemplified by the study of INP from P. syrin-
gae*H from mannose was covalently bound to proteins
0f200 and 210 kDa and these labelled proteins belong
to INPs, which was detected by immunoblotting.

The issue about the presence of glucosamine in
nucleating structures and its role in their functioning
remains open. The addition of glucosamine only slightly
improves the ice nucleation activity, however radio-
authography with [*H]glucosamine gave a negative
result, showing no incorporation of the precursor into
the bands corresponding INP [37].

3 domains are distinguished in the proteinaceous
component of nucleating agents:

1. A unique N-terminal domain (~15% of total se-
quence) is relatively hydrophobic and contains the
membrane anchor with mannan-phosphatidylinositol for
the attachment of INP to the membrane. Despite all
the known INPs are either located on the outer
membrane or secreted into the culture medium, none
of them has a signal sequence of 15 to 70 amino acid
residues at the N-terminus, which pulls molecules
through the membrane and is typical for other proteins
transported through membranes to places of perfor-
ming their functions [14]. Michigami et al. reported
that after INP first assembled around the inner mem-
brane, the assembly enters a vesicle just forming on
the surface of the outer membrane and thus leaves
the cell to be shed with its INP [24]. This process is
ATP-dependent [17].

2. A unique C-terminal domain (~4% of total
sequence) is very hydrophilic, as it is rich in basic re-
sidues. The carboxyl end is likely to extend into the
medium. There is no evidence that this primary terminal
structure is modified [19].

3. A central repeating R-domain (~80% of total
sequence) is also hydrophilic and characterised by
contiguous repeats of a consensus octapeptide Ala-
Gly-Tyr-Gly-Ser-Thr-Leu-Thr. The product of the
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CUTENBHO TUAPOPOOHBIM U COAEPXKHUT "AKOph", C
moMo1nbio kotoporo bH mpukpersercs k memOpane.
K "sxopro" npucoequHeHs! MaHHaH U POCHOUHOZUTOI.
Hecmortps Ha 10, uTo Bce u3BectHble BH nubo moka-
JTU3YIOTCSA C BHEIIHEW CTOPOHBI MeMOpaHbI, OO
BBIACIISIIOTCS B KYJIBTYPaIbHYIO CPENY, HU OIUH U3 HUX
He 00JIaJ]aeT CUTHAILHOM MOCIEI0BATEIbHOCTHIO B
oOacti N-KOHIIEBOTO JIOMEHA, JTHHA KOTOPOU 00bIU-
HO BapbupyeT oT 15 10 70 aMIHOKHUCIIOTHBIX OCTATKOB,
a ee (PYHKIHSI 3aKITF0YACTCS B TPAHCIIOPTE MOJICKYJIIBI
gepe3 MeMOpaHy, 4TO MPUCYIIe APYTUM OelKam,
TIPOXOISATITM Yepe3 MEMOPAHEI K "MECTY BBITIOTHECHUS
cBoux obsi3anHoCTei" [14]. Michigami ef al. yctano-
BHIIH, 4TO TIociie cOopku BH ¢ BHyTpeHHe# cTopoHbI
MeMOpaHbl KOMIUIEKC BXOJTUT B BE3UKYITY, (HOPMHUPYFO-
LIYIOCSl B 3TO BPEMS C BHEIIHEH CTOPOHBI, U TAKUM
0o0pa3oM TMOKHIaeT KIeTKy [24]. DTOT mporecc sB-
nsiercsas AT®-3aBucumbiM [17].

2. VaukanbHbli C-KOHIIEBOH JOMEH (COCTaBIIICT
~4% OT BCei MocIeI0BaTeIbHOCTH ) CHITLHO THIPO(H-
JIeH, TaK KaK 00TaT OCHOBHBIMU OCTaTKAMH aMIHOKHC-
noT. [To-Bunnmomy, C-KOHIIEBOI TOMEH BBICTYIIAET BO
BHEIITHEE TIPOCTPAHCTBO, ¥ OH He MoauduipoBad [ 19].

3. HenTpansubiit R-nomen (cocrasmser ~80% ot
BCeil MOCIIeI0BaTeIbHOCTH) TaK)Ke TUAPOPUICH U
XapaKTEPHU3yeTCsl HATHINEM HETIPEPHIBHBIX OKTAIIeII-
TuaHBIX ToBTOpOB Ala-Gly-Tyr-Gly-Ser-Thr-Leu-Thr.
[Iponykr rena P. syringae conepxut 122 okranenTu-
HbIx oBTopa [ 10]. JlenennonHslif aHanus nokasai, 4To
OoJIbIIIasi YaCTh IOBTOPOB HE SIBISETCS. HEOOXOAMMOMN
Ut QYHKIIMOHMPOBaHUs Oelka. bes momHoro ncyesHo-
BEHUsI HYKJIEUPYIOIIEeH aKTHBHOCTH MOXKET OBITh
yaaJieHo A0 68 MOBTOPOB, XOTSI BCE AEIEIIUU TPUBOIUIN
K CHIKCHHIO HYKJICHUPYIONeH aKTUBHOCTH. DTO
YKa3bIBacT Ha TO, YTO MOBTOPSIOIINECS TCTITHIHBIC
3BEHBS HHANBUAYAILHO BIUSIIOT Ha TPOIECC HyKIIea-
1A, ACUCTBYS KaK OTJCIIbHBIC CTUHUITHI MATPHIIBI IS
CBSI3BIBAHMSI MOJICKYJT BOJIBI.

OueBUAHBIN KaHAUIAT HA CANTHI CBI3LIBAHUS C
caxapamu (MaHHO30M, TITFOKO3aMHHOM MK N-areTuii-
[JIIOKO3aMHHOM, U, BO3MOXHO, TaJIaKTO30i U rajJaKTo3-
aMUHOM) 3TO 00JacTh MOBTOPOB. CyIlecTByeT pac-
XOKJICHUE B MOJICKYJISIPHBIX MAacCax MEX]y KOIUpye-
MBIM TTocIeioBaTesibHOCTHIO JIHK GenkoBbIM poIyK-
toM (120 x/la) u HaOmromaeMoii ipu AnekTpodopese B
[TAATe maccoit bH (170 x/{a) u3 P. syringae. [1puan-
Masi BO BHUMAHHE OCTaTKH OJTHOTO CEpWHA U JBYX
TPEOHUHOB B KaKIOM U3 132 OKTaNeNTHIHBIX TIOBTOPOB
[IEHTPATHLHOTO TOMEHA, UMeeTCs 396 MOTEHITMATEHBIX
caiftoB cBs3piBanus ¢ OH-rpymnmamu, Tak 4To CaiToB
JUTSI IPUCOSTMHECHUSI KaK yTIIEBOIOB-MOHOMEPOB, TaK
Y 0JINTOCAXapHJIOB BIIOJHE JOCTATOYHO ISl OOBsICHE-
HUs n30BITOYHON Macchl Oenka. MIHO3uTON B KadecTBe
KOMITOHEHTa OochaTHANITMHOZUTOIIA IPUKPETUIIETCS
Yyepe3 MaHAHHOBBIN KOMILICKC, COlEpIKaIIni O- U 3-
CBsI3aHHBIE OCTAaTKU MAaHHO3bI (M, BO3MOXKHO, OCTaTOK
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P. syringae gene comprises 122 octapeptide repeats
[10]. Deletion analysis showed that most regions of
the repeating structure were not essential for function.
Up to 68 octapeptides could be deleted without
abolishing ice nucleation, but all the deletion mutants
showed reduced activity. This indicates that the
repeated peptides contribute individually to the
nucleation process, as expected if they act as individual
units of a water-binding array.

The repetitive portion is the likely site for the addition
of sugars, such as mannose, glucosamine or N-
acetylglucoseamine, and very possibly galactose and
galactosamine. The molecular mass discrepancy from
the DNA sequence to that on PAGE for P. syringae
is 120 kDa versus the observed 170 kDa. Given one
serine and two threonine residues for the 132 apparent
repeating octapeptides of the central domain, there are
about 396 potential OH-binding sites, so there are
enough binding sites for single sugars as well as for
oligosaccharides to add the additional mass. There is
attachment of inositol of phosphatidylinositol via a
mannan complex containing both a- and -linked man-
nose residues (and possibly a glucosamine residue) to
the highly conserved asparagine residues in positions
14, 15 and 43 on the N-terminal end [19]. Green et al.
[9] showed that deletions from the amino terminus of
the first 46 codons (or longer deletions), all of which
deleted strictly conserved asparagine residues, abo-
lished most of the class A and class B activities (down
by about 1,000-fold). At the same time some class C
activity was left in the mutants with the same deletions.
On the other hand, the mutants containing deletions in
the carbonyl-terminal region still had measurable class
A and class B activities, although they were noticeably
decreased as compared to the class C activity, which
practically remained on the level typical for the wild
type values. It should be pointed out that deletions and
duplications disrupting the periodicity in the repetitive
region significantly affected nucleating agents active
at warm temperatures (class A). In contrast, when
the periodicity was left intact, mutations in this region
had only slight effects on nucleation activity. Herewith
even large deletions in the non-repetitive amino-
terminal domain did not abolish nucleation activity, but
caused it to be limited to cooler threshold temperatures
(class C activity). In contrast, deletions in the non-
repetitive C-terminal domain were shown to conside-
rably reduce ice nucleation activity at all temperatures.
This attests to the necessity both of the amino- and
carboxyl-terminal ends for maximum ice nucleation
activity at the warmest temperatures.

Kozloff et al. [19] outlined a tentative path for the
posttranslational modification of the product of the inaZ
gene that suggests step-by-step conversion of the class
C structures to class B and then to the most efficient
class A structures (Fig. 1).
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[TIOKO3aMHHA) K BRICOKO KOHCEPBAaTUBHBIM acrapari-
HOBBIM OCTaTKaM B IojioxkeHusx 14, 15 u 43 N-
koHIIeBoTO noMeHa [19]. Green et al. mokaszanu, 4To
MYTaHTHI KJ1accoB A 1 B, Hecymue nenenyu B ob6aactu
MepBBIX 46 KOMOHOB (MO0 OoJiee UIMHHBIC JCIISIIH )
N-KOHIIEBOH NMOCIEN0BAaTEIBLHOCTH, IJI€ U PACIOJIO-
JKEHBI BCE KOHCEPBAaTHBHBIE acllaparnHOBBIEC OCTATKH,
nvenn B 1000 pa3 Gosee HU3KYIO HYKJICHPYIOIIYIO
akTuBHOCTS [9]. [Ipn 3TOM MyTaHTHI KiTacca C ¢ Taku-
MU K€ JeNeUsIMU COXPAHSIN HEKOTOPYIO HYKIJIEH-
pyroiyto akTuBHOCTh. C IpyToii CTOPOHBI, MyTaHTHI
kiaccoB A u B, Hecymue aenenuu B oomacta C-KoH-
LIEBOI TIOCIIeIOBATEILHOCTH, BCE e 00J1ajai HEBbI-
COKOW HYKJIEUpYyIolled akTUBHOCTHIO. [Ipu »TOM
MyTaHThl Kiacca C ¢ penenusiMu B C-KOHLIEBOH 00-
JaCTH COXPAHSUIN HYKJIEHPYIOLIYI0 aKTUBHOCTB IIPaK-
THUYECKH Ha YPOBHE 3HAYCHUH, IPUCYIIHX TUKOMY THITY.
CrnenyeT MOMYEpKHYTh, YTO JCIEINH U TYTUINKAIINH,
HapylIaIue NePUOJUUYHOCTh MOBTOPSIOMIErOCs
MOTHBa, 0OCOOCHHO CHJIBHO BIIMSUIA HA HYKJICHPYIOIIHE
areHThl, aKTUBHBIE MPU BBICOKHX TEeMIIepaTypax
Hykieanuu (kiaace A). Ecin ke neprnoangHOCTh 3TON
00JIaCTH COXPaHSIIACh, TO HyKJICUPYIOIIAs aKTUBHOCTh
CHIDKaJIaCh He3HAUNTeNbHO. [ [pu aTOM Aenennu, Toka-
JTU30BaHHBIC B HETIOBTOPSIIOIIEHcs 0b6mact N-10MeHa,
BIIMSIIOT Ha HYKJICAIHIO TTPH BCEX TEMIIepaTypax 1, XOTs
HE TIPUBO/IAT K ITOJIHOW MOTEPe HYKICHPYIONIeH aKTHB-
HOCTH, BCE K€ CIBUTalOT Juana3oH MHUIHALHUH
00pa30BaHUs KPUCTAILIOB JIbJIa B 001aCTh 0OJiee HU3-
kux Temnepatyp (nmpucymnmux kiaaccy C). B mporuso-
TIOJIOKHOCTB 3TOMY OBLIIO YCTaHOBJICHO, UTO JIEIECIIUN
B HemnoBTopsitomieiics obmactu C-KOHIIEBOTO JIOMEHA
CYIIECTBEHHO CHM)KAIOT HYKJICUPYIOIIYIO aKTUBHOCTh
IIPH BCEX TeMIIepaTypax. ITO CBUAETEIBCTBYET O TOM,
YTO BCE JOMEHBI OEJIKOBOTO KOMIIOHEHTa HYKJICH-
PYIOIIMX CTPYKTYP HEOOXOIMMBI TS ITPOSIBIICHNS MaK-
CUMAaJIbHOM HYKJICHPYIOIIEH aKTUBHOCTH IIPU CAMBIX
BBICOKHX TEeMIIepaTypax.

Kozloff et al. [19] npeanokuiu rurnoTeTHYeCKui
BapUaHT IOCTTPAHCIIMOHHON MOAM(DUKAIINY TPOTYK-
Ta TreHa inaZ, KOTOPBIA MPEAIoiaraeT CTylneH4aToe
npeBparieHne cTpykTyp kiacca C B kiace B, a 3arem
B HauOosee 3(ppeKTUBHBIE CTPYKTYphI Kiacca A
(puc. 1).

BuekneTounslil MmaTepuan ¢ IEOHYKICUPYIOICH
AKTUBHOCTBIO, IKCKPETUpYeMbIl E. uredovora, Obin
BbIJIesIeH U ounieH. OKa3anock, 9TO OH MPEICTaBIIeT
coboit cdeprr nuamerpom 0,2—0,4 MKM, copepIKaIIme
JUMHIHBIE, CAXapUIHbIE, IPOTENHOBBIE U MTOJTUAMUH-
HbIe KOMITOHEHTHI [ 16]. Ounmennsrii BH n3 BHEKIIETOU-
HOTO HYKJIEUPYIOIETO MaTepHraiia COCTOSAI U3 OTHON
CyOBbeIMHMILIBI ¢ MOJIEKyYIIsipHOM Maccoit 117 x/la [30].
[IpoTEeHOBBI KOMIIOHEHT HYKIJICUPYIOIIUX areHTOB,
no-BuANMOMY, obnagaetr SH-rpynnamu, KoTopbie
HEOOXOMUMBI JUISL MPOSIBICHUS HYKJIEUPYIOIIEeH
akTUBHOCTH [18]. DT0 mpeamnonoxeHue MmoaTBEpXK-
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KpynHble arperatbl B MembpaHe KneTku Knacc A
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Puc. 1. T'unoreTndeckoe cryneH4aToe (GOPMHpPOBAHHE
JIENOHYKJICUPYIOLIUX CTPYKTYP.

Fig. 1. Hypothetical sequential formation of ice-nucleating
structures.

The extracellular ice-nucleating matter produced
by E. uredovora was isolated and purified. It was
described as spheres with the diameter of 0.2—0.4 um
composed of lipid, saccharide, protein and polyamine
components [16]. The purified INP from the extra-
cellular matter was composed of one subunit of 117 kDa
[30]. It is apparent that its protein component has SH-
groups that are critical for ice nucleation activity [18].
This assumption was confirmed by the data that N-
bromosuccinimide oxidyzing tryptophane residues and
p-mercuribenzoate blocking SH-groups are potent
inhibitors of the ice nucleation activity [28, 30]. The
polyamine took part in the surface charge, the control
of hydrophobicity and the stability of protein confor-
mation in the class A and B structures [15]. The extra-
cellular nucleating agents isolated from the strain
P antarctica were different from those described
earlier [28]. They were small spherical vesicles, 0.1 um
in diameter, and had a different chemical composition
(Table).

As Table shows the main component of the extra-
cellular nucleating matter from P. antarctica was lipid,
whereas the main portion of the cell-free nucleating
agents from P. fluorescens and E. uredovora was
protein. SDS-PAGE showed that the lipoglycoprotein
from P. antarctica migrated as a 190 kDa band.
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JaeTcst TeM, 9To N-OpOMCYKIIMHUMHU/T, OKUCIISTFOTITHIA
ocTatku Tpunrtodana, U p-MepKypruOeH30ar, OJIOKu-
pytowuidi SH-rpymimebl, sSIBISIIOTCS MOIHBIMHA HHTHOUTO-
pamu Hykieupytomien aktuBHoctu [28, 30]. [lonrmamun
HEOOXOIUM JUISl CO3/1aHHsI TIOBEPXHOCTHOTO 3apsja,
KOHTPOJIS TUIPOGOOHOCTH U CTAOMITBHOCTH OSITKOBOTO
KOMIIOHEHTa B CTPYKTypax kinaccoB A u B [15]. Bue-
KJICTOUHBIC HYKJICHUPYIOLINE areHThl, BBIICICHHBIC U3
nmuHuU P. antarctica, OTINYAIOTCS IO CBOUM CBOMCT-
BaM OT ONMHUCAHHBIX paHee [28]. OHU TPENCTaBIIIOT
co00l MaJIeHbKHE CeprUuecKUue BE3UKYIbI JHAMET-
pom 0,1 MKM M UMEIOT JIpyroi XUMHUYECKHI COCTaB
(Tabmuma).

W3 TaGnuiiel BUAHO, YTO OCHOBHBIM KOMIIOHEHTOM
BHEKJICTOYHOTO HYKJIEHPYIOLIero Marepuana P. an-
tarctica SIBISCTCS JUIIM]I, TOIAa KakK y P ﬂuorescens
u E. uredovora —nporenn. SDS-anexTpodopes nmoka-
3aJ1, 4TO JIMIIOIIIMKOIIPOTeH 1 P, antarctica nMeet MoJie-
KynsipHyto Maccy 190 k/la.

CHoXHBIH COCTaB HYKJICUPYIOLIIUX CTPYKTYD
3aTpyHSIET UX BbIIeJICHNE B aKTUBHOH (hopme, TT03TO-
My Ha MPOTSHKEHUHU JUTMTEIHHOTO BPEMEHH CTPOMIIN
TOJIBKO TEOPETUYECKUE MOJIETTH BTOPUYHOMN U TPETHY-
Hoii ctpykTyp BH. DddexruHbiii HykiIeaTop Jbaa
BBICTPAaMBaeT MOJIEKYJIbl BOABI B MPOCTPAHCTBE B
YIOPSIAOUYEHHBIE CTPYKTYpPHI, TOJOOHBIE pemeTKe
JIbJ1A, T.€. AMUHOKHCIIOTHBIE OCTATKH, PACIIOJI0KCHHbIE
Yyepe3 COOTBETCTBYIOIUE TPOMEKYTKH, TOJKHBI OBITH
JOCTYIHBI 7151 00pa30BaHusl BOJOPOAHBIX CBS3CH ¢
MoJieKyJaMu BoJbl. LleHTpanbHblil foMeH Oenka ¢
MOBTOPAMHM XOPOLIO MOAXOAUT [yist 3Tol pyHKIHK. OH
COJICP’KUT BEICOKOKOHCEPBATUBHBIC OCTATKH, PACIIONO-
JKCHHBIC Yepe3 ONpeAeTICHHbIC NMHTEPBAJIbI U MTOTEH-
LHAJIBHO CITIOCOOHBIE 00pa30BBIBATh BOJOPOIHBIE
csa3u [39]. Kpome Toro, Halmm4yue yrieBOIOB B
HYKJICHPYIOIUX areHTax Takke MoKeT oOyciaBiu-
BaTh MX aKTHUBHOCTh. M3BECTHO, YTO MHOTHE aHTH-
(bpu3HBIE OEIKU SBJIAIOTCS TIUKOTIPOTEUAAMU, U MTPH
9TOM YTJIEBOAHOM YacTH OTBOAUTCS IIEHTPaJIbHAS POIb
BO B3aMMOZCHCTBUU C MoJieKyidamu Bofsl [35, 38].
Takum 00pas3oM, yriaeBoabl MOTYT y4acTBOBAaTh B
00pa3oBaHMU CBSI3€il C aTOMaMH BOJOPOAA U KUCIIO-
poAa MOJIEKyJl BOABI, KaTaJu3Uupys WM MHTHOUpYs
Kpucramuzauuo [19].

JlaHHbIE NMPENOJIOKEHHUS MOATBEPKAAIOTCS
coobmeHreM Muryoi et al. [29] 0 BecbMa HEOOBIYHOM
0enKe, CEKPETHPYEMOM IITaMMOM Pseudomonas
putida, KOTOPBIA N3BECTEH KaK pU300aKTEPHsT apKTH-
YEeCKHX pacTeHui. IToT 6enok 001aaeT Kak HyKJIen-
PpYyIoILEH (XOTs M HE OYEHB BBICOKOH ), TAK U aHTU(PPHU3-
HOI aKTUBHOCTHIO. OunIileHHBIN 0eNoK P. putida nme-
€T MOJIEKYJSIpHYI0 Maccy 164 k/la u mpencraBiser
co6oit umorukonporen. OH 6oree rupodoOeH, uem
00brynbie BH. YriieBogHbII KOMIIOHEHT OBLT HEOOXO-
UM Ul TIPOSIBJICHUS HYKJICUPYIOIEH aKTHBHOCTH.
bout knonuposan ¢parment JJHK, komupyrommii 473

KpnoGMOnOrMM

T. 20,2010, Ne2

XUMHUYECKUI COCTaB BHEKJIETOYHBIX
HYKJICUPYIOIIKX areHToB [ 16, 28]
Chemical compositions of the cell-free
nucleating agents [16, 28]

Bup, Gakrepuit

Bacterial strain
KomrnoneHTsI, %

Components,%
P. antarctica P. fluorescens E. uredovora
Tporery 33 56 43
rotein
YraeBop
Carbohydrate 12 15 35
Aunmp,
Lipid 55 10 10
TToarmamun He BBIIBACH 19 12
Polyamine Not determined

Complex compositions of nucleating structures
hinder isolation of them in the active state, that is why
only theoretical models of secondary and tertiary
structures of INPs were speculated for a long time.
An efficient ice nucleator must align water molecules
into an ice-like lattice, i. e. amino acid residues spaced
at appropriate intervals must be available to hydrogen
bonds with water molecules. The central repetitive do-
main of the protein would be well suited for this func-
tion. It contains highly conserved potential hydrogen
bond-forming residues at regular intervals [39]. Be-
sides, carbohydrate portion in nucleating agents can
also pre-condition their activity. It is known that many
antifreeze proteins are glycoproteins in which saccha-
ride components are critical for interactions with water
molecules [35, 38]. Thus carbohydrates can participate
in forming bonds to hydrogen and oxygen atoms in
water molecules catalyzing or inhibiting crystallisation
[19].

These considerations were confirmed by Muryoi
et al. [29], who reported about a rather unusual protein
secreted by the strain Pseudomonas putida, which is
known as the Arctic plant growth-promoting rhizobac-
terium. This protein exhibits both nucleating (though
not very high) and antifreeze activities. It is a 164 kDa
lipoglycoprotein, more hydrophobic than conventional
INPs. The carbohydrate is required for the ice nuclea-
tion activity. A DNA fragment encoding 473 amino
acids was cloned. The predicted gene product had a
molecular mass of 47.3 kDa. No satisfactory results
on expression of the cloned gene of this unusual protein
have been obtained so far, since its expression in £. coli
yielded a smaller lipoglycoprotein (72 kDa) that exhibi-
ted lower levels of antifreeze and ice nucleation acti-
vities than the native protein.

Mizuno H. [26] suggested two possible conforma-
tions of an ice-nucleation protein based on the analyses
of conformational energy and the mechanism of crystal
growth. Both conformations were low-energy helices.

problems
of cryobiology

Vol. 20, 2010, Ne2



aMUHOKHUCIOTHL. [IpennonaraemMpiii MpoayKT 3TOTO
TeHa TIOJDKEH UMETh MOJICKYISIpHYI0 Maccy 47,3 k/la.
Jlo HacTosIero BpeMEH! He MOJIy4EHBI YIOBJIETBOPH-
TEJIbHBIE PE3yJIbTAaThl OTHOCUTEIBHO IKCIPECCUHU
KJIOHUPOBAHHOTO T'eHa HEOOBIYHOTO OeJKa, TaK KakK B
E. coli oH skcnpeccupyercsi, IpOU3BOAS JIUMOTITHKO-
MIPOTEH T C MEHbIIIEH MOJIeKysipHOU Maccol (72 xJla)
1 IOHMKEHHOM HYKJICUpYIOLIei 1 aHTU(PU3HON aKTHB-
HOCTSIMH.

Mizuno H. mpemioxuin Ha OCHOBE aHAIA3a SHEPTHH
KoH(pOpMaIUii 1 MEXaHW3Ma POCTa KPUCTAJIOB J[BE
BO3MOXHbIe KoH(popManuu s BH [26], kotopsie
HECYT Ha CBOEH IOBEPXHOCTU CANThI CBS3BIBAHMS C
aTOMaMH BOJIOPOJa Il 00pa30BaHUS BOJAOPOIHBIX
cBszeit. O0e mpeAnokeHHbIe KOHPOPMALUH ITPEACTaB-
JSIIOT cO00# HU3KO 3HepreTnueckue crnupann. OgHa
U3 AByX KOH(OPMAIMi HMEET TeKCaroHaJIbHYI0 CHM-
METPHIO U, CIIE0BATENBLHO, OHA KOMIIEMEHTApHA I'eK-
CaroHaJbHOW CTPYKTYpe KpUCTaia JibAa, Apyras —
[IEHTAarOHAJIbHYI0O CUMMETPHUIO, KOTOpasi MOKET CIIO0-
coOCTBOBATh POCTY ACHAPUTHBIX MOJUKPHUCTAIIIN-
YECKUX CHEXHBIX KPHUCTAIJIOB, MOSBISIOMINXCS TPU
00pa3o0BaHUN METACTAOMILHOTO KyOH9IEeCKOTO JIbJIA.

Schmid et al. cooGmmmM, 9T0 METOAOM KPyTOBOTO
X pon3Ma OBLIIO 0OHAPYKEHO ITPUCYTCTBUE YIACTKOB
CO CTPYKTYpoii B-ckiaquaroro ciosi B BH u3 P. syrin-
gae [34]. Kajava u Lindow npenioxuin Moaeib
TpexmepHoil cTpykTypsl bBH [13], koTopas nmpeanona-
raeT HajJu4yhe B LIEHTPAIBHOM JOMEHE [-IIMuIieK,
OrpaHMYEHHBIX JBYMsI OKTAIIEIITHIHBIMU IOBTOPAMH.
[IpsamoyronbHbIe eTUHULBI, 00pa30BaHHbIE IPYIIIAMH
13 Tpex win OoJee mWnuieK, OyayT obnagars crocoo-
HOCTBIO "mieperuierarsest”, GopMupysi 00JbIINE TII0C-
KM€ arperarsl. JTa MOJIeNb COITIaCyeTCsI C THIIOTE301H,
OTBOJIAIIEH EHTPATIHLHOMY JOMEHY C IIOBTOPaMH POJTh
(hopMupOBaHUS MATPHUIIBI JJIST 3aPOABIIIEBOTO KPHC-
tamta ae16l [10]. N- u C-xoHIIEBBIE TOMEHBI MOTYT
(OpMHPOBATH Ol-CITUPAIH U 3-CTPYKTYPBHI.

Graether u Jia Ha OCHOBE CHEKTPOB KPYroBOTO
IUXpou3Ma U IByMepHOH crnekTpockonuu SAMP
NPEAJIOKUIA MOJENb TPETUYHOU cTpyKkTypbl BH 13
P. syringae [7], KOTOpas ONUCBHIBAET y4aCTOK ITOJIHIIE-
TUOHOU mociaenoBarenbHoctd BH nnuaou B 144
AMHUHOKHCIIOTHBIX OCTaTka Kak [(-crmpans (puc. 2).
ABTOpBI HE OATBEP/IMIIN HATHYKE [B-ILITHIEK U TIPE-
MTOJIOXKMIIM, YTO OHA MOTYT OBITh TOJBKO MEPEXOTHON
cTanueil mpu CBOpaYMBaHUMU OelKa B TPETHYHYIO
CTPYKTYpY.

Panee coobmanocek, uto aHTU(PHU3HBIEC OSITKH, BbI-
JIeJICHHBIC U3 OOIBIIOr0 MyYHOTO XpyIiaka Ienebrio
molitor u MUCTOBEPTKU-TIOUKOena enoBoro Choristo-
neura fumiferana, Taxxe UMEIOT TPETHYHYIO CTPYK-
Typy B Buae B-criupanu [8]. IIpumeyarenbHoO, 4TO
aHTU(pU3HBIE OCNKH TOXKe 00JaJar0T MOBTOPaMH,
cxonHbeiMu ¢ nosTopamu BH. OHako 4yncio noBTopos
B bH nouru Ha nopsigok Oombie, 4eM B aHTU(DPU3AX.
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Both were found to have an arrangement of hydrogen-
binding sites on their surfaces, which fits well with
those of hydrogen bonds. Further, one of the two
conformations had a hexagonal conformational sym-
metry consistent with the hexagonal ice crystal lattice.
The other conformation had a pentagonal conforma-
tional symmetry that could enable the growth of a
dendritic polycrystalline snow crystal, which grows on
metastable cubic ice.

Schmid et al. [34] reported that the circular dich-
roism spectra of the purified protein indicated the
presence of B-sheet structure in INP from P. syringae.
Kajava u Lindow [13] proposed a model of tertiary
structure of an INP which suggested a series of [3-
hairpins in the central domain, each defined by two
octapeptide repeats. The rectangular units formed by
three or more hairpins would have the ability to
"interdigitate", forming large planar aggregates. This
model is consistent with the widely accepted role of
the repetitive region as the template for initiating
formation of an ice embryo [10]. N- and C-terminal
domains may form o-helices and B-structures.

Graether u Jia modelled tertiary structure of the
INP from P. syringae based on circular dichroism
spectra and two-dimensional nuclear Overhauser
effect spectroscopy[7] which describes a fragment of
the INP polypeptide sequence of 144 amino acid
residues as a B-helix (Fig. 2). The researchers refuted
the presence of B-hairpins and assumed that they might
be only a transitory structure while the protein is folding
in the tertiary conformation.

Previously it was reported that the antifreeze pro-
teins isolated from the yellow mealworm 7Tenebrio
molitor and the spruce budworm Choristoneura fumi-
ferana also comprised B-helices [8]. It is noteworthy

C

Puc. 2. Cxemaruueckoe uzo0paxenue B-cmpanu BH [7].
Fig. 2. Schematic representation of a B-helical INP [7].
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Bo3mokHo, uTO 062 THIa OETKOB B3aMOJEHCTBYIOT
CO JIBJIOM TIOCPEJCTBOM TOBTOPSIOMIETOCS MOTHBA,
MPUHAMAOIIET0 KoH(popMario B-criupani. OCHOBHOE
pasnuyue MeXAy MHIMOMTOPOM POCTa JibJia U Karta-
JN3aTOPOM 3aKJIH0UAETCsl MIMEHHO B pa3Mepe NOBEpX-
HOCTH, B3auMozeiicTBytoleH co ibaom. B BH o6mmp-
Has MOBEPXHOCTh (QYHKUMOHUPYET KaK MaTpHlia,
KOTOpast OoJblile, YeM KPUTHUECKUH pa3Mep 3apobl-
[IEBOTO KPUCTaJlIa JIbAa, HEOOXOAUMBIH IS TPOJOI-
JKeHHs pocTa. B anTudprzax 3Ta moBepxXHOCTh AOCTA-
TOYHO MaJia ijIsl TOTO, YTOOBI OHH, CBSI3BIBASICH C 3apO-
JBIIIEBBIM KPUCTANIOM, OJIOKMPOBAIH €T0 JajbHeH-
mwui pocT. s OpoaoJKeHUsT pocTa 3apojbliia
kpuctaia npu —12°C (mpubnu3utensHas TeMiepa-
Typa HykJeauuu uig oguHouHoro BH) on momxen
MPEICTaBIATh CO00H cdepy C IIIOMAIBI0 MOBEPX-
HocTi 20100 A2 Tlnomas MIOBEPXHOCTU CMOJEIUPO-
Barroro BH oxomo 4200 A% [8], a mst B-crimpanbHbIX
aHTU(PU3HBIX OETTKOB HACEKOMBIX 3Ta BEJTMYNHA COC-
TaBJsIeT npuoin3nuTensHo 250 A2 Ecm MOJIEKYJIbI
BOJIBI CBS3BIBAIOTCS C MTOBEPXHOCTHIO TAKOTO aHTH-
dbpuza u hopmMupyroT N1€N0MOT00HBIE CTPYKTYPHI, TO
3apOBIIIINA KPUCTAIIOB OKa3bIBAIOTCS CITUIITKOM MaJIb
JUTSE CTAOMIIBHOCTH W JanbHenmero pocra. [loatomy
OHH ¢ OOJIBIIIEH BEPOSITHOCTHIO OyAyT TasATh, a HE pac-
TH. XOTSI MaTeMaTH4YeCKOe COOTBETCTBUE MEXKIY
IJIOLIA/IbI0 TTOBEPXHOCTH B MojeinbHOM bH 1 MmuHu-
MaJIbHO HEOOXOJUMOW MJIOMIAJbI0 MOBEPXHOCTH
3apOABIIIEBOTO KpHUCTAJIA JIbJa JAJeKo OT COBEP-
LIEHCTBA (PACXOXKICHHUE ITOYTH B 5 pa3), TH BETUYNHBI
OTIpeIeNIEHHO OJIMXKE IPYT K APYTY MO CPAaBHEHHMIO C
IJIOLIAaAIMU TOBEPXHOCTH aHTU(PU30B U 3apOAbI-
HIEBBIX KPUCTAIIIOB.

Tsuda et al. nccnenoBaiu CHHTETHYECKUM TIENTH,
COCTOSIITUHN U3 TPEX MOBTOPOB, KAXKIABIN 1O 8 aMUHO-
KHCJIOTHBIX OCTaTKOB, NMOBTOpsromKi yacTh bH
P. syringae [36]. C momomipio IMP ycranoBieHo, 94TO
reKCamnenTHIHBINA CETMEeHT JaHHOTO MenTHa GOpMH-
PYeT MIMWIBKY. BeIii CHHTE3MPOBAHBI TPY CHHTETHYEC-
KX [IENTH/IA, COAEPIKaIMX ocaegoBarensHocTs Gln-
Thr-Ala-Arg-Lys-Gly-Ser-Asp-Leu-Thr-Thr-Gly-Tyr-
Gly-Ser-Thr-Ser, xoTopas siBiseTCs] 38€HOM TaHJIEM-
HBIX TIOBTOPOB B IIeHTpaiibHOM tomene bH Xanthomo-
nas campestris [21]. O6sryno B BH npucyrcrsyer
58-81 nmoBtop Takoro tuna. C nomouisto SAMP ycra-
HOBJICHO, YTO 3TOT NENTH (HOPMHUPYET CETMEHT C
KpyIJIOH neTiei.

BennuunHa HyKJeupyoiei akTHBHOCTH 3aBUCUT OT
pa3Mepa HykJenpyomero arenra. [Ipu aTom pasauma
Mex1y Temneparypoi 3amepsanus D,O u H,O ne
BCET/Ia OTPaKaeT Pa3IMIHYyIO CTETIEHb arperanuy HyK-
Jeupyronmwx cTpykryp. Govindarajan u Lindow [6] ipo-
JEMOHCTPUPOBAJIM HAJIMYME OUYEHb KPYIHBIX (C
MOJIEKYIIsIpHOM Maccoit okoso 19000 k/la) arperaros
C BBICOKOW HYKJICHPYIOLIEH aKTUBHOCTBIO mpu —2°C.
AHAJIOrMYHOE 3aKITIOYEHNE O 3aBUCHMOCTH HYKJIEHPYIO-
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that antifreeze proteins also have repeats similar to
those in INPs, though a single INP has over 10 times
more repeats than an antifreeze protein. Probably both
types of proteins interact with ice lattice through a
repetitive motif formed as a -helix. The main diffe-
rence between an inhibitor and a catalyst of ice growth
lies namely in the size of the surface interacting with
ice embryos. In INPs an extensive surface functions
as a template that is bigger than the critical size of an
ice embryo required for further growth. In antifreeze
proteins this surface is small enough so that they, binding
to an ice embryo, block its further growth. For an ice
embryo to continue growing at —12°C (the approximate
ice-nucleating temperature of one INP), it would have
to be a sphere with a surface area of 20,100 A2 The
repetitive region of the modelled INP has a surface
area of about 4,200 A2 [8], and for B-helical antifreeze
proteins from the insects it is approximately 250 A2, If
water molecules bound to an antifreeze protein surface
were to form an ice-like arrangement, this embryo
would be far too small to be stable and would melt ra-
ther than grow. Although the mathematical agreement
between the surface area of the modelled INP and
the required ice-embryo surface area is not perfect
(nearly a fivefold difference), the values are certainly
much closer in agreement than that between one
antifreeze protein and an ice embryo.

Tsuda ef al. [36] investigated a synthetic peptide
consisting of three repeats each of 8 amino acid
residues simulating a part of INP from P. syringae.
NMR demonstrated that a hexapeptide segment of this
peptide formed a hairpin. Three synthetic peptides
containing the sequence Gln-Thr-Ala-Arg-Lys-Gly-
Ser-Asp-Leu-Thr-Thr-Gly-Tyr-Gly-Ser-Thr-Ser,
which is a tandem repetitive motif'in the central domain
of INP from Xanthomonas campestris, were synthe-
sized [21]. As a rule there are 58-81 such repeats in
INP. NMR measurements showed that the peptides
formed a circular loop.

The level of ice nucleation activity depends on the
size of an nucleating agent. It should be noted that
D,0-H,0 difference in freezing spectra would not
necessarily be sensitive to differences in aggregation.
Govindarajan u Lindow [6] reported about aggregates
as large as 19,000 kDa that are active at —2°C. Other
researchers drew a similar conclusion about the
dependence of ice nucleation activity on aggregate
sizes [33]. It was established [2 , 6] that nucleating
agents active at —2°C are to consist of 50 INPs at
least, and those active at —10°C — only of 2 or 3
molecules.

Tandem repeats of glycine and aromatic amino acid
residues are crucial for protein self-assembly and
aggregation [5].

The model proposed in [ 13] does not impose theore-
tical limitations on aggregate sizes. However, selection
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el akTUBHOCTH OT Pa3MepOB arperaTtoB CIeNaiu U
npyrue aBTopsl [33]. B pabotax [2 , 6] ycraHOBIIEHO,
YTO HYKJICHPYIOIINE areHThI C aKTUBHOCTHIO TIpH —2°C
JIOJKHBI COCTOATH 1O KpaiiHel mepe u3 50 BH, a arentsl,
akTuBHbIE TP —1 0°C — TONBKO U3 2 UITH 3-X MOJIEKY.

TanneMHBIE TOBTOPBI U3 OCTAaTKOB IMIMIIMHA U
apoMaTHYECKUX aMUHOKHUCIIOT UTPAIOT ITIaBHYIO POJIb
B IIpoLieccax caMocOOpKHU U arperanuu Oeskos [5].

[Ipennoxennas moxens [13] He uMeeT TeopeTn-
YEeCKHX OTPpaHUYEHHH [T pa3MepoB arperatoB. OHa-
KO JaBJIEHHE €CTECTBEHHOTO O0TOOpa MOXKET AeHCT-
BOBarh MPOTHB (OPMHUPOBAHUS CITMITKOM KPYITHBIX
arperaTos, 4To, BEpOSITHO, O0YCIIOBIEHO Onooruaec-
KM TIPE/IETIOM BO3MOKHBIX Pa3MEpOB HYKIEHPYOIITIX
ctpykryp [11]. Mueller et al. [27] uccnenoBanu
arperaunto bH in situ ¢ momomp0 UMMyHOQITYyO-
peCLeHTHBIX 30HA0B. OHM HaOMIONANN aHOMAJIBHYIO
KPHBH3HY OBEPXHOCTH KJIETOK B palioHaX HaXOXKIECHHS
HYKJICUPYIOLIUX CTPYKTYP, KOTOPbIE aKTUBHBI Tpu —5°C
U BBILIE, U KOTOPBIE, CIII0BATEIBHO, SIBJISIOTCS HAaH0O-
Jee KpynHbIMH. be3ycinoBHO, MPeaNnoaoxKeHne 0O
BIMSTHUM aHOMaJbHOCTH KPHUBH3HBI Ha KU3HECIIO-
COOHOCTB KJIETOK TpeOyeT nambHeH e dKCIIepuMeH-
TaJbHOM MPOBEPKH, TOCKOJIBKY OHA MOXKET OBITH 00yC-
noBieHa 3¢ dexrom camoro 30u7a [11]. Kpome Toro,
JIaHHOE HaOmromeHne ObII0 caenano Ha E. coli, Hecy-
e maasmuay ¢ reasoM bH. IIpoBepky cienyer ocy-
LIECTBIIATH Ha OaKTEPHSX, KOTOPBIM B €CTECTBEHHBIX
YCIOBHSX MPHUCYIIA HYKJICHPYIOLIas aKTUBHOCTD.
Haxonen, nasxe eciiu KJIETKH, HECYILHE OUYEHb KPYITHbIE
HYKJICUPYIOILIUE arperaThbl, IMEIOT IIOHKEHHYIO K13~
HECII0COOHOCTB, 3TO HE 03HAYaET CHIKEHHUE KU3HECTIO-
COOHOCTH HOMYJISILIM B 11€JI0M, TaK KaK TOJILKO HEOOJIb-
asi 9acTh KJIETOK B MOMYISALWU OOJIaZlaeT TaKUMHU
arperaTtamu.

BeposiTHo, 3a arperauuto bH oTBeTCTBEHHBI yIvIe-
BOJIHBIE KOMITOHEHTHI. MI3BECTHA CTTOCOOHOCTD JIEKTH-
HOB, UMEIOIINX CPOJICTBO C MaHHO30M, COOMpaTh Ha
BHEILIHEH MeMOpaHe kieTok monekyinbsl BH u dop-
MHUPOBATh U3 HUX CTAOWJIbHBIEC arperatel. B mannom
clIydae He BBISICHEHO, JieiicTByoT i BH kak cBou co0-
CTBEHHBIC JICKTHHBI, T. €. CHOCOOHBI OHHU K camoarpe-
ralyy, WK Ha TIOBEPXHOCTH OaKTepUaIbHON MeMOpaHEbI
CYLIECTBYIOT JIECKTHHO-IIOJOOHBIE MOJICKYIbl. Bo3-
MOJKHO, YTO B arperaluuy HyKJICHPYIOUMX CTPYKTYP
MIPUHUMAIOT YYaCcTHE JIEKTUHBI PACTEHUH.

[Tockonbky nE€nOHYKIENpYyIOMNE GaKTepHH AKTHB-
HO M3Yy4aloTCs KaK C TOUYKH 3PEHUS UX 3HAUYCHUS IS
XOJIOJIOyCTOMYMUBOCTH PACTEHUI, TaK ¥ IPUMEHEHUS B
Pa3IMYHBIX 007aCTAX OMOTEXHOJIOTUHN 1 TPUKIIATHON
HayKH, HEOOXOAMMBI pacHUIMpPEHHBIE U YIITyOIeHHbIC
HCCIIEIOBaHMs B 3TOM HANpPaBJICHUH. YHHKaJbHbIC
cBoiictBa bH u xoaupyromux UX reHOB OTKPBIBAIOT
3aMaH4YMBBIE IEPCIEKTUBBI B cepax pa3paboTKH
HOBBIX METOJOB OMOOUYMCTKH OKpY’Karolled cpeabl,
MIPOU3BOJCTBA MCKYCCTBEHHOTO CHETra, XpaHEHHS

KpnoGmonoru

T. 20,2010, Ne2

pressure may occur against the formation of too large
aggregates, which may be attributed to a biological
limit to the possible size of nucleating structures [11].
Mueller et al. [27] examined INP aggregation in situ
by immunofluorescent probes. They observed abnor-
mal curvature of the cell surface where nucleating
structures active at —5°C and above (i. e. the largest
ones) were located. There is no doubt that the hypo-
thesis about the influence of abnormality in the cell
surface curvature on the cell viability needs further
experimental evidences, since the abnormality could
be caused by the probe itself [11]. In addition, these
results were obtained in E. coli carrying a plasmid
with an INP gene. The cross check should be perfor-
med in bacteria with the natural ice nucleation activity.
Finally, even if cells with very large aggregates are
less viable, this does not imply reduced fitness for the
entire population, as only a small fraction of cells
possesses such aggregates.

Carbohydrate components are likely to be respon-
sible for INP aggregation. Lectins with affinity for
mannose are able to bring together INP molecules on
the outer cell surface and form stable aggregates from
them. Whether INP acts as its own lectin and self-ag-
gregates, or whether there is some additional bacterial
surface lectin-like molecule is unclear. Perhaps, plant
lectins take part in aggregation of nucleating struc-
tures.

Since ice-nucleating bacteria are intensively studied
with relation both to their importance for cold tolerance
of plants and to usage in various fields of biotechnology
and applied science, investigations in this line need
widening and deepening. The unique properties of INPs
and genes encoding them offer intriguing prospects
for the development of novel methods of bioremedation
of environment, artificial snow industry, food storage
and so on. We are planning to discuss the main fields
of possible application of biological bacterial nucleators
in the next report.
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