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Molecular Peculiarities of Pro- and Eukaryotic Proteins
Possessing Natural Adaptation to Low Temperatures

Pecbepart: B paboTte ocBelleHbl pesynbTaThl UCCNEAOBAHUI MONEKYNSIPHbIX MoauduMKauuin 6enkoB xornogoaaanTupoBaHHbIX
opraHnamoB. CornacHo MMeLWMMCS AaHHbIM Takne MoaudukaumMn JOCTUralTcs NyTeM 3amMeHbl aMUHOKUCMOTHBLIX OCTaTKOB B
6enkoBon Mornekyne, CoKpalleHUsi Yucna BOAOPOAHbIX CBSA3el U CONMeBbIX MOCTUKOB, YMEHbLUEHUS rMapodobHOCTU. YKa3aHHble
MoandmKaumMmn yBenuunBaT rmbkocTb MakpoMmonekyr, 4to obecneunBaeTt ux yHKUMOHanbHOCTb. O6cyxaaeTcs ponb BHYTpU-
MOIeKyNnApHbIX B3aUMOAEWCTBUIA B cTabunusaumn 6enkoB 1 nx yHKUMOHANbHOM COCTOSIHUM B AManas3oHe HU3KUX TemnepaTyp.

KnioyeBble cnoBa: xonoposas ajantauus, HU3Kue Temnepatypbl, MepMeHTbl, CTPYKTYpHble 6enku, aMUHOKNCNOTHI,
NonsipHOCTb, rMAPOPOBHOCTb.

Pedepat: Y poboTi BUCBITNEHO pe3ynbTaTy AoChigXeHb MOMeKynspHux mogudikauin 6inkiB xonogoagantoBaHMX OpraHiamis.
3rigHo 3 iCHylUYMMU gaHuMK Taki Moaudikauil AoCAralTbCs LWASXOM 3aMiHW aMiHOKMCNOTHUX 3anulukiB y 6inkoBin Monekyni,
CKOPOYEHHS Yncna BOAHEBMX 3B'A3KIB Ta COMNbOBUX MICTKIB, 3MEHLLEHHS rigpodobHocTi. 3a3HaveHi mogudikaLii 36inbLUyOTb FHYYKICTb
MaKpoMoriekyn, o 3abe3nevye ix dyHKUioHanbHicTb. OBGroBOpHOETLCA POrb BHYTPILIHBOMOMNEKYNSPHUX B3aeMogfin y ctabinisauii
GinkiB Ta ix yHKUiOHaNbHOMY CTaHi B Aiana3oHi HU3bKUX TeMnepaTyp.

KniwouyoBi cnoBa: xonogoBa aganTauisi, HU3bKi Temnepatypu, pepMeHTU, CTPYKTYPHI Ginku, amiHOKMCNOTU, MOMSIPHICTb,
rigpoobHiICTb.

Abstract: The review covers the findings in molecular modifications of proteins in cold-adapted organisms. According to the
current data such modifications are attained via amino acid residue substitutions in a protein molecule, reduction of hydrogen bonds
and salt bridges, hydrophobicity decrease. The specified modifications augment the flexibility of macromolecules thereby providing
their functionality. The role of molecule-to-molecule interactions in protein stabilisation and their functional state within low temperature

range is discussed.
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Xo01010a1a THPOBAHHBIE OPTAHU3MBI CITOCOOHBI
00HUTAaTh IPU HU3KHUX TEMITEpaTypax Ojaroaaps reHe-
THUYECKH JICTEPMUHUPOBAHHBIM MEXaHU3MaM, Peai-
3YIOLIMMCS Ha Pa3HbIX YPOBHSX OPraHM3aLAH U, PEKIIE
BCEro, Ha MoJeKy/IsipHoM. Eciin ananusupoBars agan-
TAIlMOHHbIE N3MEHEHHS Ha MOJIEKYJIIPHOM YPOBHE, TO
HMEIOIIMECS JaHHBIE CBUIIETENILCTBYIOT 00 U3MEHEHUH
cocTaBa OEJKOB U UX CTPYKTYPHBIX MOOU(PUKAIHSIX.

I'maBHOI1 0COOEHHOCTHIO IBOTIOLIMOHHBIX U3MEHE-
HUU OENKOB XOJIOM0AJAANTHPOBAHHBIX OPTaHU3MOB
SIBJISIETCS] COXPAaHEHHE U ONTHMU3AIHS HyHKIIMOHAIb-
HOTO COCTOSTHHSI MAKPOMOJIEKYJI TIPH Pa3HbIX H3UIec-
KHX YCIIOBHSX CpEIbl, T. €. MOJICPKAHUE «COOTBET-
CTBYIOIIIETO COCTOSTHHSD, 00ECTICUMBAIOIIETO XOJIO0I0-
BYIO aJIallTaIlMIO ¥ BEDKUBAaHKE opranmu3ma [22, 28].

CyuiecTByeT NpeanoNoKeHUE, YTO AJIs Mo AepKa-
Hus 3P deKTuBHON OMONOrnUecKor PyHKIMHA MaKpOMO-

OTpen 6uoxumMunmn xonogoBon agantauuu, MHCTUMTYT npobnem
Kpurobuonorum un kpuomeamumHbl HAH YkpawnHbl, T. XapbkoB

*ABTOP, KOTOPOMY HEOGXOAMMO HanpaBnATbL KOPPECNOHAEHLUUIO:
yn. Mepesicnasckas, 23, r. XapbkoB, YkpauHa 61015;

Ten.: (+38 057) 373-41-35, chakc: (+38 057) 373-30-84,
anekTpoHHas nouTta: tretyak_diana@mail.ua

Moctynuna 05.08.2014
MpuHsTa B neyatb 19.05.2015

Mpo6nembl kprobuonorum n kpuomeamumHel. —2015.—T. 25, Ne3.—C. 219-234.
© 2015 NHcTutyT Nnpobnem kpuobuonorum n kpuomeanumHbl HAH YkpavHbl

Cold-adapted organisms are capable to inhabit at
low temperatures due to genetically determined
mechanisms implemented at different organisation
levels and, first of all, at molecular one. Analysis of
adaptive changes at a molecular level gives the data
about occuring changes in proteins composition and
their structural modifications.

The main feature of evolutionary changes in cold-
adapted organism proteins is the preservation and
optimisation of functional state in macromolecules in
different physical environmental conditions, i. e. the
maintenance of a ‘proper state’, providing cold adap-
tation and organism survival [19, 27].

There is a suggestion that the cold-adapted pro-
teins should possess a high conformational flexibility
to maintain an efficient biological function of macro-
molecules at low temperatures [5, 23, 27, 49].

Department of Biochemistry of Cold Adaptation, Institute for Prob-
lems of Cryobiology and Cryomedicine of the National Academy
of Sciences of Ukraine, Kharkov, Ukraine

*To whom correspondence should be addressed:
23, Pereyaslavskaya str., Kharkov, Ukraine 61015;
tel.:+380 57 373 4135, fax: +380 57 373 3084,
e-mail: tretyak_diana@mail.ua

Received August, 05, 2014
Accepted May, 19, 2015

Probl. Cryobiol. Cryomed. 2015. 25 (3): 219-234.
© 2015 Institute for Problems of Cryobiology and Cryomedicine


User
Typewritten Text
https://doi.org/10.15407/cryo25.03.219


JIEKYN MPU HU3KUX TEMIIepaTypax XoJoxoadanTH-
PpOBaHHBIE O€JIKU TOIDKHBI 00J1aaTh BEICOKOH KOH(OP-
MaIllMOHHOW THOKOCTHIO [8, 26, 28, 49].

B HacTosimee BpeMsi OCHOBHBIM HaIlpaBJiIeHHEM
HCCIIEIOBAHUI MOJIEKYJISIPHBIX MEXaHU3MOB KpHOpe-
3UCTEHTHOCTH XOJOJ0YCTOWYMBBIX OPTaHU3MOB SIB-
JISIETCSL U3yUeHUE MEPBUYHON CTPYKTYPHI OCIKOB U
(epMeHTOB, B YACTHOCTH aKTUBHOI'O IICHTPa 3H3UMA.
J11st HOHUMaHUsI MEXaHU3Ma COXPaHEHUS MOJIEKYJISIp-
HOW THOKOCTH OEITKOB B YCIIOBHSIX HU3KUX TEMIIEPATYP
HE0OXOANMO UCCIIEOBaHNE 0COOCHHOCTEH MPOCTPaH-
CTBEHHBIX KOH(UTYpaLHii 1 YIIaKOBKH OEJIKOBOM MOJIe-
KYJIBl, T. €. UX BTOPUYHAsI, TPETUYHAS U YeTBEPTHUHAS
CTPYKTYphl. [1aBHast poias B KOH()OPMaMOHHBIX
HU3MEHEHUSIX IPOTEMHOB OTBOAMTCS COJICBBIM MOCTHU-
KaM, BOJIOPOJHBIM CBSI35IM, COOTHOIIEHHUIO MOJISIPHBIX
1 HETIOJISIPHBIX 00J1acTel, KOTOphIe SKCIOHUPOBAHBI B
Hapy’ KHYIO Cpery.

B HacrosmemM 0630pe Ha mpuMepe OEITKOB OTIEITh-
HBIX NPEACTABUTENIEH X0J0A0YCTOHYHUBBIX IPO- U
9YKapHOT MMOKAa3aHO 3HAaYCHUE ITUX (PAKTOPOB B MeXa-
HU3ME UX KPHOYCTOWYHUBOCTH.

CpaBHHUTeJIbHBIE HCCIEAOBAHUS MOJIEKYJISAP-
HOIl opraHu3annu (pepMeHTOB NMPOKAPHOT

Haubonee mpofyKTHBHBIMY /17151 TOHUMAaHUS MOJIE-
KYJISIPHBIX OCHOB XOJIOJIOBBIX aJlalTalliii HA YPOBHE
OCITKOBBIX MOJIEKYJ OBIIIM CPAaBHUTEIBHBIC HCCIIE-
noBaHUS (EPMEHTOB M CTPYKTYPHBIX OEJIKOB IICHXPO-,
Me30- ¥ TepMO(UIBHBIX OaKkTepuid, OOUTAIOMINX TPH
temmeparypax —10...20; 3...40 u 10...110°C coot-
BETCTBEHHO [3].

W3BecTHO, YTO BIMSHUE TEMITEPATypHOTO (hakTopa
cpensl Ha QYHKIUIO epMeHTa CBA3aHO ¢ OaraHcoM
MEX]Ty THOKOCTBIO M CTA0MIIbHOCTBIO TIOABIKHBIX 00-
JIaCTeH TOJIUIMENTHIOB, YIaCTBYIOIIHNX B KaTalu3e.
Bricokne TemmepaTypbl MOTYT CIIOCOOCTBOBATh M3-
OBITOYHOM THOKOCTH OeliKka, YMEHbIasi CPOJICTBO
K cyOCTpaTy myTeM HapyIIeHUs aKTHBHOTO IICHTPA H,
B KOHEYHOM HTOTE, TPUBOA K IEHATY PAIIH MOJICKYIIBL.
Huzkue Temmeparypsl MOTYT BIUSTH Ha (DEPMEHT, Je-
Jast ero U30BITOYHO CTAOMUIIBHBIM, CHIKASI KaTallH-
TUYECKHE CKOPOCTH 10 3HAUYCHHH, HEOOXOAUMBIX ISt
o Iep>KaHIs METa00IMIECKOTO TOMEOCTa3a B KJIETKe
[20, 21].

Jist mpeomonenus Takoro (YyHKIIMOHATBHOTO OJI0Ka
B XOJI€ ABOJIIOI[UY OPTaHU3MBI TPOKAPHUOT IPUOOPEIN
P YHUBEPCAIbHBIX MEXaHU3MOB MOJU(MDHKAIIUU
CTPYKTYPHBIX O€IKOB M OeiKoB-(epMeHTOB. B wact-
HOCTH 3TO JIOCTHTAeTCs 32 CUET FEHETUYCSCKUX aJiar-
Talui MaKpOMOJICKYJ K CyOHYJIEBBIM TEMIIEpaTypam
B BHJI€ OJTHOCAUTHBIX aMHHOKHCIOTHBIX 3aMEH B
[IEPBUYHON aMUHOKHCIIOTHOHN MOCIEA0BAaTEIbHOCTH
HEKOTOPHIX OeNKOB. B cirydae Tpro3-docdar-momepa-
3BI ICUXPOGUIBLHON OakTepuu Vibrio marinus, ONTH-
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Currently, the main research area in molecular
mechanisms of cryoresistance in cold-tolerant orga-
nisms is the study of primary structure of proteins
and enzymes, in particular the enzyme active site.
The studies of peculiarities of spatial configurations
and packing of protein molecule, i. e. their secon-
dary, tertiary and quaternary structures greatly
contribute to understanding the mechanism of mole-
cular flexibility preservation in proteins at low tempe-
ratures. A significant part in conformational changes
of proteins belongs to salt bridges, hydrogen bonds,
ratio of polar and non-polar areas, exposed to external
medium.

In this review we demonstrated the importance
of mentioned factors in the mechanism of cryoresis-
tance using as an example the proteins of some cold-
resistant pro- and eukaryotic representatives.

Comparative study of molecular organisation
in prokaryotic enzymes

Comparative studies of enzymes and structural
proteins of psychro-, meso and thermophilic bacteria
inhabiting at temperatures of —10...20; 3...40 and
10...110°C, respectively, were the most efficient to
understand molecular basis of cold adaptations at the
level of protein molecules [38].

The impact of environmental temperature on the
enzyme function is known as associated with the
balance between flexibility and stability of motile
regions of catalysis involved polypeptides. High
temperatures may contribute to an excessive flexi-
bility of protein by decreasing the affinity to substrate
via disorder in an active site, which eventually leads
to molecular denaturation. Low temperatures may
affect the enzyme, making it excessively stable, by
reducing catalytic rates down to the values necessary
to maintain metabolic homeostasis in cell [17, 18].

To overcome such a functional block during evo-
lution the prokaryotic organisms have acquired some
universal mechanisms to modify structural proteins
and enzyme proteins. In particular this is achieved
by genetic adaptations of macromolecules to subzero
temperatures such as one-site amino acid substitu-
tions in the primary amino acid sequence of some
proteins. In case of triose-phosphate isomerase from
the psychrophilic bacteria Vibrio marinus, which
optimal growth temperature is 15°C, substitution of
one serine (Ser) amino acid for alanine (4la)
(Ser238 — Ala) resulted in disappearance of two
hydrogen bonds in the loop region of the molecule,
that in turn greatly affected catalytic activity and
thermostability [4].

Analysis of bacterial DNA ligase sequences
revealed that a decreased number of amino acid
residues of arginine (4rg) and proline (Pro) was

npo6nemMbl KpMOOGMONOrMM U KPUOMEAULIMHDI
problems of cryobiology and cryomedicine

Tom/volume 25, Ne/issue 3, 2015



MajipHasl TeMIepaTypa pocTa KOTOPOH COCTaBIIACT
15°C, npu 3amMeHe OJIHO aMUHOKHUCIIOTHI cepyHa (Ser)
Ha anaHuH (A4la) (Ser238 — Ala) ycTpaHsSroTCs JBe
BO-ZOPOJHBIE CBSA3HU B 00JIACTH [IETIH MOJIEKYJIBL, 8 3TO
B 3HAYUTEIHHOMN CTETIEHH BIUAET HA KaTATUTHYECKYTO
aKTUBHOCTh M TEPMOCTAOMIBHOCTE [7].

IIpu ananuze nocnenoBarenbHocTer JIHK-nuras
OakTepuii OBUIO YCTAHOBIICHO, UTO TS (hepMEHTA TICHX-
podunpHOU O6akTepun Pseudoalteromonas haloplan-
ktis xapakTepHO yMEHBIIIEHNE KOMHYECTBA AMIHOKHC-
JIOTHBIX OCTaTKOB apruHuHa (Arg) u ponuna (Pro) [25].
TpexmepHoe MonennpoBaHue N-KOHIIEBOIO JOMEHa
JIHK-nura3sl X01010yCTOWYMBOM OaKTEpUH ITOKA3aII0,
YTO 3TOT AOMEH AECTaOWIN3UPYETCs 1O CPaBHEHHIO
C ero TepMOopHIbHBIM roMoJIoroM. CpaBHEHHE KHHETH-
yeckux napamerpos JHK-nmuras P. haloplanktis,
Escherichia coli n Thermus scotoductus, amantapo-
BaHHBIX K Pa3IUYHBIM TEMIIEpaTypam, MoKa3aio, 4To
YBEJIMYEHNE KOHCTAHTBI CKOPOCTH (K, ) SBIISETCSA HAU-
0oJiee BaKHBIM a/IAITHBHBIM MapaMeTpoM epMeHTa-
TUBHOM aKTUBHOCTH ITPU HU3KUX TEMIIEpaTypax.

XonogoagantupoBaHHble JIHK-nurassl xapakre-
PU3YIOTCS MOBBIILIEHUEM aKTUBHOCTU MPH HU3KUX U
YMEpEeHHBIX TEMIIEpaTypax, o01Ieil AecTadunm3anueit
MOJIEKYJIAPHOTO Kapkaca (0COOeHHO B aKTUBHOM LICHT-
Pe) 1 BEICOKOI KOH(POpMAaIMOHHOM rHOKOCThIO. [IpoTH-
BOIIOJIO’KHASI TEH/ICHLIMS BBISBJICHA B ME30- U TEPMO-
¢unbHOM aHanorax. [Ipu HU3KOH TeMmeparype s
MOCJIETHETO XapaKTePHBI CHIKEHHUE aKTUBHOCTH U
THOKOCTH, a TAK)KE BRICOKAsS CTAa0MIBHOCTE [24]. Dep-
MEHTBI X0JI0A0aJalTHPOBAHHBIX OPraHU3MOB O0JIa-
JAI0T BBICOKOW KaTaJIMTHYECKOH 3¢ (heKTHBHOCTHIO
[IpH HU3KHX TeMIeparypax 3a cueT OOJbIei THOKOCTH
WX CTPYKTYPHBIX KOMIIOHCHTOB, yYaCTBYIOIIUX B KaTa-
JUTUYECKOM LIMKJIE, TOrJa KaK 00IacTH, KOTOpBIE He
Y4YacTBYIOT B KaTaJi3e, MOT'YT OBITH O0Jiee )KECTKUMH,
4yeM ux Me30(hunbHbIe ananoru. CiegoBarensHo, Ho-
BBIILICHNE THOKOCTH MIPUBOIUT K CHHKEHHUIO CTaOMIIb-
HOCTH NCUXPOGUIBHBIX (PEPMEHTOB.

Taxum oOpa3om, TEPMOKOMIIEHCAINS TaKuX (ep-
MEHTOB, B 9acTHOCTH JIHK-nurassl, o0ycioBieHa BbI-
COKOM KaTaTUTH4YeCKOH 3()(hEKTHBHOCTHIO IPH HU3KHUX
U cpenHux Temreparypax. llpu yBennaennn 1aHHoro
MOKa3aTeJsl MOBHIIIAeTCsl THOKOCTh OTpeaeIeHHBIX
CTPYKTYPHBIX KOMIIOHEHTOB, B PE3yJIbTaTe Yero KOM-
MIEHCUPYETCs CHUYKEHHE TETIIOBON SHEPTHH, 00y CII0B-
JICHHOE HU3KOH TeMIepaTypoi cpeabl OOMTaHUsL.

Arnorsdottir J. v coaBr. [ 8] oxapakTepH30BaTi KIOHH-
POBaHHYO CyOTHUITH3UH-TIOAO0HYIO CEPUHOBYIO IIPOTEH-
Ha3y NCUXPOTPOIa U3 cemelicTaa Vibrio. AHanM3 aMu-
HOKHUCJIOTHON MOCJIEJ0BATEIBHOCTH MOKa3al, 4To
XOJIOZI0AJANTHPOBAaHHAs MPOTENHA3a NMeeT OobIee
KOJITYECTBO MOJISIPHBIX/He3apsHKeHHBIX AaMUTHOKHCIIOT, a
TaKe OCTaTKOB aCIAParuHOBOMN KHUCIIOTHI (Asp), 4eM ee
TepMOQMIBHBINA TOMOJIOT. TepmodubHbIE (hepMEHTHI

I'IpO6J'IeMbI Kpl/lOﬁl/IOﬂOFI/II/I N KpnomeaunuUunHbl

problems of cryobiology and cryomedicine
Tom/volume 25, Ne/issue 3, 2015

characteristic for the enzyme of psychrophilic
bacterium Pseudoalteromonas haloplanktis [22].
Three-dimensional simulation of the N-terminal
domain of DNA ligase of cold-resistant bacterium
showed this domain as unstable if compared with its
thermophilic homologue. The comparison of kinetic
parameters of DNA ligases from P. haloplanktis,
Escherichia coli and Thermus scotoductus, adap-
ted to various temperatures, demonstrated an in-
crease in the rate constant (k) to be the most im-
portant adaptive parameter of enzymatic activity at
low temperatures.

The cold-adapted DNA ligases were characte-
rised by an increased activity at low and moderate
temperatures, total destabilisation of molecular scaf-
fold (especially in active site) and a high conforma-
tional flexibility. An opposite tendency was revealed
in the meso- and thermophilic analogues. At low
temperatures the latter was characterised by the
decreased activity and flexibility, as well as a high
stability [21]. Enzymes of cold-adapted organisms
have a high catalytic efficiency at low temperatures
due to the higher flexibility of their structural com-
ponents involved into catalytic cycle, whereas the
areas not involved into catalysis may be more rigid
than their mesophilic analogues. Therefore, an in-
creased flexibility results in a decrease in psychro-
philic enzyme stability.

Thus, the thermal compensation of such enzymes,
in particular DNA ligase, is stipulated by a high
catalytic efficiency at low and moderate tempera-
tures. With an increase in this index the flexibility of
certain structural components rises, whereby a
decreased thermal energy is compensated due to a
low environmental temperature.

J. Arnorsdottir et al. characterized the cloned
subtilisin-like serine proteinase from a psychrotrophic
Vibrio species [5]. The analysis of amino acid
sequence showed the cold-adapted proteinase to
have a greater number of polar/non-charged amino
acids, as well as aspartic acid (4sp) residues, than
its thermophilic homologue. Thermophilic enzymes
had an increased content of arginine, hydrophobic
amino acids and a higher aliphatic index.

Results of a comparative analysis of the amino
acid sequence and conformational changes of pro-
teins, underlying the cold adaptation of the enzyme
of the thermolysin family were used to identify
molecular characteristics of cold adaptation of vibrio-
lysin from Antarctic bacterium strain 643 (VAB) [1].
The amino acid analysis of the sequence of 44 ther-
molysin enzymes showed VAB as differing by lysine
(Lys), isoleucine (Ile), leucine (Leu), valine (Val),
methionine (Met), asparagine (4sn) content and other
amino acids, i. e. it had less Arg residues; low Arg/
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cojieprKany OOJbIee KOTUYECTBO apTUHUHA, THIIPO-
(hOOHBIX aMHHOKHUCIIOT U IMENH OoJiee BEICOKHH anmuda-
TUYECKUNA UHJIEKC.

PesynbraThl CpaBHUTEIBHOTO aHATN3a aMUHOKHC-
JIOTHOH TOCIJIEIOBATENbHOCTH U KOH()OPMAITMOHHBIX
HM3MEHEHUM OEJIKOB, Je)KAIUX B OCHOBE XO0JIOJOBOM
aganTtanuu (epMEeHTOB CEeMeWCTBa TEPMOINU3MHOB,
OBLIH UCTIONH30BAHBI JJIS1 BRISIBICHHS MOJIEKYIISIPHBIX
0COOEHHOCTEH XOJIOIOBOW aganTaud BUOPUOIN3MHA
(mramm 643) anTapkTHueckoit Oakrepun (BADB) [4].
AMHWHOKHUCIOTHBIA aHAIN3 MOCIE0BaTEIbHOCTH 44
TEPMOJIM3HHOBBIX (DEPMEHTOB IToKa3ai, yto BAB oTimu-
YaeTcs cojiepkanueM in3uHa (Lys), usoneinuna (lle),
neiinnHa (Leu), Banuna (Val), metuonunoB (Met),
acniaparvHa (A4sn) v APyriuxX aMUHOKUCIIOT, 8 UMEHHO:
MMEET MEHBIIIE OCTATKOB Arg; HU3KUH KOAPPUIIHMESHT
Arg/(Lys +Arg); HI3K0E cofepkaHue OOBITIX amuda-
THUYECKUX OOKOBBIX IIETIEH, BRIPAKEHHBIX OTHOIIIEHHEM
(Ile + Leu)/(Ille + Leu + Val); bonpiiee KOJIUIECTBO
Met; GorbITie OCTAaTKOB Ser v OOJIBIIE — TEPMOJIA0MITH-
HOM aMHHOKHUCITIOTHI As7. C TIOMOIITBI0 MOIETUPOBAHUS
MOJIEKYJISIpHO# nuHaMuKku BADB, miceBno- u TepMoinu-
3HMHA MOATBEPKIACHO MPEAIONI0KEHUE, YTO Y XOJIOHO0-
aIlanTUPOBAaHHBIX pepMEHTOB OoJiee THOKas TpexMep-
Hasi CTPYKTypa, YeM y HX TEPMO- U Me30(IIBHBIX
aHAJIOTOB, OCOOCHHO B HEKOTOPHIX 001acTIX BUTKA.
CrpykTypHBIi aHanu3 nokasai, uro BAb nmeer meHb-
Ie BHYTPUMOJICKYJISPHBIX KaTHOH-TI — 3JIEKTPOHHBIX
B3aUMOJICUCTBUH 1 BOJOPOAHBIX CBA3EH, YeM €ro Me30-
(TIceBA0NMM3YH) ¥ TEPMOGIITEHBIHN (TEPMOJTU3UH ) aHAJIO-
ru. JIU3uH ABISETCSA JOMUHUPYIOIIEH KAaTUOHHON aMu-
HOKMCJIOTOW, y4acTBYIOIIEH B COJEBBIX MOCTHKAX
BAB, B T0o BpeMs Kak Arg — TOMUHUPYIOIIUM B TEPMO-
u ncesgonusune. s BADB xapakTtepen Gonbuioi
00bEM HEJIOCTYITHBIX MTOJIOCTEH, YeM IS ICEBI0JIU3H-
Ha ¥ TEPMOJTU3UHA. DJIEKTPOCTATUIECKUH TOTSHIMAT Ha
MMOBEPXHOCTH KaTAJTUTUIECKOTO JIOMEHa 0oJiee OTpHIla-
teneH uist BAB, yem a1 TepMo- u TICEBIOTU3UHA.

Pe3ynbrarel CpaBHUTEIBLHOIO aHAJIM3a X000~
aJanTHPOBAaHHOU JTUTIA3EI ICUXPOTpoda AJISICKH BUIa
Pseudomonas (mramm B11-1) ¢ kpuctammmaeckon
CTPYKTypoH# Juna3el TepMmoduna Bacillus stearother-
mophilus TOATBEPKIAIOT MPEATIOIOKEHHE O TOM, UTO
aZlaTHPOBAHHBIC K X0JIOMY (hepMEHTHI IMEIOT OoJee
THOKYIO TPEXMEPHYIO CTPYKTYPY, YeM X TePMOPIITE-
Hble aHajnoru [42]. Ha koHpopMaImoHHy0 THOKOCTh
MOJISJIUPYEMOH XOJIOI0aTaITUPOBAHHOW JINTIA3bI TIPU
HU3KOW TEMIIepaType BIUSIOT Takue (DaKTOPHI, KaK
HEOOITBIIIOE KOJIMYECTBO COJICBBIX MOCTHKOB M KATHOH-
TI— B3aMMO/ICHCTBUH, YBEINYCHHUE TUIONIA T HETIOJSIP-
HOU MTOBEPXHOCTH, SKCIIOHUPOBAHHOM! B pACTBOPUTEIIb.

X0I10/10aKTHBHAsI PEKOMOMHAHTHAS [3-TIFOKO31 1232
cumbmora TN49 Buna Serratia COmEPKUT MEHBITICE
KOJIMYECTBO BOJIOPOIHBIX CBSA3EH, COIEBBIX MOCTHKOB
u ocTarkoB Pro [52]. BenencTBue 3THX 0COOCHHOCTEH
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(Lys + Arg) coefficient; low content of large aliphatic
side chains, expressed by the ratio (Ile + Leu)/(Ile +
Leu + Val); higher number of Met; more residues of
Ser and more thermolabile 4sn amino acid resi-dues.
Using molecular dynamics simulation of VAB,
pseudo- and thermolysin the assumption was confir-
med that the cold-adapted enzymes had more flexible
three-dimensional structure, than their thermo- and
mesophilic analogues, especially in some loop re-
gions. Structural analysis showed VAB as possessing
less intramolecular cation-Ttelectron interactions and
hydrogen bonds, than its meso- (pseudolysin) and
thermophilic (thermolysin) analogues. Lysine is the
predominant cationic amino acid, involved into salt
bridges of VAB, while Arg dominates in thermo- and
pseudolysin. The VAB is characterised by a larger
amount of inaccessible cavities than pseudolysin and
thermolysin. Electrostatic potential on catalytic
domain surface is more negative for VAB, than for
thermo- and pseudolysin.

The results of a comparative analysis of cold-
adapted Alaskan psychrotroph of Pseudomonas
species (strain B11-1) lipase with the crystal struc-
ture of a thermophilic Bacillus stearothermophilus
lipase confirmed the assumption that the cold-adap-
ted enzymes have a more flexible three-dimensional
structure than their thermophilic analogues [42].
Conformation flexibility of the simulated cold-
adapted lipase at low temperatures is affected by
such factors as small amount of salt bridges and
cation-Tt interactions, and an increased area of non-
polar surface exposed to the solvent.

A cold-active recombinant (3-glucosidase from
symbiotic Serratia species TN49 contained less
hydrogen bonds, salt bridges and Pro residues [52].
Due to these features the structure became more
flexible and, in its turn, a catalytic activity of the
enzyme increased at low temperatures.

Temperature dependence of alkaline phosphatase
from the Antarctic strain TABS was studied by
selecting the thermo-stable and thermo-labile
specimens. Under low temperatures, changes in
protein activity were established to depend on the
modification of protein sequence, particularly in
amino acid residues, located either within or near the
active site of the enzyme [29].

S. D’Amico et al. studied the psychro-, meso-
and thermophilic a-amylase in terms of conforma-
tional stability, thermal inactivation and irreversible
unfolding of enzyme using fluorescence spectroscopy
and differential scanning calorimetry [13]. The acti-
vity of psychrophilic a-amylase from Pseudoaltero-
monas haloplanktis at low temperatures was achie-
ved by reducing the activation energy, and destabi-
lising the active site domain, thereby contributing to
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YBEIMYUBAECTCA THOKOCTH CTPYKTYDPHI M, B CBOIO
ouepenb, MOBBILIIAETCSl KATATUTHYECKas aKTUBHOCTD
(epMeHTa IpH HU3KHUX TEMIIEPaTypax.

[Tytem nonbopa TEPMOCTOMKHX U TEPMONAOMITBHBIX
BapHUaHTOB ObliIa U3y4YeHA TeMIIepaTypHas 3aBUCH-
MOCTb Hienounoit pocdaraser mramma TABS, obu-
TaloIEro B AHTapKTHUKE. YCTaHOBJIEHO, YTO B yCIIO-
BHSIX HU3KUX TEMIIepaTyp MoAau(uKamus OeIKoBOU
[IOCIIEIOBATENFHOCTH, OCOOEHHO B aMUHOKHCIIOTHBIX
OCTaTKax, KOTOPbIE PACIIONOKEHBI B Tpeesax Uin
BOJIM3M aKTUBHOTO LEHTpa (pepMeHTa, IPUBOIUT K
M3MEHEHUIO aKTUBHOCTH Oerka [30].

S. D’Amico u coaBrt. [16] ¢ momorrkto ¢uryopec-
LIEHTHOM CHIEKTPOCKOITNH 1 A PepeHIanbHON CKaHN-
pYIOLIEH KaToOpUMETPUN U3YUMUIIH TICHXPO-, ME30- U
TepMO(UIBHYIO O-aMHUJIa3bl C TOYKHU 3pEHUsT KOH(DOP-
MAaITMOHHOM CTAOMILHOCTH, TEIIJIOBON MHAKTUBAITUH,
HeoOpatumoro andonguara ¢pepmenta [16]. AKTus-
HOCTb NcUXporiIbHON O-amuiassl Pseudoalteromo-
nas haloplanktis mpyn HU3KKUX TeMIlepaTypax IOCTH-
raeTcs 3a CUeT YMEHBIICHUSI YHEPTUU aKTHBAIIHH,
JecTabuIM3ay JOMeHa aKTHBHOT O IIEHTPA, UTO CII0-
COOCTBYET yBEINYECHHIO KOH(POPMAIIMOHHOH THOKOCTH
MOJIEKYJIBl pepMeHTa.

AHaNOTHYHBIE PE3yNbTaThl OMTyYeHBI IPH H3y4e-
HUH KPUCTAIIIMYECKON CTPYKTYPBI O-amMuiiasbl Altero-
monas haloplanctis n [3-nakramassl Pseudomonas
fluorescens [5,37]. YcTaHOBIIEHO, YTO CHHKESHUE KOJTHU-
YecTBa BOJIOPOTHBIX CBS3EH CIIOCOOCTBYET OOJNBIIEeH
THOKOCTH ITHX aKTUBHBIX Ha X0J1071¢ (EPMEHTOB.

Y. Sato u coaBr. [45] TpoBeH KIIOHUPOBAHHE TEHOB
m3oruTpaTmassl (ULJI) necuxpodunpHOit 6akTepun
Colwellia psychrerythraea n ananu3 aMUHOKHUCIIOT-
HBIX OCTaTKOB, YYaCTBYIOIIMX B XOJIOAOBOH a/lanTalluy
sToro gepmeHnTa. PacummdpoBanHas aMUHOKHCIIOTHAS
MOCeI0BaTEeIbHOCTh KJIOHA MOKa3ajla BBICOKYIO
roMoJIoTHIO ¢ xXononoanantuposannoit MLJI npyroit
ncuxpoduibHoi 6aktepun Colwellia maris (88%
HWICHTUYHOCTH), a MOCJIeJ0BaTEIbHAasl TOMOJIOTHS C
WIJI Escherichia coli 6pima auskoit (28% uaeHTHY-
HOCTH). BhI3BaHHAsI TOYCUHOH MyTaIueii aMHHOKHC-
notHas 3ameHa (Ala214 — Ser) B ULJI C. psychrery-
thraea ipuBeNa K MOBBIIICHUIO TEPMOCTAOUITLHOCTH
1 YMCHBILICHUIO yAEIbHON aKTUBHOCTH 3H3UMA IIPH
JEeHCTBUY HU3KOM TEMIIepaTypbl, YTO CBUIETEIILCTBYET
0 BaXHOCTH A/a214 B MONEKYISIPHOM MEXaHH3Me
XOJIOZOBOH a1aNTaluy JaHHOTO (pepMEHTA.

YcTaHOBIEHA KpUCTANINYECKAsl CTPYKTypa XO-
JOJ0AKTUBHOI'O (pepMEHTA LUTPATCHUHTA3bI IITAMMa
DS2-3R anrapkruueckoit 6akrepun [43]. Ilpu ee
CpaBHEHHH C IUTPATCUHTA30H runieprepmoduia Pyro-
coccus furiosus OBITN TTOTYYCHBI JaHHBIE O OOJIBIIEH
JOCTYIIHOCTU aKTHBHOI'O LIEHTPA XOJOJOAKTUBHOTO
(hepMeHTa ¥ YBETUWUECHUN OTHOCUTEIHLHON THOKOCTH
MaJIoro JOMEHa [0 CPaBHEHUIO ¢ GonbmuM. s
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conformational flexibility increase in the enzyme
molecule.

Similar results were obtained in studies of crystal
structure of a-amylase from Alteromonas halo-
planctis and B-lactamase from Pseudomonas fluo-
rescens [2, 36]. A decreased number of hydrogen
bonds was established as contributing to higher
flexibility of these cold-active enzymes.

Y. Sato et al. cloned the isocitrate lyase (ICL)
genes from the psychrophilic bacterium Colwellia
psychrerythraea and analyzed the amino acid
residues involved in cold adaptation of this enzyme
[45]. The decoded amino acid sequence of the clone
showed a high homology with cold-adapted ICL of
other psychrophilic bacterium Colwellia maris (88%
identity), whereas the sequential homology with ICL
from Escherichia coli was low (28% of identity).
The substitution of 4/a214 for Ser in ICL from
C. psychrerythraea, introduced by point mutation
resulted in the increased thermal stability and
lowering of the specific activity of the enzyme at low
temperature, testifying to the importance of Ala214
in molecular mechanism of cold adaptation of this
enzyme.

A crystal structure of a cold-active enzyme cit-
rate synthase, isolated from an Antarctic bacterium
strain DS2-3R was established [43]. Comparing this
with the citrate synthase of a hyperthermophile
Pyrococcus furiosus showed that the cold-active
enzyme had a much more accessible active site, and
an increased relative flexibility of the small domain
compared to the large one. A psychrophilic enzyme
was characterised by a decrease in a number of Pro
residues as compared to hyperthermophile citrate
synthase, as well as an increase in solvent-exposed
hydrophobic residues.

It was demonstrated that 3D-structure of meso-
philic bacterium chitobiase had two tryptophan resi-
dues (7rp), being the main substrate-binding ligands
and participating in hydrophobic interactions with the
substrate [36]. Moreover, these two Trp residues
were not revealed in the chitobiase of psychrophilic
bacterium, since they were substituted by polar resi-
dues, capable to provide stronger interactions during
temperature decrease.

The primary and secondary structures of the [3-
galactosidase enzyme from psychro-, meso- and ther-
mophilic microorganisms [33] were investigated. The
composition of 18 protein sequences was analysed
by some amino acid residues (4la, Val, Arg, Ser,
glutamine (G/n), glutamic acid (Glu), glycine (Gly),
phenylalanine (Phe), threonine (Thr) and tyrosine
(Tyr)). The content of Ala, Gly, Ser, Arg was higher
in primary structure of psychrophilic [B-galactosi-
dases, whereas the content of Val, Gin, Glu, Phe,
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ncuxpodriTbHOTO (hepMeHTa XapaKTEpPHO YMEHBIIICHNE
KOJIMYECTBA aMUHOKUCIIOTHBIX OCTAaTKOB Pro 10 cpaB-
HEHHMIO C IMTPATCUHTA30 runeprepModuia, a TakxKe
yBeIMYEHHUE coAepKaHMs r'UAPOoGOOHBIX OCTATKOB,
KOTOPBIE ITOJIBEPTaOTCS BO3ICHCTBUIO PACTBOPUTEIISL.

[Toxazano, uto B 3D-cTpyKType XuTOoOHa3bl ME30-
(mpHON OaKTEeprH UMEIOTCS JIBa OCTaTKa TPHIITO-
¢ana (7Trp), KOTOpBIE SBISIOTCS OCHOBHBIMH CYyO-
CTPAaT-CBSA3BIBAIOIINMH JIMTAHJAMHU U YYACTBYIOT B
ruApohoOHBIX B3aMMOJEHCTBHUAX ¢ cyOcTpaTom [36].
[Ipu 5TOM B XuTOOMA3€E ICUXpOMIIbHON OaKTEpUH HE
BBISIBJICHO JIBYX OCTATKOB 77, TOCKOJIBbKY OHU 3aMEHe-
HBI MTOJISIPHBIMA OCTaTKaMH, KOTOPHIE B COCTOSTHUHU
obecrieunBaTh 0oJiee CHIIHHBIC B3aUMOICHCTBHS TIPH
[TOHMKCHUU TeMIIEPaTyPBbI.

W3yueHsl nepBUYHAs U BTOPUYHASI CTPYKTYPHI hep-
MeHTa [3-rajakTo3ujasa MCUXpo-, Me30- U TEPMO-
(bumpHBIX MuKpooprann3MoB [33]. Cocras 18 Genxo-
BBIX IOCJIEI0BATEIBHOCTEH MPOAHATU3UPOBAIH IO
OTJICIIbHBIM aMHUHOKHCIIOTHBIM ocTatkaM (A4la, Val,
Arg, Ser, tnyramut (Gln), TIyTaMUHOBAS KHACIIOTA
(Glu), tmumun (Gly), dennnanaaud (Phe), TPEOHUH
(Thr) m tuposuH (Tyr)). Conepxanue Ala, Gly, Ser, Arg
BBIIIE Y TIEPBUYHON CTPYKTYPBI MCUXPODUIBHBIX [3-
TaJIaKTO3HIa3, B TO BpeMs Kak conepkanue Val, Gin,
Glu, Phe, Thr, Tyr o0Hapy>KeHBI CTATUCTUICCKA 3HA-
YUMBIMU B TePMODUIBHBIX [3-Tanakro3uaa3ax. beina
CMPOTHO3UPOBAHA BTOPUYHAS CTPYKTYpa [3-ragakTo3u-
J1a3 BIMIEYKa3aHHBIX MUKPOOPTaHU3MOB. YCTaHOBIIE-
HBI HE3HAYHUTEIbHBIE N3MEHEHHS BO BTOPHYHOHN CTPYK-
TYpE B IPOLIEHTHOM COOTHOLIEHHH JIMCT:CIIUPAIIH:BUTOK
nicuxpodunos (32:14:54), mezopunos (29:15:56) u
tepmoduios (26:20:54). TepmodunbHas 3-ragakrosu-
Jaza comeprkana 00mbIIe o -CIIUpaTbHBIX 00TaCcTeH, a
[B-ranaxro3uaza XoJa010yCTOHYMUBBIX MUKPOOPTaHU3-
MOB uMeJia 0ojiee BRICOKOE colepikanue olnactei
[3-1HCTOB 1O CpaBHEHHMIO C IPYTHMH aHAIOTaMHU.

HccenenoBanpl CyOTHIIM3HUH-TION00HAS CEPUHOBAS
nporennasa (VPR) ncuxporpodnoro Buna Vibrio u
axBamu3uH | (AQUI) tepmodmna Thermus aquaticus,
KOTOPBIE SIBIAIOTCA CTPYKTYPHBIMU TOMOJIOTaMH, HO
3HAYNTENFHO OTIIMYAIOTCS B OTHOIIEHUH CTa0MIEHOC-
THU U KaTaJTUTHUIeCKUX CBOUCTB [48]. I o1ieHKu pas-
HUIIBI MOJICKYJIIPHOW THOKOCTH JIBYX TOMOJIOTHYHBIX
[IPOTENHA3 U3MEPSUTH TyIIEHHE NX (DITyOpECHSHIINH 10
Trp ¢ TOMOTIBIO aKPHUIIAMHI/IA TTPH PA3TTUIHBIX TEMIIe-
parypax. McciaenoBana nunamuka 6enkoB VPR u
AQUI Ha aTOMHOM ypOBHE C ITOMOLIBIO MOJIEKYJISP-
HO-IIMHAMUYECKOTO MOZAEIHNPOBAaHNA. YCTaHOBIIEHO,
yTo VPR conepxut yeTbipe aMUHOKUCIIOTHBIX OCTaT-
Ka Trp, TpH U3 KOTOPBIX MPUCYTCTBYIOT B COOTBETCT-
ByIOIIMX caiTax cTpykTypsl AQUI. Xononoanantu-
poBanHEIT VPR uMmeeT 601bIIyI0 THOKOCTH B 0OJTB-
ITUHCTBE YYaCTKOB OSJIKOBOM CTPYKTYphI. HekoTophie
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Thr, Tyr was revealed to be statistically significant
in thermophilic B-galactosidases. The secondary
structure of -galactosidases of the mentioned above
microorganisms was predicted. Insignificant changes
were established in the secondary structure in terms
of sheet:helix:loop ratio between psychrophiles
(32:14:54), mesophiles (29:15:56) and thermophiles
(26:20:54). The thermophilic 3-galactosidase contain-
ed bigger amount of O-helical regions, and the [3-
galactosidase from cold-resistant microorganisms had
a higher content of B-sheet areas as compared to the
other analogues.

There were investigated the subtilisin-like serine
protease (VPR) from psychrotrophic Vibrio species
and the aqualysine I (AQUI) from thermophile
Thermus aquaticus, being structural homologues,
but significantly differing in terms of stability and
catalytic properties [48]. In order to evaluate the dif-
ference in molecular flexibility of two homologous
proteinases there was measured the quenching of
their Trp fluorescence using acrylamide at different
temperatures. The dynamics of VPR and AQUI
proteins at atomic level was studied using molecular
dynamic simulation. The VPR was established to
comprise four amino acid residues 7rp, three of
which were present in the corresponding sites of
AQUI structure. A cold-adapted VPR had a higher
flexibility in most sites of protein structure. Some of
these areas contained 7rp or were in vicinity of
some its residues (7rp6, Trpl14 and Trp208) in
proteins.

The above changes in molecular structures of the
enzymes were also found in structural proteins. For
example, there was an analysis comparing amino acid
composition of homologous membrane proteins of
sequences from psychrophiles and their mesophilic
homologues from Vibrionaceae family [28]. All the
statistically significant (p <0.01) changes in the amino
acid composition of proteins were found for either a
complete sequence or a part of the sequence located
outside membranes. The main amino acid residues
participating in composition changes of proteins were
the amino acids Ala and Ile, since there were the
significant differences in their occurence for general
amino acid sequences, as well as for the parts of
sequences of amino acid residues located outside
membrane in all the studied proteins. Psychrophiles
were characterised by much lower quantitative
content of Ala and significantly higher one for Ile, if
compared with mesophiles. In addition, the content
of amino acids Lys, Asp and Thr was shown to be
statistically higher than in all 66 psychrophilic
membrane proteins as compared with mesophilic
ones. A low content of such amino acid residues as
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W3 dTUX oOmacTeil comepxkar Trp WA pa3MeIIeHbI
BOJNHM3H C HEKOTOpBIMH ero octaTkamu (Trp6, Trpl14
u Trp208) B Genkax.

OnwucaHHBIE BBHIIIIE H3MEHEHHS MOJEKYISIPHBIX
CTPYKTYp (epMEHTOB TaKXKe 0O0OHAPYKEHBI B CTPYKTYP-
HBIX Oenkax. Tak, OB IPOBENEH CPaBHUTEIHHBIH
aHaJIM3 aMUHOKHCIOTHOTO COCTaBa IMOCIIeI0BATENb-
HOCTEH TOMOJIOTHYHBIX MEMOPAHHBIX OETTKOB IICHXPO-
(bn10B ¥ UX Me30(MIIBHBIX TOMOJIOTOB M3 CEMEHCTBA
Vibrionaceae [29]. Bce cTaTHCTHYECKH 3HAYHMMBIC
(p <0,01) u3MeHeHuss B aMUHOKHCIOTHOM COCTaBe
0ekoB ObUIM OOHAPYKEHBI JTNOO A1 OTHOM MOCIEN0-
BaTEIbHOCTH, JIMOO JIJIS YACTH TOCICI0BATEILHOCTH
3a npenenamMu MemMopaH. OCHOBHBIMU aMHHOKHUCIIOT-
HBIMH OCTaTKaMH B KOMITO3WIIHOHHBIX M3MEHEHHUAX
OEITKOB SIBIISTIOTCST aMUHOKHCIIOTHI Ala v Ile, TOCKOIBKY
BBISIBJICHBI 3HAYUTENBHBIEC PA3IUUHsI B X ITOBTOpsIe-
MOCTH T OOIITNX aMUHOKHCIIOTHBIX TIOCIIEIOBATEb-
HOCTEH, a TaKKe IS JacTeH MOCJIeOBaTEILHOCTEH
AMUHOKHCIIOTHBIX OCTAaTKOB 32 IIpeieIaMi MEMOpaHbI
BO BCEX HCCJICJIOBAHHBIX OelKaxX. XapaKTepHO, 4TO Y
cUXpo(UIOB KOJTUYESCTBEHHOE cojepxkanue Ala
CYIIIECTBEHHO HIXE, a [le 3HAUNTEIILHO BBIIIE, YEM Y
Me3o¢mioB. KpoMe Toro, mokasaHo, 4To COJCpKAHHUE
AMUHOKUCIOT Lys, Asp u Thr craTUCTUYECKH 0OJIbIIE
y Bcex 66 ncuxpouiabHbIX MeMOpaHHBIX OEJIKOB 110
CPaBHEHUIO C ME30(MIbHBIMHA. YCTaHOBIIEHO, YTO JJIS
52-X TocnenoBaTeIbHOCTEH TpaHCMEMOPAaHHBIX OerI-
KOB TICUXPO(UIIOB XapaKTepHO HU3KOE CONeprKaHne
TaKMX aMHHOKHCJIOTHBIX OCTaTKOB, Kak Arg u Glu.

Takum oOpazom, aHanu3 PU3UKO-XUMHUUECKHAX
CBOWCTB MEMOpaHHBIX OCITKOB IIOKa3aj 0oJiee HU3KYIO
ruipohoOHOCTH MOCIIEIOBATEIBHOCTEH ICUXPO(PHUIOB
[29], T. ¢. MOBBILICHHOE KOJIMUECTBO AMHHOKHUCIIOTHI /le
B YaCTH IMMOCJICJIOBATEIILHOCTH MEMOpPaHHBIX OCIIKOB,
KOTOPBIC HAXOJIATCS 32 MPEeIaMu JIUITUIHOTO OUCITOsL.
Bnaronapst runpododHOCTH OSITKOB U IecTabuIn3aImu
WX CIHUpaJiel YBeIMUeHUE COepKaHus /le TPUBOINAT
K CHIDKEHUIO CTPYKTYPHON CTaOMIIEHOCTH OCITKOBOH
MOJIEKYITbI, BCIIEACTBUE YETr0 YBETMINBAETCS THOKOCTD
obyacTeil meTeih X000 IalITHPOBAHHEIX OCITKOB.

S. DasSarma u coaBr. [17], cpaBHHBas MOCIEI0Ba-
TETBHOCTH aMHHOKHCIOT OMOMaKpOMOJIEKYJIT XOJIOI0-
ycroituuBoi 6akrepun Halorubrum lacusprofundi
¢ eule aBeHaauareio Haloarchaea, oOUTAOMINMA B
YCIIOBHSAX YMEPEHHOT'O KITMMATa, YCTAHOBIIU 0COOCH-
HOCTH aMUHOKHCJIOTHBIX 3aMEH. J[11s1 OETTKOBBIX MoCIIe-
JIOBATeIILHOCTEH X0JI070aanTupoBanHoil H. lacus-
profundi xapaxtepusl 3amenbt Glu (13,43% ot o61iero
Konm4aecTBa 3aMeH) Ha Asp (4,35%) nmm Ala (2,36%).
B GonpmmHCTBE CiTydaeB MoJsIpHBIC ocTaTku (1Thr —
8,36% oT o01ero KoauyecTBa 3aMeH U Ser — 6,21%
OT OOIIIETO KOTUIECCTBA 3aMEH) M HEOOJIBIITHE OCTATKH
(Gly u Ala) GBI 3aMEHEHBI aHATIOTHYHBIMH TTOJISTPHBI-
MU WY HEMOJISPHBIMU aMUHOKHUCIIOTaMH, B TIEPBYIO
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Arg and Glu was established to be typical for 52
sequences of psychrophilic transmembrane proteins.

Thus, the analysis of physical and chemical pro-
perties of membrane proteins showed a lower hydro-
phobicity of psychrophilic sequences [28], 7. e. an
increased amount of amino acid //e in a part of the
sequence of membrane proteins, being outside the
lipid bilayer. Due to protein hydrophobicity and desta-
bilisation of their helices an increased //e content
reduces a structural stability of protein molecule,
thereby increasing the flexibility of loop regions of
cold-adapted proteins.

S. DasSarma ef al. compared the amino acid se-
quences of biomacromolecules from cold-resistant
bacterium Halorubrum lacusprofundi with another
twelve Haloarchaea, inhabiting in temperate cli-
mate, and established the peculiarities of amino acid
substitutions. Protein sequences of cold-adapted
H. lacusprofundi were characterised by substitu-
tions of Glu (13.43% of the total number of substitu-
tions) for Asp (4.35%) or Ala (2.36%). In most cases
the polar residues (747 — 8.36% and Ser — 6.21%
of the total number of substitutions) and small
residues (Gly and Ala) were substituted by similar
polar or non-polar amino acids, primarily Ser, Thr,
Gly, Ala or Val, and sometimes acid residues [14].
Non-polar Val, Ile and Leu, were usually substituted
by the same non-polar residue or in some cases with
Met. Aromatic amino acids, especially Trp, were
substituted by other aromatic residues, in particular
Phe.

In addition, the authors found the differences in
29 of 321 invariant amino acid positions (9.03%) of
cold-active (-galactosidase of Halorubrum lacus-
profundi from mesophilic homologues of Haloar-
chaea [14]. Five amino acid residues (4sp and Glu),
located on the surface of mesophilic proteins in a
modelled structure were substituted either by polar
residues (Ser, Gin, Asn), or Pro, which increased
hydrophobicity and reduced negative charges on pro-
tein surface. Other four substitutions observed on
protein surface also increased the hydrophobicity,
particularly Thr — Ala, Val — Ile and Leu — Phe.
There were found only three substitutions, reducing
hydrophobicity of surface residues, namely Ala for
Ser and Thr or Gly for Arg.

Basing on the results of a comparative analysis
of sequences and the study of structural features of
proteins there have been revealed some mechanisms
of cold adaptation in macromolecules of biological
objects, however, the existing data are insufficient to
define a general theory of protein cold adaptation.
Nevertheless, there were established certain general
patterns for cold-resistant species, particularly at the
level of primary protein organisation: a decrease in
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ouepens, Ser, Thr, Gly, Ala wmm Val, a iHOTAA KUCITTOT-
HBIMHU ocTatkamu. Henomsipaelie ocrarku Val, lle v Leu,
KaK [TPaBUIIO, 3aMEIIICHBI OJTHUM U TEM YK€ HETOJISIPHBIM
OCTaTKOM WJIM B HEKOTOPBIX ciiydasx Met. ApoMaru-
YeCKHME aMIUHOKHCIIOTHI, 0COOeHHO T7p, OBLITN 3aMeHe-
HBbI IPYTUMH apOMAaTHUECKUMH OCTaTKaMH, B YaCTHOC-
™ Phe.

Kpowme Toro, aBTOpHI ycTaHOBHIHN OTIHYHUS y 29 U3
321 nHBapMaHTHOW aMUHOKMCTIOTHOM no3utmu (9,03%)
XO0JIOMOaKTUBHOMN [-ramakrosunassl Halorubrum
lacusprofundi ot Me30¢unbHBIX romosoroB Haloar-
chaea [17]. IIaTh aMUHOKHCIOTHBIX OCTaTKOB (Asp 1
Glu), HaXOMUBILMXCS HA TOBEPXHOCTH ME30(HIIBLHBIX
OEJIKOB B MOJICTTUPYEMOI CTPYKTYpPE, ObLITH 3aMEHEHBI
60 Ha nosipHbie octatku (Ser, Gln, Asn), nnoo Ha
Pro, xotopsiii yBennauBaeT ruipohoOHOCTh U YMEHbB-
[IaeT OTPHUIIATENbHBIE 3aPsAbl Ha IOBEPXHOCTH OEIIKa.
Uetsipe apyrue 3aMeHbl, HAOM0qaeMble Ha TIOBEPX-
HOCTH Oelka, TakKe yBEITMIHBAIN THAPO(DOOHOCTS,
B yactHoCTU Thr — Ala, Val - Ile u Leu — Phe.
Brutn HaliieHBI TONBKO TPH 3aMEHBI, PUBOIAIINE K
YMEHBIIICHUIO THAPOPOOHOCTH ITOBEPXHOCTHBIX OCTaT-
KOB, a UMCHHO: Ala Ha Ser u Thr wiu Gly Ha Arg.

Ha ocHoBaHMU pe3ynbTaToOB CPaBHUTEIHLHOTO aHa-
JIU3a MOCJICIOBATEIBHOCTEH U UCCIICOBAHUS CTPYK-
TYpPHBIX 0COOCHHOCTEH OSJIKOB OBLITH BBISBICHBI HEKO-
TOPBIC MEXaHU3MbI XOJIOAOBOH alanTallid MaKpOMO-
JIEKyJ1 OMOJIOTHYECKUX OOBEKTOB, OTHAKO JAHHBIX JJIs
CO3MTaHMS OOIIEH TEOPHH XOJIOIOBOH aanTauy OCIKOB
HemocTarouHo. TeM He MeHee, YCTaHOBJICHBI HEKOTO-
pBIe 001IIHe 3aKOHOMEPHOCTH ISl XOJIOA0YCTOHIHBBIX
BHJIOB, B YaCTHOCTH Ha YPOBHE ITEPBIYHON OpPraHU3aIIH
OCITKOB — CHIKEeHHE THAPOPOOHOCTH MOJICKYIIIPHOM
CTPYKTYPHI 32 CUET 3aMEH HETIOJIIPHBIX aMUHOKHUCIIOT-
HBIX OCTaTKOB Ha MOJISIPHBIC; JJIs1 BIOPUYHON U TPETHY-
HOW CTPYKTYP aIalTHPOBAHHBIX K XOJIOAY MPOTCHHOB
XapaKTEePHO YBEIUYCHUE MOJICKYJISIPHON rHOKOCTH
BCJIC/ICTBUE YMEHBIIICHUS KOJUYECTBA COJIEBBIX MOC-
THKOB ¥ BOJOPOJHBIX CBS3€H, a TaKKE YBEIMUCHUC
ruapodoOHBIX YUAaCTKOB, B3aUMOICHCTBYIONINX C
pacTBOpHTEIEM.

HccaenoBanus MoJIeKyJISIPHBIX 0CO0eHHOC-
Teil 0eJIKOB 3yKAPUOT

JI7st u3ydeHus MOJIEKYIISIPHBIX MEXaHH3MOB XOJIOJO-
BOH ajmanTanuu GpepMeHTa MeYCHN aHTAPKTUYCCKOU
pbiob1 Chaenocephalus aceratus (mopotpsin: Noto-
thenioidei) ObLIN WCCAECIOBAHBI AMHUHOKHUCIOTHAS
MOCIIEZI0BATEIBHOCTh, KATATUTUYECKUE XapaKTePHC-
TUKH, TEPMOCTAOMITLHOCTD U TEPMOIMHAMUKA PEAKIHH
Y TETUIOBOW WHAKTHBALIUY L-TITyTaMaT/ICTUAPOTCHA3BI
(TAD). BriepBrle ycTaHOBJICHA M OITCAHA TIOJTHAS TIEep-
BuuHas crpykrypa I'II" C. aceratus. Iloka3aHno, uyto
AMUHOKHCIIOTHBIE 3aMEHBI X0JI010a1alITHPOBAHHOM
['IT" mpuBOAAT K MEHEE KOMIIAKTHOU CTPYKType Oel-
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molecular structure hydrophobicity via substituting
non-polar amino acid residues by polar ones; in case
of secondary and tertiary structures of cold-adapted
proteins an increase of molecular flexibility due to a
decreased number of salt bridges and hydrogen
bonds, as well as the augmentation of hydrophobic
sites, exposed to a solvent.

Studies of molecular features of eukaryotic
proteins

Amino acid sequence, catalytic characteristics,
thermal stability, thermodynamics of reactions and
heat inactivation of L-glutamate dehydrogenase
(GDH) were investigated to elucidate molecular
mechanisms of cold adaptation of liver enzyme in An-
tarctic fish Chaenocephalus aceratus (Notothe-
nioidei suborder). Firstly there was established and
described a complete primary structure of GDH of
C. aceratus. It has been shown that amino acid sub-
stitutions of cold-adapted GDH resulted to less com-
pact structure of protein molecule with a small num-
ber of salt bridges if compared with homologous me-
sophilic enzymes. Functional assessment denoted
effective compensation of the temperature coeffi-
cient (Q,,), achieved by increasing k_, and changing
substrate concentration providing a rate of half the
maximum reaction (S, ,), which allowed to reach
such a catalytic efficiency at low temperatures, as
found in bovine GDH at physiological temperature.
Structural and functional characteristics of the enzy-
me testified to a high degree of macromolecule
flexibility [10].

Stability of cold-adapted trypsin of Paranotothe-
nia magellanica Antarctic fish and Gadus morhua
Atlantic cod was reduced with the decrease of
packing density in two areas of protein molecule
core, diminishing of number of intra-domain hydro-
gen bonds, and rise in destabilization of a-helix
C-terminal [33]. Cold-adapted enzyme molecule
helices lacked four hydrogen bonds and two salt
bridges, and the whole protein molecule had weaker
van-der-Waals interactions if compared to mesophilic
analogues.

A comparative study using MD-modeling of cold-
adapted enzyme (uracil-DNA-glycosylase of Gadus
morhua Atlantic cod) and human thermoactive
enzyme analogue showed that the first had greater
structural flexibility, resulting in an increase of cata-
lytic activity at low temperatures [39]. Loop Leu272,
involved in DNA-recognition, was the most flexible
part of the Atlantic cod protein structure if compared
with the human enzyme.

Lactate dehydrogenase (LDH) is a classical
model for studying the structural basis of enzyme
adaptation. Its catalytic mechanism and three-
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KOBOM MOJIEKYJbI C MEHBIINM KOJMYE€CTBOM COJIEBBIX
MOCTHKOB TI0 CPaBHEHHUIO C TOMOJIOTUYHBIMH M€30-
¢unpHBIME pepMenTamu. OYHKIHOHATIBHAS XapaKTe-
pHUCTHKA YKa3bIBaeT Ha 3P (PEKTUBHYIO KOMIICHCALHIO
TemneparypHoro kodgduiuenta (Q, ), I0CTUTHYTYIO
3a CYET yBEJIUYEHHUS kK 1M M3MEHEHHS KOHLICHT a1
cyOcTparta, mpy KOTOPOI 1OCTUTAETCs TOJIOBHHA MAK-
CHMAIIbHO} CKOPOCTH PeakLuH (S ;), 4TO 1aeT KaTaiu-
THYECKYIO 3 (DEKTUBHOCTD B YCIOBHSIX HU3KOH TEMITe-
parypsl, iono6Hyto obrubeit [T pu ¢pusmonoruyec-
koii Temrieparype. CTpyKTypHbIe i QYHKIIMOHATBHBIE
XapaKTePUCTHKH CBUIETELCTBYIOT O BHICOKOM CTeTe-
HU THOKOCTH MaKpoMOJIeKysI [ 13].

CHmkeHue cTabMIbHOCTH XOJI00aIaIITUPOBAHHOTO
TPUIICMHA aHTApPKTUUECKO# prIObI Paranotothenia
magellanica v atnanTndaeckoi Tpecku Gadus morhua
BO3HUKAET B PE3yJbTaTe YMEHBIIECHUS IIOTHOCTH
YIIaKOBKH B ABYX 00IacTAX siipa OEIKOBOH MOJIEKYIIBI
1 KOJIMYECTBA BHYTPUIOMEHHBIX BOIOPOIHBIX CBSA3EH,
necradbunmzanny C-koHua O-crmpand [34]. B cnmpansix
MOJIEKYJIIbI X0JIOJJ0aJalTHPOBAHHOTO (pepMEHTa OTCYT-
CTBOBAJIM YETHIPE BOJAOPOJHBIE CBSI3U U JIBA COJIEBBIX
MOCTHKA, U B OCTIKOBOW MOJIEKYJIEe BaH-JIep-BaalibCo-
BBI€ B3aMMO/ICHCTBUS OBLIN CIIA0OBIMHE 110 CPAaBHEHHIO
¢ Me30()MIIBbHBIMY aHAJIOTaMHU.

B pesynpTare cpaBHUTEIBHOTO MCCIEIOBAHUS
nocpeactsoM MD-MoznenupoBaHus X0I040aAalTHPO-
BaHHOTO pepmenTa (ypauun-JAHK-ruko3nnasa atnas-
THYeCKol Tpecku G. morhua) ¥ ero aHanora — TerJio-
aKTHUBHOTO ()epMEHTa YeJIOBEKa — YCTAHOBJIEHO, YTO
nepBhIi 00anan 6obIIeii CTPYKTypHOH THOKOCTBIO,
YTO BBIPAXaJ0Ch B YBEJIUUCHUHU KaTAIUTHUECKOI
aKTUBHOCTH NpU HU3KHUX TeMneparypax [39]. Iletns
Leu272, yaactByromas B JIHK-y3naBannu, — Hanbomnee
rubKas 4acTh OCIKOBOM CTPYKTYPHI aTIaHTUYECKOH
TPECKH TI0 CPaBHEHHUIO ¢ (DEPMEHTOM YeNIOBEKa.

Kitaccnueckoil MOZIENnbIo U1l U3y4EHUS CTPYKTYP-
HOH OCHOBHI (DEpMEHTATHBHOW afamlTaIliH SBISICTCS
nakrataeruaporenasa (JIJII'), karamutuaeckuii mexa-
HU3M U TPEXMEPHas CTPYKTypa KOTOPOH ObLIH JeTab-
HO MCCJIEIOBAHBI.

N. Coquelle u coast. [14] npencraBunu cpaBHU-
TEJIbHBIA OMOXMMHUYECKUH U CTPYKTYPHBIH aHAIIN3
pasmuunbix JIJII' (antapkruyeckoit peiosl Champso-
cephalus gunnari, me3opunbHoON O6akTepun Deino-
coccus radiodurans n runeprepMopUIBLHON OaKTepUU
Thermus thermophilus), GyHKITMOHAIBHO aIarTHPO-
BaHHBIX K IIMPOKOMY JTMara3oHy temmneparyp. Mcxons
13 TEPMOIMHAMUYECKUX ITapaMeTpoB akTusanuu JI/IT,
aBTOpamu OBUIO MTOKa3aHO, YTO TEMIIEpaTypHas afar-
TaIMs OT TOPSTYHX K XOJIOAHBIM yCJIOBHUSIM 00YCIIOBJIEHA
YMEHBILICHUEM SHTAJIBIINN aKTUBALMHU 1 YBEJIMUCHUEM
SHTpoOINHX akTUBaIMH. CTPYKTYpHBIE CpaBHEHUS (THIIEp-
tepmo¢misHOR JIAT ¢ Me3odunbHON 1 Me30pHUIBHOM
JIAT ¢ ncnxpoduiibHO#) MOKa3aiy, YTO TeMIEpaTypHast
ajanranus o0ycjIoBIeHa HECKOJIbKUMU aMUHOKHUCIIOT-
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dimensional structure had been studied in detail by
many scholars.

N. Coquelle et al. [11] conducted a comparative
biochemical and structural analysis of different LDHs
(from Antarctic fish Champsocephalus gunnari,
mesophilic bacteria Deinococcus radiodurans and
hyperthermophilic bacterium Thermus thermophi-
lus), functionally adapted to a wide range of tempe-
ratures. Based on thermodynamic parameters of
LDH activation, the authors showed that the tempe-
rature adaptation from hot to cold conditions was due
to a decrease in activation enthalpy and an increase
of its entropy. Structure comparisons (hyperther-
mophilic LDH vs. mesophilic one and mesophilic
LDH vs. psychrophilic) demonstrated the fact that
the temperature adaptation was stipulated by several
amino acid substitutions, which were located in criti-
cal areas of the enzyme. These substitutions were
important in conformational stability and/or local
flexibility.

P.A. Fields and D.E. Houseman [18] used site-
directed mutagenesis to determine the differences in
amino acid composition of A4-lactate dehydroge-
nase (A4-LDH) from Nototheniids fish Chaenoce-
phalus aceratus, inhabiting in low temperature
conditions (—1.86 £ 2°C), and its ortholog from
warm-adapted bony fish. The aim was to reveal the
mechanisms of temperature adaptations of biological
objects at molecular level. Amino acid substitutions,
associated with motility of helices a1G-2G and aH
were responsible for cold-adaptive changes in kine-
tics of A4-LDH in Nototheniids. In particular, 14
residues of the loop BJ-01G in the N-terminus of
helix a1G-2G comprised five differences between
the two consensus sequences (36% if compared
with 7% in the whole molecule). Two of them,
GIly213Thr and Gly224Ser, were involved in the
replacement of the polar residues in warm-adapted
forms for glycine ones in Nototheniid orthologs.
These results confirmed that the adaptive substi-
tutions, which occured relatively far from the active
site and were associated with the structure motility
(G213Thr, Gly224Ser and Ala310Pro), affected the
catalysis activation energy barriers. Cold-adaptive
orthologs had lower activation energy values (E)
and did not affect the affinity of the substrate. In
contrast, the substitutions associated with structure
motility, located relatively close to the active site
(Glu233Met (nototheniids — non-nototheniids) and
GIn317Val), affected both the Michaelis constant for
pyruvate substrate (K "*) and the E .

Structures of two homologous families of psych-
rophilic (Euplotes nobilii) and mesophilic (Euplotes
raikovi) signal proteins of protozoan ciliates
Euplotes were comparatively analyzed by 'H NMR
homonuclear method [3]. The differences in the total
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HBIMH 3aMEHAMH, KOTOPbIE JIOKaJIM30BaHbl B KPUTHUEC-
KHX o0yacTsx (epMeHTa. DTH 3aMEHbl UTPAIOT BaXK-
HYIO POJIb B KOH(OPMAITMOHHOM CTaOWMIBHOCTH W/WITH
JIOKAJIbHOM THOKOCTH.

P.A. Fields u D.E. Houseman [21] mocpeacTBoM
CalT-HAIPABICHHOTO MyTareHe3a OmpeIeIIsuTi O TN HS
B aMHHOKHCIIOTHOM cocTaBe A4-JaKTaTaeruapore-
Ha3bl (A4-JIAT") HotoTenueBoil peiobl Chaenoce-
phalus aceratus, oOuTaromei B HU3KOTEMITEPaTypHBIX
yenmoBwsix ((—1,86 + 2)°C), u opTosiora TeIioaIanTpo-
BaHHO KOCTHCTOH PBIOBI C LIENbIO H3YUEHHUS MEXaHU3-
MOB TeMIEpaTypHBIX aganTauuii OM00OBEKTOB Ha
MOJIEKYJIIPHOM yYpOBHE. AMHUHOKHCIIOTHBIE 3aMEHBI,
CBsI3aHHBIE C IOABWXHOCTHIO crinpanei a1G-2G u aH,
OTBEYAIOT 3 XOJIO0AIANITUBHBIC M3MEHEHHS B KHHETH-
ke A4 -JIIII" B HoTOTeHueBbIX. B wactHOoCTH 14 ocTaT-
koB nein [3J-01G HemocpencTBeHHO Ha N-KOHIIE CITH-
pamu 0 1G-2G conmeprkar msTh OTIUIANR MEXKAY IBYMS
KOHCEHCYCHBIMH TOCIe0BaTebHOCTIMH (36% 110 cpaB-
HeHmto ¢ 7% Bo Beelt Mmonekyie). U3 aux mea Gly213Thr
u Gly224Ser y4acTBYIOT B 3aMEHE NOJISIPHBIX OCTaTKOB
B TEIUIOA/IANTHPOBAaHHBIX JOpMaxX HA OCTATKH TITUIMHA
B HOTOTEHUEBBIX opTosorax. Kpome Toro, 3Tu pe3yib-
TaThl MOATBEP>KAAIOT, YTO aJaNTUBHBIE 3aMEHBI, IPO-
UCXOJSIIIE OTHOCHTEIBHO TAJIEKO OT aKTHBHOT'O LIEHT-
pa ¥ CBsI3aHHbIE C HOABMKHOCTBIO CTPYKTYp (GH213 Thr,
Gly224Ser u Ala310Pro), BIUAIOT Ha aKTHBALIMIO SHEP-
reTUYecKuX 0apbepoB Karanusa. X0JI0A0aAalTUpPO-
BaHHBIE OPTOJIOTH UMEIOT OoJiee HU3KHE 3HAUYCHHUS
SHEPrUM aKTHBALMH (£ ) M HE BIUAIOT Ha CPOJICTBO CyO-
crpara. HanpoTuB, 3aMeHbI, CBSI3aHHBIE C ITOJIBIXKHOC-
TBIO CTPYKTYP M HAaXOASIINECs OTHOCUTEIHHO OJIH3KO
K akTuBHOMY 1eHTpY (G/u233Met (HOTOTEHHEBBIE —
HeHoToTeHueBble), GIn317Val), BMIUSIOT Kak Ha KOHC-
TaHTy Muxasmuca s cyOctpara nupysata (K ©'%),
TaK v Ha E .

CpaBHUTEINIBHBIN aHATIM3 CTPYKTYP ABYX TOMOJIOT Y-
HBIX CeMEHCTB ncuxpodunbHbIX (Euplotes nobilii) u
Me3oduibHbIX (Euplotes raikovi) curHanbHBIX OEJIKOB
npocreiimeit napy3zopun Euplotes mpoBeaeH ¢ TOMO-
o0 MeToaa romosiieproro 'H SIMP [6]. B atux 6en-
KOBBIX CeMelcTBaxX ObUIM YCTaHOBJICHBI Pa3lIUyHUs B
00IIIeM coJIepKaHUH MOJISIPHBIX U THAPO()OOHBIX aMu-
HOKHUCIOT. ®epoMons! E. nobilii umeroT Oosee BBICO-
KO€ coJiepyKaHue MOJISIPHBIX aMUHOKHCIIOT, YeM (epo-
MOHBI E. raikovi (45 u 30% cOOTBETCTBEHHO) 1 Ooee
HU3KOE cofepkaHue TuaApodoOHBIX 0CcTaTKOB (44 u
57% cooTBeTcTBEHHO). Cpeny MOMAPHBIX OCTATKOB
HanOoJIbIIMe pasnuius Mexny GpepoMoHamu E. nobilii
u E. raikovi ormeuensl s Thr (11,7 u 5,7% cootBet-
cTBeHHO), Asn (7,7 1 4,2% cooTBeTcTBEHHO) U Ser (8,6
u 5,7% COOTBETCTBEHHO), a cpeau THAPO(YOOHBIX — ISt
Leu (1,1 u7,3% cootBeTcTBeHHO), Pro (4,7 1 8,9% coot-
BETCTBEHHO), Ile (1,6 u 5,7% cooTBeTcTBeHHO) U Met
(1,2 u 3,6% cootBercTBEeHHO). Pazmaus B 00mieit ru-
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content of the polar and hydrophobic amino acids
were revealed in these protein families. Pheromones
from E. nobilii had a higher content of polar amino
acids than the ones of E. raikovi (45 and 30%, re-
spectively) and a lower content of hydrophobic resi-
dues (44 and 57%, respectively). Among polar resi-
dues the highest differences between pheromones
from E. nobilii and E. raikovi were found for Thr
(11.7% and 5.7, respectively), Asn (7.7 and 4.2%,
respectively) and Ser (8.6 and 5.7% respectively),
and among hydrophobic ones they were revealed for
Leu (1.1 and 7.3%, respectively), Pro (4.7 and 8.9%,
respectively), Ile (1.6 and 5.7%, respectively) and
Met (1.2 and 3.6%, respectively). The differences
in the hydrophilic and hydrophobic properties were
manifested in the GRAVY and aliphatic indices,
which testified to occured interactions with the sol-
vent and low stabilizing hydrophobic effects in pro-
tein core, respectively [46]. Both indices have lower
values of proteins from E. nobilii, than the ones from
E. raikovi (—0.49 vs. to 0.01 and 25.90 vs5.65.51,
respectively), what was consistent with previous
comparisons of cold-adapted enzymes with their
mesophilic and/or thermophilic homologues [5]. In
terms of the charged amino acid residues, pheromo-
nes from E. nobilii and E. raikovi had similar
amounts of arginine, aspartate, glutamate, histidine,
and lysine (16 vs. 17%). However, there was a
significant difference between the two protein
families by the content of Asp and Glu. The amount
of Glu in pheromones from E. nobilii was about
50% of that from E. raikovi (4.8 vs. 9.6%), and for
Asp these was 9.6 and 5.2%, respectively.

Another report dealt with comparative analysis of
the primary sequence and enzymatic properties of
Ca*-ATPase of sarcoplasmic reticulum of skeletal
muscles (SERCA1) from freeze-tolertant frog Rana
sylvatica and cold-intolerant frog Rana clamitans
[15]. It was found using SDS-polyacrylamide gel
electrophoresis that the molecular weight of
SERCA1 of R. sylvatica was 115 kDa, and in
R. clamitans it was 105 kDa. The comparison of the
primary sequence showed that SERCA1 of R. sylva-
tica contained seven unique amino acid substitutions,
three of which were in the ATP-binding region. Com-
paring the temperature dependence of both ATP hyd-
rolysis and Ca?" transport established that SERCA1
of R. sylvatica had a significantly lower activation
energy below 20°C and approx. 2 times higher
ATPase activity of Ca** at about 0°C. Thus, the
differences in kinetic properties of SERCA1 of these
two species were essential, including the temperature
dependence of ATP hydrolysis and transport of Ca**,
ATP kinetics and kinetics cooperativity of Ca?*.

A. Rizzello et al. [41] determined the domain of
seven amino acid residues (VDMSRKS) of COOH-
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POGHIBHOCTH ¥ THAPOPOOHOCTH MPOSIBIISIOTCS B MHJICK-
ce GRAVY u anudarnveckom HHJIEKCE, KOTOPHIC CBU-
JIETEIIbCTBYIOT O COBEPIIICHHBIX B3aMMOJCUCTBUAX C
PacTBOpHUTEIEM M HU3KUX CTAOMIM3HPYOIIUX THAPO-
(hoOHBIX 3 dexTax B cepaueBUHe OEIKa, COOTBETCT-
BeHHO [46]. O0a nHAeKCca UMEIOT OoJlee HIU3KUE 3HAYE-
HUS U1t OenkoB E. nobilii, yeM 11 6enxoB E. raikovi
(-0,49 mporus 0,01 u 25,90 mpotus 65,51 coorBet-
CTBEHHO), YTO COIIaCyeTCs C MPENBIIYIIMMU JAHHBIMHU
CpaBHEHUS XOJIOJI0a/IaITUPOBAHHBIX (DEPMEHTOB C UX
Me30(QITLHBIME /UK TEPMO(UITEHBIMU TOMOJIOTaMH
[8]. UTo xacaeTcs 3apsKEHHBIX aMUHOKHCIIOTHBIX
oCcTaTKoB, TO pepoMousl E. nobilii u E. raikovi
MMEIOT aHAJIOTUYHBIE KOJIMYEeCTBa ApTHHMHA, acTiapari-
HOBOM U TITyTAMUHOBOW KHCJIOTBI, THCTUMHA 1 JIN3HHA
(16 mpotuB 17%). OnHako cyIecTByeT 3HAYUTEIbHOE
pacxoxaeHrne MeXIy IBYMS ceMeicTBaMu OelKoB
B cogepxxanuu Asp u Glu. KonmnuectBo Glu B dhepo-
MoHax E. nobilii coctasnser okono 50% oT conepxa-
mieiicst B pepomonax E. raikovi (4,8 mpotus 9,6%), a
st Asp — 9,6 u 5,2% COOTBETCTBEHHO.

Tak)xe OBIT MTPOBEECH CPAaBHUTENBHBIN aHATIU3
MIEPBUYHOM TTOCIIEIOBATETIBHOCTH B (DEPMEHTATUBHBIX
ceoiictB Ca?*-AT®a3bl capKoOIIa3MaTHYECKOTO
petukymyma ckeneTHbIX Ml (SERCAT) xomomoyc-
TOWYWBOW JISITYIIKN Rana sylvatica ¢ X0m0om04yB-
CTBUTENbHOU JATYIIKON Rana clamitans [18]. Metomom
SDS-anekTpoopesa B moIHaKkprIaMUIHOM Tejie ObLIO
YCTAaHOBIJIEHO, UTO MoJieKysipHas Macca SERCA1
R. sylvatica coctaBuna 115 x[la, a 'y R. clamitans —
105 x/1a. CpaBHEHHE IEPBUYHOM TOCITIEN0BATEIHLHOCTH
nokasano, uto B SERCA1 R. sylvatica oOHapyx’eHO
CeMb YHUKaJIbHBIX AMUHOKHCIIOTHBIX 3aMEH, TPH U3
KOTOPBIX HaxomsITcss B ATD-cBsa3bIBatomeil 001acTy.
IIpu cpaBHEHMH TeMNEPATYPHOU 3aBUCUMOCTH KaK
ruaponusa AT®, tak u Tpancropra Ca’ ycTaHOBIICHO,
gyto SERCA1 R. sylvatica obnamaet 3HAYUTEIHHO
MeHbIIIei SHepruel akTuBanuy Hike 20°C 1 mpuomm3u-
TENBHO B 2 pa3a 6ombineit aktiBHOCTHIO Ca? -ATda3bn
okosto 0°C. Takum 0Opa3oM, pa3audrs B KHHETHYECKUX
cBoiictBax SERCA1 3Tux ABYX BUOB CyILIECTBEHHBI,
BKJIIOYas TEMIEPATYPHYIO 3aBUCUMOCTh THIPOJIHN3a
AT® u tpancnopra Ca*', kunetuky AT® u koomnepa-
TUBHOCTH KuHeTHKH Ca’',

A. Rizzello u coasr. [41] onpenenvim JOMEH U3 CeMU
aMUHOKUCIIOTHBIX ocTaTkoB (VDMSRKS) COOH-koH-
11a 6eTKOBOTO IIEPEHOCUHKA OeTTOKPOBHOM peIOBI Chio-
nodraco hamatus, oOUTaIOUIEH B XOJOMHBIX BOJaX
AmnTapktuku npu —1,9°C, KOTOpBIH y4acTByeT B XOJIO-
JTIOBOH ajantanuu MeMOpaHHbBIX OeTKoB. IMEHHO TOT
noMeH 6enmkoBoro nepeHocuuka C. hamatus 1mM0O3BO-
Js€T UHTETPAIbHOMY TpaHCMeMOpaHHOMY OenKy
(byHKIIMOHMPOBATH IPH OTPHUIIATENBHBIX TEMIIEPATypax.

Ha ocHoBaHMM NpHBeIEHHBIX JAHHBIX MOYKHO MPUHATH
K 3aKJIFOYCHUIO, YTO MOAN(DUKAINN OETKOB 3yKapHoT,
KaK ¥ MPOKapHoT, CBOIATCS K 3aMEHE HEMOISAPHBIX
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terminal of protein carrier of icefish Chionodraco
hamatus, inhabiting in Antarctic cold waters at
—1.9°C, involved in cold adaptation of membrane
proteins. Namely this domain of protein carrier C.
hamatus allows functioning of integral transmem-
brane protein at low temperatures.

Based on the above data it can be concluded that
modification of both eukaryotic and prokaryotic
proteins results in the substitution of non-polar amino
acids to polar ones, reduced number of hydrogen
bonds and salt bridges. In particular, cold-adapted
eukaryotic enzymes have more structural flexibility
if compared with warm-adapted ones. Temperature
adaptation of enzymes may be stipulated by amino
acid substitutions, localized in certain areas of an
enzyme that promotes its conformational stability.

It is known that under low temperature conditions
the cold-resistant organisms are able to synthesize
the families of specific proteins (antifreeze proteins
[6, 8, 20, 38, 47], nucleator proteins [16, 30, 37, 51],
cold shock proteins [12, 40]), contributing to their
survival under unfavourable factors.

L.I. Relina investigated the molecular mechanisms
of protein cold acclimation of mealworm Tenebrio
molitor [26] and described several qualitative and
quantitative changes in spectrum of its proteins after
2-week adaptation. A band with molecular weight
of 65 kDa and changes in fractions with 30, 16-18
and 5-10 kDa were revealed using SDS-electropho-
resis in PAAG. The Arrhenius temperature depen-
dencies of de novo synthesis of protein and RNA
in acclimated and non-acclimated larvae were estab-
lished.

E.G. Pogozhykh demonstrated that during winter
the red muscle and myocardium of Carassius aura-
tus acquired the proteins with molecular weight of
205 kDa, and liver did with 172 kDa [25]. It has been
found that after two-week acclimation at 20...22°C
in winter the protein spectra of red muscles, myo-
cardium and liver of fish of this species did not differ
from these in the summer, whereas in spring at
4...5°C, the protein with molecular weight of
205 kDa, characteristic for winter conditions, remai-
ned only in red muscles.

Whereas hydrophobic interactions in protein core
play an important role in folding and stabilization of
the biomacromolecule [7], the more hydrophobic core
of protein can make it more resistant (stable) to high
temperatures. Salt bridges are an important factor
in thermal stabilization of protein as well [31, 34, 50].
Amino acid Cys is capable of forming disulfide bonds
with such residues.

The length of amino acid chain could also affect
the thermal stability of protein. Long-chain amino acid
provides a protein thermostability, since it could form
more Van-der-Waals interactions with other amino
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AMHHOKHCIJIOT Ha MOJISIPHBIC, YMEHBIICHUIO KO-
YeCTBa BOJOPOJHBIX CBSI3€H M COJIEBBIX MOCTHUKOB.
B wacTHOCTH XOn0M0aNanTUPOBAHHBIE PEPMEHTHI
AyKapuoT 00aatoT OOMbIIeH CTPYKTYPHON TMOKOC-
TBIO T10 CPABHEHHMIO C UX TEIUIOAKTUBHBIMH aHAJIOTaMH.
TemneparypHas ajganTtamus dH3UMOB MOXET ObITh
00yCIIOBJICHA aMHHOKHCIIOTHBIMHU 3aMEHAMH, JIOKAITU-
30BaHHBIMU B OTIPEIETICHHBIX 00JacTsAX (hepMeHTa, uTo
CIIOCOOCTBYET ero KOH()OPMAITMOHHON CTA0MIIEHOCTH.

N3BeCTHO, YTO MPH HU3KOTEMITEPATYPHBIX YCIOBHUSIIX
Cpe/Ibl XONIOI0yCTOMYHBEIC OPraHU3MEI CITIOCOOHBI CHH-
TE3UPOBaTh CeMelcTBa crelu@uueckux OesKoB
(arTHdpU3HBIE Oenku 3,9, 11,23, 47], Oenku-HyKiea-
Topei [ 19, 31, 38, 51], 6enmku xomomoBoro 1moka [ 15, 40]),
KOTOpBIE CIIOCOOCTBYIOT UX BBDKMBAEMOCTH NPHU
JIeHCTBAN HEOIAronmpUATHEIX (PaKTOPOB.

Tax, JI.W. PenuHo# ObLTH MCCIIETOBAHBI MOJIEKY-
JIIPHBIC MEXaHU3MbI XOJIOOBOM aKKJIUMAaIUU OCJIKOB
OoJpIIOT0 My9HOTO Xpymaka Tenebrio molitor [2],
OMHCaHbl KAYECTBEHHBIC U KOJIMYCCTBCHHBIC H3MCHE-
HUS CIIEKTpa ero OeKOB 1ocie 2-HelAeIbHON afanTa-
mu. C momortpio SDS-anekrpodopesa B [TAAIL Obutr
BBISIBIICHHI 110JI0ca ¢ M. M. 65 k/la u u3MeHeHus BO
¢pakumsx 30, 16-18 u 5-10 x/la. YcraHoBeHsbI TeM-
riepaTypHbIe 3aBUCUMOCTH AppeHryca CHHTe3a de novo
oenka u PHK y akkIIMMupOBaHHBIX U HEAKKIUMU-
POBaHHBIX JINYHUHOK.

E.I". Iloroxwux [1] ObUIO TIOKAa3aHO, YTO B 3UMHUI
MIEPHOJT B KPACHBIX MBIIIIIAX U MUOKapae y Carassius
auratus TOSBISAIOTCS Oenku ¢ M. M. 205 k/la, a B
neueHn — 172 x/la. YcranoieHo, 9T0 3UMO# TIpH
20...22°C mocne 2-He1eNbHOM aKKIMMaIlii OEITKOBBIE
CIEKTPBI KPACHBIX MBIIIII, MHOKAP/a ¥ IICUCHU PBIO
ATOTO BUJA HE OTIIUYAIOTCS OT TAKOBBEIX JIETOM, a
BecHoH nipu 4...5°C 6enok ¢ M. M. 205 k/a, koTopBbIii
XapaKTepeH JUIs 3SUMMHHX YCIIOBUH, COXPAHSETCS TOIBKO
B KPaCHBIX MBIIIIIAX.

[Mockonbky rupodoOHbIC B3aUMOICHCTBUS B spe
0elka UrParT BAXKHYIO POJIb B Ipoliecce (oJANHTa U
crabmm3arun onoMakpomosekyisl [ 10], To 6omee ru-
podobHas ceprieBrHa OeITka MOJKET CAeaTh ero boee
YCTOWYNBHIM (CTaOMIIBHBIM) K BBICOKHM TEMIIEPATY-
paM. Taxoke BaKHBIN (HaKTOpP B TEPMOCTAOMITN3AIINN
MIpOTEeHNHA — CoJIeBbIe MocTUKH [32, 35, 50]. Umenno
amuHoKucaoTa Cys crmocobHa GopMUpOBaTh TUCYITh-
(buaHbIE CBS3U C TTOJJOOHBIMU OCTATKAMHU.

Ha tepmocTaOuinbHOCT Oelika MOXKET OKa3bIBaTh
BIIUSIHHE U JJTUHA aMUHOKHCIIOTHOM 1ienw. JlTuHHOIIe-
[OYeYHas! aMIUHOKHCIIOTa 00ECIIEYMBACT TEPMOYCTOM-
YUBOCTh O€liKa, TaK KaK OHa MOXET 00pa30oBLIBATh
0oJIbIIIC BaH-/IeP-BaaIbCOBBIX B3aMMOJICHCTBHH C APY-
TUMH OOKOBBIMH IIETISIMH aMHUHOKHCIOT. G. Saelens-
minde 1 coaBT. [44] BBIABIIIN OOIBIIOE KOTHIECTBO
KOHTaKTOB C JNTMHHOIETIOYEYHBIMA AMHHOKHCIIOTAMHU
KaK Ha TMMOBEPXHOCTH, TaK U B saApe Oenka. Ycra-
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acid side chains. G. Saelensminde ef al. revealed in
thermophiles a large number of contacts with long-
chain amino acids both on surface and in core of the
protein [44].

It has been found that the hydrophobic amino acid
residue Pro, is usually contained in proteins adapted
to the high temperatures. Presumably, this amino
acid is more rigid than the other amino acid residues,
which reduces the entropy of the main chain,
therefore anfolding is less probable than at high
temperatures. A number of Pro residues increases
from psychrophiles to mesophiles, in thermophiles the
contacts between Pro and hydrophobic residues rise
both in core and on protein surface as well.

A cation-Te-bonds and contacts between the posi-
tively charged residues of Arg and Lys with aromatic
residues Trp or Tyr play an important role in thermal
stabilization of protein molecules [9, 24].

Based on the above data it can be concluded that
the main feature of proteins in cold-adapted pro- and
eukaryotes is the cold-resistance, i. e. preservation
of their native conformation and function under low
temperatures. The mechanisms of molecular adap-
tations of proteins within the low temperature range
are associated with the weakening of several intra-
molecular interactions, reduction of the number of
hydrogen bonds and salt bridges, which, as a rule,
contribute to increase of overall flexibility of protein
molecule or its certain parts.
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HOBJICHO, YTO TUIPO(OOHBI aMUHOKUCTIOTHBIH OCTAaTOK
Pro, kak mpaBuio, conepkutTcs B OelKax, aganTHpo-
BaHHBIX K BBICOKUM TemneparypaM. [Ipeamonoxu-
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YMEHBIIIAaeT SHTPOIUIO OCHOBHOM 1€y, 1I03TOMY aH(OI-
IUHT MEHEe BEpOSATEH NMPH BBHICOKUX TeMIlepaTypax.
KommuecTBO 0cTaTKOB Pro yBENNYUBAETCS OT TICHXPO-
K Me3o¢wuiaM, B ciydae TepMO(PHIOB KOHTAKTHI
Mexnay Pro u tuapooOHBIMU OCTaTKaMU YBEITUYH-
BAaIOTCSI KaK B SIpE, TaK M HA TIOBEPXHOCTHU OeJKa.
Baxxnyro posb B TepMocTaOunmu3anuu OEIKOBBIX
MOJIEKYJI UTPAIOT KATHOH-TECBA3b U KOHTAKTHI MEXKAY
MIOJIOKUTENBHO 3apsKEHHBIMM OocTaTkaMu Arg u Lys
C apoMaTH4eCKUMHU ocTatkamu Trp wiu Tyr [12, 27].

Ha ocHOBaHMH W3JT0’KEHHBIX BBIIIE JTAHHBIX MOYHO
3aKIFOYUTD, YTO TIIABHBIM CBOHCTBOM OEITKOB XOJIOZIO-
aIaNITUPOBAHHBIX MIPO- ¥ DYKAPHUOT SIBISETCS XOJOJI0-
CTaOHJIBHOCTD, T. €. COXpaHECHHE UX HATHBHON KOHDOP-
Maryy U QYHKIHUK B YCIOBHSAX HU3KHX TEMIIEPATYD.
MexaHU3MBl MOJCKYIAPHBIX ajanTanuii 0eJIKoB
B HU3KOTEMIIEpaTypPHOM JIMara3oHe CBA3aHbI ¢ ocal-
JICHMEM HEKOTOPBIX BHYTPHUMOJICKYJISIPHBIX B3aHMO-
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