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Becmnux BOI'uC, 2009, Tom 13, Ne

T'EOPTUI IMUTPUEBAY KAPIIEYEHKO
K 110-JIETUIO CO JIHS POXKIEHUS (03.05.1899-28.07.1941)

M.A. BumnsikoBa ', H.II. Tonuapos ?

'THY T'HII P® Bcepoccuiickuit HUU pactenueBoncra um. H.W. Basunosa, C-ITetepOypr, Poccus,
e-mail: m.vishnyakova@vir.nw.ru; ? Yupexnaeuue Poccuiickoii akageMun Hayk MHCTUTYT IUTOJIOTHH
u renetnku Cubupckoro otnenenus PAH, HoBocubupcek, Poccns, e-mail: gonch@bionet.nsc.ru

Muposas n3BecTHOCTS punia k I.J]. Kaprneuenko B 28 net. 3a HermomHbIx 20 €T HayYHOH AEATEIEHOCTH
OH CO3J1aJl HOBYIO OTPAaciib OMOJIOTUH, CTaB, IO CyTH, IIEPBBIM IeHHBIM (XPOMOCOMHBIM) HH)XEHEPOM Pac-
TeHui. Bo Bce s3bIkM MEpa BOLLIO ¢lI0BO Raphanobrassica, a Bce y4eOHUKH 110 TCHETUKE U IUTOICHETHKE
OITMCBIBAOT €r0 KIIACCHYECKHUE IKCIIEPHUMEHTHI 10 TPEOI0ICHHIO OSCIUIONNS Y PYKOTBOPHBIX OTAAICHHBIX
rubpuaoB. HecMoTps Ha BceMupHyto n3BectHOCTh [eoprus JMuTpreBrya, 0 HEM HAIIMCAHO HE CIMIIKOM
MHOT0. J]0 cux 1op He 00padoTaHbI U He OITyOJIMKOBAHBI JOKYMEHTBI, XPAHSIIMECS Y €r0 POIHBIX U B pse
apxuBOB. JlaHHAs CTaThsi — CKPOMHAsI JaHb aMSATH yYEHOTO B KaHyH ero 110-ieTHero rooues.

KaroueBbie cioBa: [J[. KapreueHko, HCTOpUS TCHETUKHU, OTAAJICHHAS THOPUIN3AIUs, aM(pUILIOUINS,

Raphanobrassica.

T'eopruit JImurpuesiu KaprieueHKo ObLT OTHAM
W3 caMbIX OaM3KuX crioaBrxaukoB H.M. Basuio-
Ba, ero JodumiieM (JTF0OMMYKMKOB y BaBuiioBa He
0b110). PaboTatk 1o reHeTHKe pacTeHUH B T TOJIBI
B CoBerckoit Poccun u He nepeceuncs ¢ H.U. Ba-
BUJIOBBIM OBIJIO HEBO3MOXKHO, TIOCKOJIBKY ero MH-
CTHUTYT MPUKJIIAJJHON OOTAHUKH U HOBBIX KYJIBTYP (C
1930 1. Bcecoro3Hblii HHCTUTYT pacTeHHEBO/ICTBA)
OBUI CPEeoTOUYNEM BCEro HOBOTO B PACTCHUEBO-
yeckoil Hayke. Bot u I Jl. Kapneuenko, nony4us
oOpazoBanue B Mockse, okazaics B JIeHHMHIpaze
BO IJIaBE€ 'EHETUYECKUX HCCIIENOBAaHUN CHauyana
BaBWJIOBCKOro MHcTUTyTA, a 3areM u JIeHuHrpan-
CKOTO YHHUBEPCHUTETA.

I'J1. Kapnieuenko poausics 21 anpens (3 mas o
HOBoMY cTtuiiio) 1899 r. B . Benbcke Bonoronckoit
ryoepHun (HbIHE ApXaHTellbcKas OOJl.) B CEeMbe
ye3nHoro 3emiuemepa. OKOHUYUI BOJOTOICKYIO
ruMHa3uI0. B 1917 . mocTynm Ha €CTECTBEHHOE
otzeneHne (PU3NKO-MaTeMaTuuecKkoro (akynsrera
Ilepmckoro yHuBepcHuTeTa, OpraHU30BaHHOTO B
1916 . Ha Ga3e YaCTUYHO SBAKyHPOBAHHOTO U3 PH-
¢ponToBOI1 mosnock! Ilerporpaackoro yHusepcuTe-
Ta. Yepes roj nepesesics Ha CeNbCKOX03IUCTBEHHOE
otaeneHue IleTpoBCckoil CenbCKOXO3SHCTBEHHOU
akagemun (ObBITHI MockoBckmii CXU, ¢ 1923 . —
Cenbcroxo3siiicTBeHHas akaaemus um. K.A. Tumu-

ps3eBa). «l oo 1 OTCyTCTBUE CPEICTB 3aCTABUIIN
[B] 1919 u 1920 rT. yunuThcs B AKaJIEMUH TOIHKO
yPBIBKaMU; OOJIBIIYIO YaCTh BPEMEHH 51 paboTa To
B Besbcke — TEXHUKOM CEbCKOro X035iCTBa, Mpemno-
JlaBaTelieM eCTECTBO3HAHMUS B CEIILCKOM IIKOJIE, TO
B Bororye — caHMHCTPYKTOPOM 110 KOMMYHAaJIBHBIM
XO3HCTBaM, JEKTOpoM OoTaHuku [Iponerapckoro
VYHuBepcuTeTa, npepeiBasi paboTy paza TpH B TOJ
JUIs TIO€3710K B AKaJIEeMHUIO — JJIS CJJauM IK3aMEHOB
1 npoBesieHus npakTuyeckux 3anatuil. C 1920 r,
OCJIE IEKPETa O BO3BPALCHUHU CTYIeHTOB B BY 351,
MOCeTIICcs B AKaZieMUH O€3BBIE3THO M HOPMATBHO
OKOHYMII ee B 1922 r», — HaIMIIET OH MO3JHEE B
cBoe# aroonorpadum .

Yuurensamu I.J]. Kaprneuenko B «IleTpoBkey,
ONpEeJENUBIINMHI €r0 Hay4YHbIE IMPUCTPACTHUS,
cranu npodeccop Ceprerr MBanoBuu XKeraios
(1881-1927), aBTOp TEpBOTO OTEUYECTBEHHOTO
ydeOHUKa 17151 By30B « BBeZieHne B CeNeKIuio ceinb-
CKOXO3SIICTBEHHBIX pacTeHuid» (XKeranos, 1924), B
1913-1922 rr. paboTaBIIHii TAKXE TOMOITHHKOM
3aBeAYIOLIEro, a ¢ 1922 r. 3aBeayromum Cenexuu-
oHHOI1 crannueil B [lerpoBcko-Pa3zymosckom (I1o-
mymopasuHOBa, 2007), u Anekcanapa ['aBprnoBHa
Hukonaesa (1884—1925), 3anumaBimascs Ha 3TOi

! Apro6uorpadus T'.J[. Kapneuenxo / Apx. BHUUP um.
H.U. Basunosa. On.2-1. J1.77. J1. 44.



Becmnux BO['uC, 2009, Tom 13, Ne [

I J1. Kapnieuenxo.

JKE€ CTaHLMH LUTONOTUEH KYJIBTYPHBIX PACTEHHUI.
Omna o11Ha 13 IEPBbIX B MUPE YCTAaHOBUJIA HATTUIHE
y BUJOB IIIECHUI PA3IMYUH 110 YUCIy XPOMOCOM
(Hukomnaesa, 1922/1923) u uccnenopana MUTOIO-
THIO0 PIKaHO-MIIEHNYHBIX THOpunoB (Hukonaesa,
1924). A.T. HukonaeBa B CBOIO ouepenb Obuia
yuenuneit C.I. HaBammna (PyOosa, 1983), mxona
KOTOPOTO MHTEHCHBHO pa3padarbiBajia BOIMPOCH
CBSI3U MOP(OJIOTMH XPOMOCOM C 3BOJIOLIMOHHBI-
mu nponeccamu. C.I. HaBamuu BBen monatue
«uauorpammel»y (Hasamun, 1921), ero yueHuk
JI.H. denone (1922) — «kapuotunay. [1ozxe oba
TEPMHUHA CTAJIM IPUMEHATHCS B (POPMYIHPOBKAX,
YTOUHEHHBIX enle onHuM yuenukoM C.I. Hapammna
I'A. JleButckumMm (1924, 1931).

IlepBoit Hayunoit padoroit I'JI. Kapmeuenko
OBUIO KapHOJIOTHYECKOE MCCIICOBAaHHUE PsiJia BH-
JIOB KPECTOLIBETHBIX, (PACOIH U KIIeBepa KaK « ISt
BBISICHEHUS] TeHEe3Mca MX, TaK U JJIsl MO3HAHUS
CBSI3U MEXIy U3MEHEHUSIMU (DEHOTHIIA M Kapuo-
tHma» 2. Y 6000BbIX UM OBLIO OMMCAHO JBA THIA
3BOJIFOLIMOHHOTIO ITpoliecca: NEPBBI, CBSI3aHHBII
¢ IpeoOpa3zoBaHMEM XPOMOCOMHOTO KOMILJIEKCa B
1esIoM, ObIT BBISIBIICH B poze Trifolium L.,y BUIoB
KOTOPOTO OBIJIO YCTaHOBJICHO HAJIMYHUE TOJIUILIO-
UJHBIX PSIOB € YucaaMu XxpoMocoM ot 14 no 130;
BTOPO# THTI OBUT 00YCIOBIICH MYTAIUSIMH TCHOB U

% Tucemo T J. Kapneuenko H.M.BaBunosy ot 2 sHBaps
1925 . (3mech u nanee nucbma nutupyrorcs mo URL: http:/
www.vir.nw.ru/history/v-k-letters.htm (mara oGpamieHus:
04.12.2008)).

CTPYKTYPHBIMH U3MEHEHHUSIMH OT/ICIBHBIX XPOMO-
coM (Y BcexX M3yYeHHBIX BHIOB (hacomu 2n = 22)
(Kapmeuenko, 1924/1925). I1ozxe paboTsl OymyT
MIPOIOIKEHBI ero coTpyaaukaMu: A.H. JIyTkoB mo
pe3ylibraTaM MEXBUIOBOW THOPUIN3AIIH Y JIBYX
BHJIOB rOpoOXa MpHIIEN K BBIBOAY, YTO «IU(de-
PEHLMAINS BUJOB B IIPOLIECCE IBOIOLHH 111 Oe3
M3MEHEHHUI B XpOMOCOMHOM YHCJIE, ITyTEM CTPYK-
TYpHBIX U3MEHEHHI B CAMUX XPOMOCOMaX...»
(JIytkoB, 1930. C. 361).

Iutonornyeckuii MeTo1, KOTOPBIM OH OBJIAJIEN
II0JI PyKOBOJICTBOM IIEPBOM PYCCKOM KEHILMHbI-
LMUTOJIOTa pACTEHUH, MO3JHEe HA3BAaHHOW UM
«CBOUM €UHCTBCHHBIM, HCTUHHBIM JIPYTOMY °,
OKazaJicsi He0OXOMMOM MEeTOAMYEeCKOi 0a30i s
€ro JaJbHEHUIINX UCCIEIOBAHUM IO OTAAJIEHHOMN
THOPUIN3AIAN PACTCHUH, IIPHHECIITUX €My MUPO-
ByI0 cnaBy. Ha ombITHBIX momsix CeneKiroHHOM
cranimu B [IeTpoBcko-Pa3yMoBCKOM OH IOITyUHI OT
npodeccopa C.U. XKeranosa aj1st CKpelIMBaHMs Ba
BHJIa PACTEHUI U3 Pa3HBIX POJIOB: PeIbKY Raphanus
sativus L. u xkarrycty Brassica oleracea L. n ycta-
HOBHJI, YTO 3TU BUBI UMEIOT OAMHAKOBOE YHUCIIO
xpomocoM (2n = 18), upe3BbIYalfHO CXOJHBIX IO
¢dhopme (Kapnieuenko, 1924). Panee A.I. Hukonaera
(1920), uccnenys pon Avena L., mokasana, 9To OBCBI
pacmamaroTcsl Ha JABE TPYIIBI, OJHA M3 KOTOPBIX
XapaKTePHU3yeTcs] MAIBIMU YUCIAMH XPOMOCOM
(2n = 14-16), npyras — 6onpmumu (2n = 44-48).
[Ipu 3TOM paznuyre B YUciIe XPOMOCOM SIBIISETCS
MIPETSATCTBUEM K ITOJTYYEHHUIO IJI0I0BUTOTO MOTOM-
CTBa y MEXTPYTITOBBIX THOPHIIOB.

Pabora ra CenexIioHHON CTaHIIMK coYeTaa
B cebe BO3MO)KHOCTH I TIPOBEICHUS U TIOJIEBBIX
OTIBITOB, U (PYHJAMEHTAIbHBIX HCCIICIOBAHUN.
3nech 1o pyKOBOACTBOM €€ OCHOBATelNs U Iep-
Boro 3asenyrouiero J.JI. Pyasunckoro nposo-
JWIACh OMOXUMUYECKHE, [IUTOJIIOTHYECKHEe, Pu-
3HONIOTHYECKUE, (PUTOMATOIOTHIECKUE U JIPYTHE
skcriepuMerTs! (Enmuna, 2007). [losTomy, memas
CKpEIMBAHM U T0JTy4dasi CBOH MEPBbIE THOPHIBL,
I . Kapnieuenko (19276) 3neck ke, Ha CTaHIUH,
MOJBEPral MX THIATEILHOMY LUTOJIOTHYECKOMY
anamuzy. Kpome A.I. HuxonaeBoii, «BceMepHoe
COZIeHiCTBHE» TPOBEICHHUIO €r0 padOT OKa3bIBasa
u 1uronor U.H. CeemunkoBa, OymyImuii aBTop
YHHUKaJIbHOW MOHOTpadUH MO IIUTOTCHETHKE POjIa
Vicia L. (CemnukoBa, 1979).

3 Tucsmo T.J. Kapneuenxo H.M.Basunosy ot 7 Hosa6ps
1925
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[Tociie okoHuaHusA [1eTpoBCKOH CEIIbCKOXO035H-
cTBeHHOM akagemun B 1922 1. I J]. Kaprieuenko Obut
OCTaBIIEH «JUIA TIOJITOTOBKH K HAYYHOW AESTEIh-
HOCTI TIpH KadeIpe TCHETUKH U CEJIEKITUH (3aBEIy-
romuit kapeapoit C.U. XKeranmon). «OcTaBieHHBEIM
COCTOsII B TEUEHHE TPEX JIET, HeCA B TO e BpPEMs B
AkaniemMun 00sI3aHHOCTH TIperojiaBaresist 00TaHu-
KU, & OJTHO MOJTYTOJINE — U YACTHOTO 3eMIICICITHSI» *,
[IperonaBan oH Takke aHATOMHUIO M CUCTEMATHKY
pactennii °. C.W. XKeranos nucan [.JI. Pya3un-
CKOMY, UYTO «...J1a00paToOpHIO YIaI0Ch 3HAYUTEIb-
HO TIOTIOJTHUTS: ... TIOJTYYHJIM JIBA XOPOIIUX MHK-
pockomna..., UMeeM CBOI XOPOIIMHA MUKPOTOM. ...
VYnanoce HaWTH JABYX TalaHTIMBBIX YYEHUKOB
nasa Hee [A.I. Hukomaesoir — H.I]: I.JI. Kap-
MEYEHKO, OKAaHYMBAIOIIETO CPOK OCTABIICHUS MPH
kagenpe, u M.H. CBenIHNKOBY, KOTOPYIO HUKaK HE
MOTY YCTPOUTh B AKaJIeMHIO Ha IJIaTHOE MECTO)
(uuT. mo: beuyc, Mapxkos, 1966. C. 92).

BepositHo, yto H.M. BaBunos u I'I. Kapne-
YEHKO MO3HAKOMWJINCh HUMEHHO B «IleTpoBkey,
rme-to B 1920-1921 rr. K TomMy Bpemenu, korma
I' 1. Kaprieuenko crai cTyzneHTOM, BaBuiioB yxe
yexan u3 MoCKBBI paboTaTh U MpenojaBaTh B
Caparos. Onnaxo B IlerpoBcko-PazymoBckom oH
OCTaBHII MHOTO CBOUX OTIBITOB M IIPOCHIT KOTO-HU-
Oynp mpucMaTpuBarh 3a HUMA. B gactHOoCcTH Co-
¢bs [TaBmoBHa 3p10MHA BEJTa HMMYHOJIOTHUECKIE
HaOIOCHIS HAJl pa3HBIMU KYJIBTYPaMH U BBITIOJ-
Hsijla (DUTOMATOIOTUYECKHUE YUCSThI MIABHEUIITUX
OoJie3HEH Ha MIICHHUIIS, OBCe U suMeHe (3pI0MHa,
2007). HaBensiBasice B MockBy u3 Caparosa, a
notoM u u3 Ilerporpana, roe B 1920 1. oH cTan
3aBeqyromuM OToeaoM TMPUKIATHOW OOTaHUKH
n cenekuuu CenbCKOXO3IMCTBEHHOTO yUYEHOTO
komutera (OI1buC CXVYK), H.I. BaBunos Bcerga
npuesxan Ha CeneKIHOHHYI CTaHIUIO, YTOOBI
MIPOBEPUTH CBOM OIIBITHI, U HAXOAWUI BPEMS IS
MOCENIeHUs JIPYTUX CTaHINH, J1abopaTopuii u
kadenp Axamemuu. OH HE MOT, KOHEYHO XK€, HE
00paTUTh BHUMAHHE Ha OMBITHI MBITIUBOTO CTY-
JIEHTa, 3aTesABIIEro CKpeIlMBaHUs PacTeHUN W3
pasnbix ponoB. [1o Bociomunanusim C.I1. 3610uHOM
(2007), B 00eieHHBIE Yachl CITy4aaoCh YaeBHUYATh
B nmaboparopun ¢uznonoruu y H.E. [Ipokorenko
B kommmannu H.M. Basunosa, A.I. HukomaeBoii,

4 Aprobuorpadus I'JI. Kapneuenxo / Apx. BHUUP um.
H.U. BaBunosa. Omn.2-1. J1.77. JI. 38.

5 JInunbiii uctok no yuery kaapos I J[. Kapneuenko // Apx.
BHUUWP nm. H.W. BaBumosa. On.2-1. 11.77. JI. 22.

I 1. Kapriedenko u MHOIA OPUCOCAUHSIBIIETOCS
k uuM C.U. XKeranoga.

B 1923 r. mexxny H.W. Basunoseim u I [1. Kap-
MEYEeHKO 3aBA3ayiach mepenucka. B aToMm rogy B
«Tpynax mo npukIagHoi G0TAaHUKE U CEIEKIIUN,
u3JaHue KoTopsix Obuto Bo3oOHOBIeHO OITbnC
CXVYK nop penaxuueit H.M. BaBunosa, nosiBu-
Jach nepBas crarbs cryneHTa I. Kapreuenko
(1922/1923), m Hukomait MiBaHOBHY HE TOIBKO
BBICITIAJI €My HECKOJBKO TOMOB « TpymoB...», HO U
COOOIIINIT O TOTOBHOCTH ITPUHSTH K OITyOJIMKOBAHUIO
U €T0 CJISIYIONIYI0 padoTy: «...CTaThIO O THOpUIaX
OXOTHO HaIleuyaTaeM B pa3Mepax [e4aTHOTO JUCTa
(16 cTpanmI) 1 JaXKe HECKOIILKO OOJIBIIIE, HO COKpa-
THUTE, EITUKO BOZMOXKHO, YUCIIO PUCYHKOBY °.

B crnenyromem, 1924, rony y I'eoprus Amut-
pHUEBUYA BBIXOJISAT YETHIPE CTAThU U OJIHA U3 HUX B
«Journal of Genetics» (Karpechenko, 1924). Oto
ObL1, OE3yCIIOBHO, ycIieX MOJIoAoro yyenoro. OH
orchutaer ortucku H.M. BaBunoBy u npu stom
MPOCUT O CPOYHOH MOAJEPKKE €ro 3arpaHuIHON
CTaXUPOBKH, JOBOJHHO IMOAPOOHO €e 00O0CHOBBI-
Bas: ... MHE OYCHB OBI XOTEJIOCh TIOBBICUTH CBOU
IIIAHCHI PEKOMEHIAIIMEH HUITH OT3BIBOM OT Bacy .
Hukoinait IBaHOBHMY, 3ana3abiBasi C peKOMEHa-
1Mel, TeM He MEHee, B CICAYIONINH pa3 moaep-
JKWBAeT CTPEMJICHHE yKe CBOEr0o COTPYIHHUKA
«JTFOfIEH TIOCMOTPETH» 8 M MHUIIET eMy MOAPOOHOE
HAIyTCTBHE: «... 3a TPAHUIICH CTOUT MOOBIBATEH U
noBuaark Bunkiepa, Koppenca, Hunbcona-Ome,
a ocobenno I'epbepra Huibcona. Bayp mioxo
JIOCTYTICH, 3aHSAT OOIbIIE, KAK U MBI T'PEIIHEIE,
aIMUHUCTPUPOBAHHEM, KPOME TOTO, YYaCTBYET
B KOMMEpUYECKHX Mpennpuarusx. Kaury ero s
MPOYHTAII, MEHS OHA YIOBJICTBOPHIIA OUEHBb MAJIO,
Tak ke kKak u aApyrux. OxaspiBaercs, Morancen
MUIIET HOBOE u3fanue “IneMeHTsl”. Hempemenno
noBuaaiiTe BuHre; BooOIe CKaHIMHABEI HAPOJ
TOOOTBITHBIN: pabOTalOT CIIOKOWHO, TOJIKOBO M
nenpHo. B AHmmu 3arummbe. JIFOOOIIBITHEI TOJI-
Janausl, a B uenaom Jlorcu u Jle-dpus, HO UX MbI
3HaeM | 1o KHkkaMm. Kak s yke roBopuin Bawm,
3a TpaHUllell JIFOOONBITHO MOOBIBATh, MTOIYYHTh
SI3BIKH, COOpaTh Marepual, MOBUAATh OOJBIINX
JrOIeH, BIOXHOBUTHCS, HO YIUTHCS 0COOCHHO He-

¢ TTucemo H.W. Basmmosa I'JI. Kaprneuenko ot 16 HosOpst
1923 r

" TIucemo I'JI. Kapreuenko H.W. BaBuioBy ot 2 siHBaps
1925 .

§ Tam sxe.
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yeMy. [opa3no BaxkHee mouYnTaTh NOOOJIBIIE KHUT
W OBJIAJETh S3BIKAMHU, TaK, 4TOOBI HE Ja3UTh B
cinoBaps. [ 0BOpIo OTKpOBEHHO, Kak qymaro. Ho pu
BCEM HallleM yOO)KECTBE Mbl €11l KaK-TO JePIKUMCS
Ha OTHOM YPOBHE....»°.

Cpox npunucku ['eoprust JImutprueBnya K Ka-
¢enpe renerrku u cenexin CXA nmenn KA. Tu-
mupsizeBa ' 3akanumBaics B arpene 1925 r. Y3nas
00 sToM, Hukomaii iBaHOBWY MpHTIIamiaeT ero He-
3aMeUIMTEINIbHO IIpuexarhb padoTars B JIeHUHIpas,
B ero Bcecoro3HbIi HHCTUTYT NPHUKIIAAHON O0OTaHu-
k1 1 HOBBIX KynsTyp (UITbuHK), oprannsoBanHbIit
B 1924 r. Ha 6a3e wactu OllbuC CXVYK. U, yxe
CUNTAs €r0 COTPYAHUKOM MHCTHUTYTA, XJIOMOYET O
ero 3apyoexHo# noesnke: «IIpu cem mockuaro Bam
Oymary misa [maBHayKku, corlacOBaHHYIO ¢ BUKT.
Egrp. [ITucapessim — M.B.]. Cpok KoMaHINPOBKH
IIPOIKUCAa, KaK BUJUTE, IOJIyTo0BOM. Jlymato, 4To
1 TIO CYIIECTBY OBbLIO OBl IIesIecO00pa3Ho MPOOLITH
HE MEHee MOIyro/ia 3a FPaHULEeH, YTOOBI Oy YUTh
SI3BIKM U XOTSI OBl OTHUM $I3bIKOM CBOOOIHO Bila-
nets. Korma noenere, nocraBuM Bam MUIIMoH
3amanuii, 00 aToM Hanumer Bam u B. Erp. [ly-
Maro, 4TO0 BOBMOXHO Mo iepkarh Bac u B punan-
COBOM OTHOILIEHUH. Y>K€ OJJHO BO3HAIPAKICHHE 10
JIOJDKHOCTH 1acT Bam BO3MOYKHOCTH HAallOJIOBHUHY
o0ecreunTh KOMaHIUPOBKY» 1.

Pemenne BaBmioBa o mpueme Ha paboTy
I'JI. KapriedeHKO OBLJIO JOCTATOYHO CIIOHTAaH-
HbIM. O0 3TOM CBUETENIBCTBYIOT Pa3HOUYTCHUS B
ApXMBHBIX JIOKyMEHTaX, Kacarolluecs Ha3BaHUS
JIOJIKHOCTH, J1aThl BCTYIUIEHUs B JIOJDKHOCTH U
MOJPAa3eIIeHUsI, KOTOPOrO HAa MOMEHT NPUHSITHS
Ha pabory I'JI. Kapnedenko, mo cytwm, emie He
CYIIIECTBOBAJIO. B nM4HOM fene Hayano ero je-
stenpHocTH B UIIBuHK 0603HaueHo mo-paszHo-
My: «3aBeaytomuii [enetnueckoil naboparopueit
UTTb» 2, «3aBenyromuii [ enetnueckim OTaeIeHH-
eM LenTtpanbnoii [ enetnueckoi u CeneKIMOHHON
Omnprtroit Cranmueit B Jlerckom Ceney 1%, «yueHbIit
CHEIMAITUCT, HAYYHbIH PyKOBOAMUTEINb 110 TEHETHKE

° Mucsmo H.M.Basunosa I'.JI. Kapneuenko oT despans
1925 r.

1910 nexabps 1923 r. CHK PCOCP nepenmenosai IleTpos-
CKYIO CEJIbCKOXO3SHCTBEHHYIO aKaneMuto B CelbCeKoX03sii-
cTBeHHY!o akazemuio uM. K. A. Tumupszesa.

' Tlucemo H.M.Bapunosa I'.JI. Kaprneuenko ot 6 anpens
1925 r.

12 Aproouorpadus I'JI. Kapnedenko / Apx. BHUUP um.
H.W. BaBunosa. Omn. 2-1. /1. 77. JI. 38.

13 Komanauposounoe ypocrosepenue / Apx. BHUWP um.
H.A. Basunosa. Omn. 2-1. J1. 77. J1. 4.

OTJIeNia CEJIEKIMHU U TeHEeTHKNM» 'Y, «ydeHblid cre-
LUATUCT, 3aBEAYIOMINHI CeKIHeH (TI03Ke 0TAEITIOM)
obmeit renetrkm» 1. OHAKO 0CO3HABAS OCTPYIO
HEOOXOOMMOCTb UMETh B CBOeM MHCTHTYyTE XOpO-
IIeTO CIEeIHaINCTa, KOTOPbI MOT OBl BO3ITIABUTh
reHeruueckue uccienosanus, H.11. BaBunos npu-
IaaeT MHOro0OeUIaloIero y4eHoro, KOTOpOMY B
TO BpeMsi OBbLJIO TOJIBKO 25 J1eT. DKIepuMeHTalIbHAs
nestenbHOCTh [ J]. Kapneuenko nanexo BeIxoauia
32 paMKM NPAKTUYECKUX 33134, I10CTABICHHBIX
nepen HuM Ha Cenexnmonnoi ctaniuu TCXA, u
OH, BEPOSITHO, 06€3 OONBINX KONEOAHUN MPUHSIT
npumamenue H.W. Basunosa.

Haznauenue I'.JI. KaprneueHko Ha HOBYIO 10JIK-
HOCTb — YU4EHOTO CIIEIHAIICTA, 3aBEAYIOLIEr0 CeK-
nyelt o0IIel TEHETHKH OCYIIEeCTBUIOCH 1 ampens
1925 1, a uyTh panee, 28 MapTa, OH OBLT OTKOMAaH-
mupoBaH Ha CeneklunoHHyIo cTaHuuio B I[lerpos-
cKo-Pa3yMOBCKO€ — «3aKOHYHUTH CBOM T'€HETHUECKHE
pabote» 'S, B aBrycte 1925 r. I'.JI. Kapneuenko
BbIEXaJ 32 pyOe:K, yCIieB HaOparh B IITaT Ja0opaTo-
puu Tpex yenmorek (A.H. JIytkosa, O.H. Copoxuny
n C.A. lllaBuHCKY10) U 00yCTPOUTH UX paboTy B
OJTHOM M3 3JaHUI BEIMKOKHSDKECKON yCcaanObl B
Herckom Cene, B kotopoit H.I1. BaBunos nesa-
JIOJITO JI0 3TOTO oprann3osai LienTpaabHyto reHe-
TUKO-ceNeKInoHnyo ctaniuio UITbuHK, Bckope
PEOPraHU30BaHHYIO B OT/I€JI TEHETUKH U CEIEKLIUH
HNHcTuTyTa 1O PYKOBOJACTBOM 3aMIIUPEKTOpPA
B.E. IIucapeBa (®unumonos, 1972).

3a BpeMms 3arpaHNYHOM KOMaHAUPOBKH C aBIyC-
ta 1925 o urons 1926 rr. I'eopruii Jmutpresna
MTOCETHJI TeHETUYECKHe TabopaTtopuu 9 eBporiei-
ckux crpad: Ouansuauu (XenpcuHkn), LlBemmm
(Croxkromnbm, Jlynn, Craned, Jlannckpona), Hop-
Beruu (Ocino), Jlanun (Konenraren), I'epmanuu
(Fambypr, Kunb, bepnun, MronxeH, ['ertunres,
IZeHa), lomnanauu (I'pornnreH, Amcrepnam, Ba-
reannreH), Aarmuu (Jlonnon, MeproHn, Jlunuar),
Opaanun (I1apmwk), Apctpun (Bena). OH o3HaKo-
MUJICS ¢ paboTaMH KPYIMHEUIITUX TeHETUKOB 3TUX
ctpas: J. bayapa, V. barcona, O. Bunre, [. Bun-
knepa, C. [lapnunrrona, K. Koppenca, . Jlorcn,
K. ¢on Yepmaka u ap. OO1ieHne ¢ 3TUMH yUCHbI-
MU, 3HAKOMCTBO C MX HOBEHIIIMMH HCCIICIOBAHUSI-

14 JInunelit auCTOK MO yueTy kaapos // Apx. BHUUP um.
H.N. BaBunosa. Om. 2-1. JI. 77. JI. 20.

15 Xapakrepucruka na I'.JI. Kapneuenko// Apx. BHUHP um.
H.M. BaBunosa. Om. 2-1. /1. 77. JI. 30.

16 Komanauposounoe ynoctosepenue // Apx. BHUUP um.
H.W. Baunora. Omn. 2-1. /1. 77. J1. 4.
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MU 1 paboTa B UX J1a00paTopusix ObLIH CEPbEe3HBIM
WCTIBITAHUEM M OJTHOBPEMEHHO ITOJIC3HON LIKOJION
st [LJ1. Kapriesenxko: «...Paborato HepBHO, He
MOTY 4acTo 3aCHYTb 1O 4—5 4acoB, BC€ AyMalo,
JyMaro, U Bce 00 3Tux rubpumax...» . Mexmay
TEM, U OH CaM, U ero Hay4YHbIi Oarax ObLIH WH-
TepeCHbl IPUHUMAIOIINM €T0 Y4eHbIM. PaboTast B
naboparopuu O. Bunre, I.J]. Kapnieuenko (19276)
HOMBITAJICS SKCIEPUMEHTAILHO Ha CBOMX PEICIHO-
KaITyCTHBIX THOPHAAX TOKA3aTh €ro TUIIOTE3y THO-
PHUIIHOTO MTPOUCXOMKICHHS TIOJUTUIONTHBIX BHJIOB
(Winge, 1917). [TapauieibHO C HUM KOHCTaHTHBIC
aM(UIIONIBI OT CKpEIMBaHUs IBYX BUIOB Taba-
ka nonyumtn R. Clausen, T. Goodspeed (1925).
OpHako y nociuenHux aMQUAMIIONAb! (TEPMHUH
C.I". HaBammna (1927)) Ob1TH TIOTYYEHBI TOCPE-
CTBOM MEXBHIOBOI THOPUTU3AIINH, B TO BPEMsI KaK
y I.JI. Kapnieuenko — mexxpoioBoid. [1porieccsr, 00-
Hapy>XEHHbIE B DKCIIEPUMEHTE, MOTIIM OCYIECTB-
JSATHCSL B MIPUPOAC, U HAIWYUE MOJUIUIOUIHBIX
cepuil BUJIOB MOKa3bIBACT, YTO B UX 00pa30BaHUU
«UIpaeT pojib YMHOXEHHE XPOMOCOMHOIO KOM-
miekca» (Kapmeuenko, 19356. C. 398). Kpome
TOTO, 3TOT CIIOCOO OTKPBIBAI LIMPOKHUE BO3MOXK-
HOCTH JUIsl IPAKTHYECKOH CeJIeKIMH Ha OCHOBE
MOJTY4EHUSI TUIOJOBUTHIX THOPUIOB, COUCTAIOIINX
MpU3HaKK Heckobkux BuoB (Kapneuenko, 1930,
1938a; Karpechenko, 1929).

B oanom u3 nucem on npusnaercs H.M. BaBu-
JI0BY: «PexoMeHysICh 3/1eCh 3aBEIyIOIIUM T'eHEeTH-
YecKoii TabopaTopueil, 1 XpOHHYECKH MONaaao B
npodeccopa, YTO CTaBUT MEHS B OYEHb HEJIOBKOE
MOJIOKEHHE, U3 KOTOPOTO 51 HE BCErla peLarch
BeIiiTH. [Tomydaercs kakoe-To 6e300pasue. S oueHb
0w1 ipocun Bac, moporoit Huxomnait MBanoBud,
nucarb MHe (KOHEYHO, OYeHb KpaTko). MeHs oueHb
nHTEpeCyT Jena BeecorosHoro MHcTuTyTa U
Bariwm nu4HbIe NepCrneKTUBLD) '8,

[Nonumasi, uro maboparopus reaerrku UTTbnHK
JIOJKHA CTaTh BYKHEHIIMM 3BEHOM B CO31aBa€MOM
BaBuIiioBbIM psijly METOIMYECKUX TOIPA3IeIICHHN
uncturyta, [.J]. Kapneuenko paspadarsiBaeT
METOJOJIOTHIO UCCIIEIOBAaHUMI, 2 UMEHHO: TEope-
TUYECKOE M HKCHEPUMEHTaIbHOE 000CHOBAHHE
HOBBIX METO/IOB CO3JaHMS CEJICKIIMOHHOIO MaTe-
pHaa, ero U3y4eHus 1 UCIOIb30BaHUs B CEJIEKLIUH
pacTeHuil. [T1aBHBIMU TEMaMU UCCIIE0BAHUS B €T0

17 TIucwemo I'J1. Kapneuenxo H.W. BasumnoBy ot 15 nexa6ps
1925 .
18 Tam »xe.

7a00paTopuy CTAHOBSTCS OTHAJICHHAs THOPHIH-
3alus ¥ IUTOTEHETHKA OTJAJIEHHBIX THOPUIOB —
MIPOIOIDKEHHE Y)KE paHee Ha9aThIX UM padoT, IKC-
MIepUMEHTAIBHBIA MyTareHe3, METO/IbI ITOTyYeHHS
U HCTIOJB30BaHUSA B CEJEKINH MOJHUILIONTHBIX
¢dopm pacrennii (Purun, 2007). ITpu aTom uccie-
JOBaHMsI 110 OTAAJICHHOW TMOpUIM3aluu — OIHO
13 HanOoJjiee pe3yIbTaTHBHBIX U HHTEPECHBIX Ha-
MpaBlIeHUI HAy9HOU paboThl oTaena: «OBIageTh
OTIAJICHHOW THOPHUAM3AIUEH C MENBI0 CO3TaHMs
HOBBIX ()OPM, COBMEIIAIOIINX ITPU3HAKH, PACCESH-
HBIE 10 pa3HbIM BHUJAaM U POJIaM, TPEACTaBISAETCS
BecbMa 3aMaHuKBbIMY (Kaprieuenko, 1934, C. 41).
[Ipu dhopmMupoBaHHU KCIIEPUMEHTAIBHON Oa3bl
¥ mTara 1a0b0paTOpHH TMPOSBHIICS HE3aypsTHBIHN
opranuzaTopckuii Tanaut ['eoprus JIMmutpueBuya.
OH co0pan KOJJIEKTUB ONECTSIINX TeHETUKOB:
T.B. Aceesa, E.I1. bapynuna, E.A. JlomOpoBckas,
A.C. Kacnapsa, O.H. Copokuna, B.C. ®enopos,
M.U. Xamxunos, A.Y. Xomenko, C.A. [1]aBuHckas,
J.P. Ulep6una u ap. (Purun, 1989). Jlaboparopus,
MO37{HEE PEOpraHu30BaHHAS B OTIEN T€HETHKH,
CTaJla OJTHUM U3 KIIFOUEBBIX 3KCIIEPUMEHTATBHBIX
nonpaszaenenuii uHCTUTYyTa. B 1934 1. B 1iTare ot-
JieT1a COCTOSUIO 43 uesioBeKa, He CUUTasi aCIUPaHTOB
1 TIPAaKTUKAaHTOB. A aciupaHToB yxe B 1931 . Obu10
16 yenoBsek. BriocieqcTBUY MHOTHE U3 HUX BOIILIA
B IITAaT JaOOpaTOpHH.

3amectutenem I /1. Kapneuenko mo taboparo-
puu 0611 A.H. JIyTkoB. OH pabota B iabopaTopuu
CO JIHSI €€ OCHOBAaHUsI — CHavasa JJabopaHTOM, 3aTeM
MJIQIIIAM ¥ BIIOCJIEICTBHH CTapIIUM HAayYHBIM
corpynuukoM. A.H. JIyTkoB nmpuHuMan camoe
AKTUBHOE yJacTHe KaK B OpPraHW3allly CaMOM Jia-
Ooparopuu, Tak ¥ B TOATOTOBKE KaJIpOB, 3aBeys
naboparopueit Bo BpeMsi KOMaHTUPOBOK 3aBE/1yIO-
LIero, HOPOH JOCTaTOUHO NMPOAOIIKUTENbHBIX. ETo
HayYHBIE HHTEPECHI ObLITN CBS3aHbI C IMTOTCHETH-
KO OTJTaIEHHBIX THOPUIOB, IKCTIEPIMEHTAIBHBIM
MyTareHe30M ¥ METOJaMHt TTOyUYeHHsI, U3ydeHHs,
Pa3MHOXKEHHSI M HCTIOIb30BaHMS B CEJIEKIIUHU MOJIH-
wiouaHbIX pactenuid. A.H. JIyrkos (19376) nmosny-
YHJI IEPBOE IKCIIEPUMEHTAIIbHOE TIOATBEPKICHHE
BaBHJIOBCKOTO 3aKOHAa TOMOJIOTHYECKHUX PSJ/IOB B
HACJIEJICTBEHHON U3MEHYNBOCTH: UM ObLIa TIONY-
YyeHa Oe3IUTybHAS MyTalUs y SIMEHS.

C 1931 1. ma padoty B maboparoputo mepernia
E.N. bapynuna — xena H.M. BaBunosa, crienu-
QJIMCT 10 3¢pHOOOOOBBIM KYJIBTYpaM, MOHOTpad
pona Lens L. —YeueBuua. K romy Bpemenu Enena
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I'’I. Kaprieuenko u E.W. bapynuna Ha skcnepuMeHTaabHOM ydacTke otnena reHetuku BUP B Jlerckom Cene

(cepemuna 1930-x rr.).

VBanoBHa n3y4niia MUPOBOE pa3HOOOpa3ue deye-
BUIIBI M OITyOJIMKOBAJIA PsiJI CBOIOK 00 ATOM KYJIBTY-
pe, B oM unciie Monorpaduro «Yeuesuria CCCP u
npyrux crpan» (bapynuna, 1930). B naboparopun
I'1. KapnieueHko oHa 3aHsIach U3yUCHHEM T'€HE-
THKU Y€YEBULBI — BAXKHOU MPOJOBOILCTBEHHON
KyJBTYPBI, TI0 TIPON3BOJICTBY 3€pHA KOTOPOH B TO
BpeMsi CCCP Obut MUpOBBIM JTiepoM. B otnene
TeHEeTHKH npopadoTaiia oHa He qoiro (BumHskosa,
2007) 1 3a 3T0 BpeMsl ycIiesia U3y4UTh HAacJIe0Ba-
HUE OE3UTYIBHOCTH y TeTpa- U TeKCaIIONIHBIX
mirennt (bapynunaa, 1937), 3a105KUB OCHOBBI CpaB-
HUTEIbHO-TeHETUIECKOMY HM3YYECHUIO TPU3HAKOB
y BUJIOB OJIHOTO POJIA, OTIMYAIOIIUXCS YPOBHEM
TUTOMTHOCTH.

C camoro Hayasa cyiecTBOBaHUs Ja0OpaTopun
OTJAJIEHHOW THOpUAN3aIeH 371aKOB (THUJIOICOB,
meHuntr, pku) 3aarMaiachk O.H. Copokuna. Mmeo-
JoroM 3ToW paboTsl ObiT I'eopruit murpreBny
(Kapneuenko, 1927a), u 9T0 HaILIO OTPAKCHHUE B
MX cOBMeCTHBIX cTaThsx (Kapneuenko, CopokuHa,
1929). O.H. Copoxunoii B cepenune 1930-x rr.
OBLIT OCYIIECTRIICH ITUKJI KCCIISTIOBAHUH IO THOPH-
JTU3AITAH STHIIOTICOB C MIIEHHUIIAMA H ATUJIOTICOB C
POXBIO, UTO MTO3BOJIMIIO TIPOJIUTH CBET HA MHOTHE
BOITPOCHI (PUIIOTCHUH ATHX POJIOB U CO3/IaTh HOBBIE,
HECYIIECTBYIOIIKE B TIpupoe BUIbI 31akoB (Co-
pokuna, 1934, 1937a, 6, 1938). B otnene 6611 no-
Jy4YeH PsiJi BAXKHBIX SKCIIEPUMEHTAIBHBIX TaHHBIX

0 B3aWMOOTHOIIICHUSX XPOMOCOM I'€HOMOB MaJjlo
M3YyYEHHBIX (DOPM ¥ BUIOB KYJIBTYPHBIX PACTECHHI
(Makymwuna, 1938; Csero3aposa, 1939). Dto
0bUT0 TponoimkeHueM padot A.l. HukonaeHko u
ctynenyeckux uccnenoanuii I'./]. Kapneuenko no
WCTIOJIb30BAHUIO ITUTOJIOTHYECKUX U TEHETHIECKAX
METOJIOB B CHCTEMATHKE TOJUIUIONIHBIX POIOB
pacTeHui 1 BEISICHEHUIO UX TeHE3HCa, a TaK XKe JIJIsI
MO3HAHMSI CBSI3U MEX/y U3MEHEHUSIMH (hSHOTHIIA
n kapuoruna. Ouenku Bkiaaa [./]. Kapreuenko
B peIICHHE JAaHHOW MPOOJIeMbl Pa3IMYHbBI (CM.
Pozanoga, 1946; Py6mosa, 1973, 1975).
I'maBHBIM 0OBEKTOM HCCIIEIOBAHUN CaMOTO
I /1. KapnieueHko ocTaBajCsl pele4HO-KaIy CTHBII
rubpun (Raphanobrassica) (puc. 1), NoaydYeHHBIH
B PE3yJIbTaTe CKPCIIUBAHUS PACTECHUN Pa3HBIX
BHJIOB CEMeICTBa KPECTOIBETHBIX (Raphanus sati-
vus L. X Brassica oleracea L.). IIpu 3TOM B KauecT-
BE OTIIOBCKOH (hOPMBI HCTIOIH30BATTUCH O0PA3IIEI M3
YeThIpex IPYIIT Pa3HOBUIHOCTEH KaIlyCT — KaIycTa
OenokouanHas (B. oleracea convar. capitata (L.)
Alef. var. capitata L. f. alba DC), xamycra caBoii-
ckas (B. oleracea convar. capitata (L.) Alef. var.
sabauda L.), xanycta Oproccenbckas (B. oleracea
convar. oleracea var. gemmifera DC) u xamycta
konbpadu (B. oleracea convar. acephala (DC.)
Alef. var. gongylodes L.). TuGpup Mexy peapKoit
Y KaIyCTOH BIepBbie ObUIH NOTy4YeHbI M. Sageret
(1826) u mozxe F. Gravatt (1914). B pabote mo-
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Puc. 1. [Tnoxp1, ITAaCTHHKHA XPOMOCOM U (OopMyIa IS
Raphanus (a) u Brassica (0), nu- (B), Tpu- (T), T€Tpa-
(1), IEHTATUTOMIHOTO (€) W THUIOTeKCAIIONIHOTO (K)
rubpunos (u3: Kapneaenxo, 19276).

CJIETHETO Y THOPHIHOTO pacTeHusl HaOIroqaics
«CUIIBHEHIIUI TeTepo3uc (OHO JOPOCIIO A0 KpPbI-
M TEIUIMLBI, BBUIE3NIO YePe3 BEHTHIISLIHOHHOE
OTBEPCTHE HAPYKy U CBECHIIOCH [T0 000MM CKaTaM
KPBIIIN), HO pacTeHHe ObUTO cTepuibHO. Kak u
MHOTHE MEXBH/IOBBIE THOPHUIBI, pacTenns F| rno-
punoB, noixydenssix [.J1. Kapneuenko, 66um Tak
JK€ CTEpUIIbHBI. XPOMOCOMBI PEIbKU U KaITyCThI
HE BCTYIAJIM B KOHBIOTAIUIO B MEHO3€, B pe3yib-
TaTe He 00Pa30BBIBAIUCDH MbIIBLIA U CEM3a4aTKH,
U3 KOTOPBIX MOCJE OMJIOAOTBOPEHHUSI MOINIU Obl
pa3BUTKCS cemeHa TuopuaHoro pactenus (Kapre-
yenko, [llaBunckas, 1930). U penpka, u kammycra —
JIByJIeTHUE pacteHus. Y F; peledHo-KaryCTHBIX
rUOPUIOB MOCIIE XPaHEHHUs! B TEUCHHE 3UMBI Koue-

PBIT B XOJIOAHOM ITOMEILLEHUH 10 MEPE OTPACTAHUS
cTebeil Mpon301II0 YABOCHHE XPOMOCOMHOIO
Habopa. Ycrexy crmocoOCcTBOBAIIO U TO, UTO y 00e-
HX POIUTETHCKUX (GOPM OBLIO OTUHAKOBOE YHCIIO
xpomocoM (2n = 18). Y HOBOM pyKOTBOPHOH IO-
JHIUIOUAHON (HOPMBI Kakash KJIETKa cojepikaia
JUIIIOUAHBIA HAaOOp XpOMOCOM PEeIbKU U AUILIO-
WAHBIA HA0OP XPOMOCOM KamycTbl. B pesynbrare
y ampuaunmounnaa (2n = 36) BOCCTAaHOBUJIACH
CIIOCOOHOCTh K HOPMaJbHOMY INPOXOXKIECHHUIO
Melio3a. B mepBoM mokojieHWH OBIIO TOTYy4YEHO
19 ¢deprunbHbIX pacTeHuid, aaBmux 821 xu3He-
cnocobHoe cemst (Kaprieuenko, 19276). [lotom-
CTBa IJIOZOBUTHIX PACTCHUH ObUIM BBICAXKECHBI Ha
yuacTtkax B [leTpoBcko-PazymoBckoMm (Tie nenstH I
He OBLTH M30JIMPOBAHBI OT penbku) u B [ pruboBo
(Cranums no cenexknuy OBOIIHBIX KyJIbTYp, TaKXKe
Bosniasissemas C.M. XeranossiM), e coOro-
Janach MOJHAas W3OJSIMS THOPUAHBIX JACISIHOK).
B mepBom ciywae Obuto BhIcaxkeHo 209 ceMsH
u nomydeHo 91 pacrenue F, rubpumos. 13 Hux
73 OBUIM M3YYEHBI ITUTOJIOTHICCKH, TIPH ATOM 61
pacTeHne OKa3aJInuCh CTEPUIIBHBIMY TPUILUIONIaMHU
(2n = 27), uTo sABNSETCS PE3YJIHTATOM UX CKpe-
mmBaHusl ¢ penbkoil. B [pnboBo 66110 BRICAKEHO
612 cemsH, naBmmx 361 pacrenue F, rubpuios,
13 KOTOPBIX 229 ObUTH N3yYEHBI IIATOIOTHIECKH —
213 oxazamuch QepTHIHLHEIMU aMpUIATLION A~
mu. Jlpyrue nonumimouansie GopMbl (MeHTa- U
TeKCarION/Ibl) TakXKe OBUIH CTepWIIbHBI. Beero
ObUTO HHTONOTHYECKU U3ydeHo 302 pacTeHus.
HanpHeiiniee nzydenue pacrenuid F, ruOpuaos
obuT0 TIpoBenieHo B 1925 1. yxe B Jlerckom Cere
(Kaprmreuenko, 19276). iMeHHO 5TH BIICUATIISTIOIITNE
TIIATENbHOCTHIO ITUTOTEHETHYECKOT0 aHaIu3a
HCCIIeI0BaHUsl MEXBHIOBBIX THOPHIOB TO3BO-
munn [ 1. Kapnieuenko yxe B 1927 1. BBICTYIUTD
C JIOKJIAZIOM O HOJYYCHHH PEIeYHO-KaIyCTHBIX
ruOpunoB B bepiune.

Xots 1aHHas paboTa He oIpaBala HageKa Ha
MoJTydyeHue THOpuaa peabKU—KamyCcThl, COYeTaB-
LIETO MOJIC3HBIE XO3SMCTBEHHBIC TIPU3HAKH 000UX
oBomiei (kopHerwion u kovan), [.J[. Kapreuenko
Obula MOKa3aHa NMPUHLUUIHAIbHAST BO3MOKHOCTh
IKCIIEPUMEHTAIILHOTO MTPEOIOICHUS CTEPUIBHOC-
TH y pacTE€HUMH, BO3HUKAIOIIECH MTPU OTHAICHHOMN
rubpuau3anuu. TemM caMbIM OBLIH 3aJT0KCHBI
TEOpEeTHUYECKHUE U METOJJUUECKHE OCHOBBI HCITOJb-
30BaHMS OTHAJICHHON TMOpHAM3ALUU B CEleK-
LUOHHON NPaKTHKE U CYLIECTBEHHO PACIIMPEHBI
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NPEACTABICHUS O BO3MOXKHBIX MYTSIX JBOJIOLHU
1BETKOBBIX pacteHuii. Padora I'J[. Kapneuenko
(192706) no peneuHO-KanmyCcTHBIM THOpHIaM ObLITa
omyomukoBaHa B 1927 1. B « Tpymax 1mmo mpukiaHoM
OoTaHUKe U ceNeKumny». Briocnencteuu 3Ta pabora
HEOJHOKPATHO Mepeu3/1aBajach, B TOM YHCIIE U
3a pyoexom (Karpechenko, 1928; Knaccuku...,
1968; Kapneuenko, 1971). ITo3xe pabotsl ¢ pe-
JIEYHO-KAIlyCTHBIMU THOpUIaMH BETIMCh JOBOJIBHO
WHTEHCHUBHO M JPYTUMH aBTOpaMH (CM. 0030pbI
Yarnell, 1956; McNaughton, 1973). [Ipu stom
HEKOTOPBIM M3 HHUX YAAJOCh MOIYYUTh (EPTUIb-
Hble Brassico-Raphanus amduriionnsl (Terasawa,
1932). Raphanobrassica Oplna mnoaydeHa 3aHOBO
(McNaughton, 1973; Chen, Wu, 2008). B Tom uric-
JIe UCIIOJIb30BaJIaCh IJI1 MHTPOTPECCUU T€HOB U3
pPEeAbKHU B BO3/IEIbIBAEMbIE BU/IbI posia Brassica L.
(Metz et al., 1995).

OxcnepuMmentsl [*]]. Kaprieuenko no oranes-
HOW TuOpuau3aLuy ObUIM TpenTedel MoCienyro-
IIMX MHOTOYHCIICHHBIX SKCIIEPUMEHTOB I10 IOJTyYe-
HHIO HOBBIX (DOPM PaCTECHUH, HAIIEALINX IIUPOKOE
npaktudeckoe npumenenne (Llymusiit, [lepmmna,
1989). Otcrona, BeposiTHO, TIOIUTH PIKAHO-TIIIICHIY-
Hble am(uIuIonbI — 3HaMeHuThIe A/l (cokparl. ot
ampuaumonn) B.E. IMucapesa (1964). Panee B
BUpPOBCKOH maboparopuu . A. JleBuTcKoro BriepBbie
B MUp€ ObUIN LUTOJOTMYECKU U3yUYEeHbI CIIOHTaH-
HBIE MIIEHIYHO-pKaHble THOpH sl ¢ CapaToBCKOM
onbITHOM cTanimuu (JleButckuit, benenxkas, 1931).
CrnenyeT OTMETUTH YAUBUTEIBHOE COCYIIECTBO-
BaHME B OJHOM YUPEXKICHUH (JaXKe 30aHNHU) IBYyX
NOZpa3aeNeHNH, 3aHUMABILINXCS BECbMa CXOKUMHU
npoomemamu (JleGene, Aopamona, 1994). 3to
OBLTO B3aNMOIPOHUKAIOIIEE TATOTeHNE: JIabopaTo-
pust rmuronoruu [ A. Jleutckoro (1929) tarotena k
reneruke, a otaen [ /1. Kapneuenko (1929) —k muro-
noruun. (H.W. BaBunoB pyrannocesero, 4to emy He-
yao0Ho, uto «KapnedeHko xiel y JleBuTckoro oTHU-
MaeT»). H.W. BaBumnos (1938) mpuaasain 6ombimoe
3HaueHHEe HCIIOIb30BAHUIO OTJAIEHHON THOpHIH-
3aIMH B CEJICKIUH. YCTICIITHO IOTy4all aM(HTUILIO-
Wbl y MIIeHUI ¥ Tabaka padorasimii B 1930-e .
B ero xe Mucturyre reneruku AH CCCP 6onrap-
ckmif renetuk JI. Kocros (1934, 1936a, 6, 1940).
ITo meTomy Koctosa B otaene reneruku I /1. Kap-
TIEYEHKO POBOANIIACH THOPHUIU3AIHS HECKOIBKIX
BUJIOB TILICHUIIBI JJIsI TIOTyYSHUSI TaK Ha3bIBAEMBIX
TPOMHBIX THOPUIOB, COUYETAIOUINX LIEHHBIE Ka4eCT-
Ba HECKOJIbKUX BUIOB (AJekcaHapoB, 1936).

Bonbmioe Mecto B TeMaTHke OTHella T€HETH-
ku BUP 3anmmana mpolGiema moaydeHus: TeT-
parutongHeIX hopm pacteHmii. B Haganme cBomx
WCCIIEIOBAaHNN COTPYIHHUKHU OTela MPUMEHSIIH
METOJI «BET€TaTHBHOTOY TTOYYCHHSI TETPATLIION]IOB
MyTeM HCIOJIb30BaHUSI TETPAIJIOUTHBIX KICTOK
U3 COMaTUYECKUX TKaHEW pacTEeHUM, Ha3BAHHBIN
110 UMEHHU ero aBropa «mMeron MopreHceHay. Y
MOJIOJIBIX PACTeHUH 00pe3asiach BepXyIllKa U yJia-
JISUTHCH BCE Ta3ylIHbIE TOYKH, Ha CPe3e BO3ZHUKAI
KaJuTyC, a 00pa30BaBIINECS U3 HETO HOBBIE ITOOETH
nozBepraiuck ueperkoBanuio. /o 10 % pacrenuit
13 TaKUX TOOETOB OKa3bIBAJIUCH TETPAILJIONIHBIMU
(Jorgensen, 1928). C.A. 11{aBuHCKO# TaKKM CIIOCO-
00M OBLTH TIOTYYEHBI TETPAILTIONTHAS ¥ OKTAIlIO-
nmaaas dhopmel kamyctsl (IllaBunckas, 19376, B),
a TaKk)Ke TETPATIONIHbIC TOMAThI U ObllIa BOCCTa-
HOBJICHA TUIOAOBHUTOCTh y CTEPHIBHOU I'epaHH
(IllaBunckas, 1937a). I J]. Kapneuenko (193706)
WCTIOJIb30BAJI JJAHHBIA METOJ ISl TIOJYy4eHUs
rubpuaa Kamyctol B. oleracea ¢ aOuccHHCKOM
ropuutie B. carinata Al. Braun. Y pacrenwuii,
HE JAI0IINX Ha MECTE Cpe3a KaJIyC, XPOMOCOMBI
yaBauBaiu MetonoMm Panjonbsda mocpeacTBoM
BO3JICHCTBUSI BBHICOKUX TEMIIEPAaTyp B MOMEHT
ormtonotBoperus (Randolf, 1932). Takum criocobom
I'A. Kaprieuenxo (19380) momy4ws TeTparion/-
He1e (hopmel stumers. [lo3naee 3TH 1 npyrue croco-
OBl «MSATKOTO» TTOTYYEHHSI OJIUIION]IOB YCTYIIHIN
MecTo MeTony konxunuuupoBanus (Blakeslee,
Avey, 1937). I1pu atom [ 1. Kapnieuenko (1940a, 0)
BIIEPBBIC SKCIIEPUMEHTAIEHO OBLIO TIOKa3aHO BO3-
HUKHOBEHWE IT0]T BIMSHUEM KOJIXHUIIMHA HE TOJIBKO
KIIETOK C YABOSHHBIM YHCIIOM XPOMOCOM, HO 1 Ps/ia
XPOMOCOMHBIX abepparnii U pa3pbIBOB XPOMOCOM
0 IEHTpoMepaM. DTO ObLIO KpaifHe BaXKHOE IS
JNallbHEHIIEro Pa3BUTHS TAKUX HMCCIICAOBAHHM
HaOJIIONCHUE.

B 1927 . T 1. Kapneuenko Bmecte ¢ H.1. Bau-
noBbIM, C.C. YetBepukoBeiM 1 A.C. CepeOpoBCKUM
y4acTBoBal B V MexXlyHapOJHOM I'€HETUYECKOM
KoHrpecce B bepnuHe, rie BBICTYITHII ¢ JOKJIA10M
(Karpetschenko, 1929). Cope3n Obu1 cBOCTO poxa
TpuyMdoM coBeTcKoW TeHeTHUkH. Jlemerarus
regetukoB u3 CCCP Obu1a 0OHOM U3 CaMbIX MHO-
TOYHCIICHHBIX M cocTosuia u3 64 yemnoBek. M Ha
cnenyromeM, VI I'enernueckom koHrpecce B take
(CHIA) B 1932 1. coBEeTCKHE TCHETUKU MOTIIH OBbI
OBITh OJTHOW M3 CAMBIX 3HAYUMBIX TPYIII U JIOJKHBI
ObUIN clleNaTh 5 TUICHAPHBIX JOKIIAI0B M3 3aria-
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C.C. Yersepuxos, A.C. Cepebdposckuid, I'. /1. Kaprieuenko, H./. BaBuios (cieBa HanpaBo) Ha V MexayHapoiHOM

TCHETHYECKOM KOoHrpecce B bepnune (1927 r).

HupoBaHHbIX 25. ['eopruto JImurpuesuuy Oprko-
MHUTETOM OBLIO MPENIIOKEHO CJIeNaTh TICHAPHBIH
JTOKJIa]T 00 OTJAJICHHOM THOPUAN3AIINH Y PACTESHHH.
K coxanenuto, Ha 3TOM (GopymMe TE€HETHKOB U3
CCCP mpencrapmnsin aumb ogud H.M. BaBuios —
BUIlE-NIpe3UAEHT KoHTrpecca. OcTaibHble J10-
KJIATYUKU U YYACTHUKHU «HE CMOIJIH MPUCYTCTBO-
BaTh...». B 1934 r. I' . KapnieueHko He pazperman
BblexaTh Ha VI MexmyHapoaHbIii 00TaHUIeCKHA
KOHTpecc B AMcTepaaM, rae OH ObLT M30pan
BUILIE-TIPE3UAEHTOM reHerndeckoi cexuuu. Ho
Bce 310 Oynet enie Brepenu. [loka sxe pabota yue-
HOTO MPOXOAUJIA MOUCTUHE CYACTIUBO. . JIunn-
CTPOM TIpeACTaBmI ero K PokdeniepoBckoil cTu-
nern. OT361BEI M . bayp, 3. baekcim, O. beo-
koK, T.C. Mopran u H.M. BaBumnos. Ilocnegamit
nucai: «B nmpekpacHoii, TIareabHO TPOYyMaHHOU
pabdore [, /1. KaprieueHko y1aJioch oayYuTh COBEP-
IICHHO HOBBIN MPOMEKYTOUHBIN BUJI WIIH, BEPHEE,
pon... OOHapyKeHHbIe HccieaoBareeM (akThl
OTKPBIBAIOT MIMPOKHE BO3MOXHOCTH B MEXBUO-
BOHM THOpUIN3ANNN PACTEHUH, U HBIHE TIPOIIACTh,
KOTOpasi 10 HEaBHEro BPEMEHHU OTAENsIa BHJIBI
U POABI, CTAHOBUTCS IIPOXOAUMO... MBI cuntaem
CBOHUM JIOJITOM OTMETHUTH BBLAAIONICECS 3HAYCHUE
3TOW pabOTHI HAIIETO COOTEYECTBEHHUKA» (IIHT.
mo: IIBapi, 2008).

10-16 staBaps 1929 . B Jlennnrpame mpoxo-
1 Bcecoro3HbIf Che3/1 10 TeHETHKE, CEJICKIINH,
CEMEHOBOJICTBY U IJIEMEHHOMY >KHBOTHOBOJICTBY.

B ero pa6ote ydactBoBayio Gosiece 1,5 Thicsd
OTEYECTBEHHBIX U 3apyOCKHBIX yueHbIX. [Ipen-
cenarenbcTBOBaN Ha cbe3ae H.M. Basuios, a
leopruii JImutpueBnd ObUT TeHEpaIHHBIM CEKpe-
TapeM che3na. OH pofiesia OrPOMHYO OpTaHu3a-
[IHOHHYIO pabOTy IO TOATOTOBKE Cche3ma, cOopy
1 pelaKTUPOBAHUIO €r0 TPYAOB U, OyIydH OIHOM
U3 KIH0UEeBBIX Quryp ¢opyma, cienan Ha CEKIUU
«luTonorust HacIeACTBEHHOCTH» ABa JOKJIana:
«O 101I0BOM 000COOIEHUH PEIeUHO-KAITyCTHBIX
teTparionoB» (coBmecTHO ¢ C.A. ll]aBUHCKON) 1
«K cuHTe3y KOHCTaHTHOTO THOPHAA U3 TPEX BUIOB
(rubpuIBl peaeyHO-KayCTHBIX TETPAIIONIOB C
JTUKON peabKkoi, penoil, ropunieil u pamcom)»
(BcecorosHblii cbe3. .., 1929). O6e paboThl ObLTH
n3nanel B Tpynax Coe3ga (Kapneuenko, 1930;
Kaprmreuenko, []aBunckas, 1930).

Bcxkope o npurmamennto Hemerkoro odmrectsa
cenexkuuonepos I J[. Kapneuenko BoicTynun Ha He-
MEIIKOM CeJIeKIIMOHHOM che3ne B Kenurcoepre.

B »ToMm xe rogy Hapsany c mpodeccopaMu
H.A. Makcumossim (UITTbuHK) u A.T. [losiperko
(TCXA) H.W. BaBunor Beigsuraet I./[. Kapre-
YEHKO KaHJuaToM Ha npemuio um. B.H. Jlenuna.
«Ero pabora “K nmpobieme 3KCriepuMEHTAIEHOTO
BUA000pa3oBaHusl, TOJHUIIIOUIHBIE THOPHUIBI
PENBKH U KamyCThl” PEACTABISACT UCKITIOUNTEIb-
HBI MHTEPEC B O0JACTH TEHETHKH 3a TOCIIEeTHUE
TOJIbI», — MUIIIET OH B MUCbMeE OT 23 anpenst 1929 1.
akamemuky O.1O. llImuary, 3aHuMaBIIeMy B TO
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@.T". Nobpxanckuii, H.I1. Jloopxanckast u I'.JI. Kapneuyenko B [Tacanene, Kanmudopuus, CIIA, okts6ps 1930 1.

(®oto H.U. BaBuioga).

BpeMs PsiJl KPYITHBIX ITOCTOB: 3aBE/TYIOIIETO CEKITU-
eif eCcTeCTBEHHBIX 1 TOUHBIX Hayk Komakamemun ',
uyneHa Kosmnerun Hapxommnpoca u Ilpesunnnyma
I'ocynapctBennoro yuenoro cosera (Marseesa,
1993).

1929 r. ObUT TOUCTUHE 3BE3HBIM JIJISI COBETCKOM
reHetuky, 15t H.W. Bapunosa u I'.J[. Kapneuenko.
OmHako OH OKa3aycsd W TOCIEIHUM CIIOKOWHBIM
JUTSE HAX TOZIOM B POIHOM OTeudecTBe. B okTsiOpe
aroro ke roma I./]. Kapmeuenko yezxaeT Ha cTa-
skupoBKy B CIIIA 3a cuet cpesicTB mpuCyKIeHHON
emy PoxdemnnepoBckoit crunenanu. bonee roma —
o geBpaib 1931 1. — on paboran BHavane B Kanu-
(hopHHIICKOM YHUBEPCHUTETE B Taboparopun 60Ta-
Huka 3. bedkoka (E. Babcock) B Bepkiu, a 3atem
BO BCEMUPHO U3BecTHOM 1aboparopuu T.X. Mop-
rana B KanuopHUHCKOM TEXHOJIIOTHYECKOM HHC-
tutyTe B [lacanene, ycnes 3a 3To BpeMsi IOCETUTD
BCE CaMbI€ N3BECTHBIC TCHETUYECKHE YIPEIKICHHS
CIIIA.

B Kanudopuuu B [Tacanene on MHOTO o0mancst
¢ pycckuM reHetukoM deonocuem I'puropreBu-
yem JloOpxkanckum (Theodosius Dobzhansky),
YYEHUKOM 3aBeNyIOLero Kageapoid TeHeTUKH
Jlenunrpanckoro yausepcutera FO.A. @ununuen-
KO, HAXOJIAIITUMCS Ha CTAKUPOBKE B TaOOpaToOpun

1B 1918 r. 6112 opranuzopana ColuanucTHIeCKas aKaeMuUs
OOIIECTBEHHBIX HayK, TepenMenoBanHast B 1923 1. B Kommy-
Huctudeckyro (Komakagemust), B 1936 r. ona Bitouena B AH
CCCP Ha mpaBax OTIEJICHHS.

T.C. Moprana Tak *e 1o cturneHauu Pokdeniepos-
ckoro ¢onna (badkos, 2007). Ko Bpemenu npuesna
I'A. Kaprnieuenko ®.I. JloOpxkaHCKUil IpOOBLT B
9TOW Jaboparopuu yke JiBa rofa. B mmceMe ot
1 saBaps 1929 r. 10.A. OuIUIYEHKO, COBETYS
@.I". JIoOpkaHCKOMY HE CHEIIUTh BO3BPAIIATHCS
u 3anepxkarbcs B CIIA Ha Oonee AIUTEIbHBIH
CPOK, HCXOAMJ U3 TOTO, 4TO «...3—4 roma paboThl
B MOPraHOBCKOHW JIabopaTopuu crenaiud Obl u3
Bac, ®eon. I'pur., ecau He Broporo Moprana, To
10 KpaiHel Mepe OJHOTO W3 CaMbIX OJIEeCTSIIHNX
MopranouioB Bpojie CtepreBanTa» (uut. mo: Ko-
Hames, 1991. C. 241). CocKy4YuBIIUCH IO POAUHE,
npoaseBas komanaupoBky, @I JloOpxaHCcKwHid,
HaMepeBasiCh BEPHYTHCS «HA CTapoe U MHIIOE
MecTo», B tuchMe ot 21 stHBapst 1929 1. k FO.A. ®u-
JUMTYEHKO OTBEYAJI Ha 3TO MpemiokeHne: «Uto
KacaeTcst BO3MOYKHOCTEH /ISl MeHS OCTaThCs 371eCh
Ha psa JICT, TO TaKOBad PCHIUTCIIBHO OTCYTCTBYCT.
...BbI, KOHEUHO, COBEPILIEHHO MPaBhl B OLIEHKE TEX
MIPEUMYIIECTB, Kakue OBl OTCIO/Ia MPOUCTEKAIH
JUTSE MEHS, ¥ 5 3TO YyBCTBYIO (MMEHHO YYBCTBYIO,
OompIe, geM uto-muoo uHoe). Ho ecth u apyroe
YyBCTBO, Ha3bIBa€MOE JIF0O0BBIO K POANHE, KOTOPOE
Pa3BUIIOCH Y MEHSI 0COOEHHO OCTPO Ha YYKOMHE)
(Y ucroxos..., 2002. C. 153).

Mononoit suepruunsiii I'JI. Kapneuenko mo-
siriics B Kanmndopann nMeHHO BO BpeMs HEJeT-
kux pasmbinuicHd O.I. JlobpxaHCKoro o cBOCH
nanbHeien cynpoe (Y uctokos..., 2002). ['ocTb
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13 CCCP 0b11 I0JIOH BOCTOPKEHHBIX BIIEUATIICHUN
ot ycunexoB MIIbuHK, B xoTtopom pabotan, ot
H.M. BaBuioBa, oT cBoux ucciegoBanuii. OH 0e3
YCTaJIM paccKa3bIBal 00 HHCTUTYTE, 00 HHCTUTYT-
CKHX JIeJIax, O TeHEeTUYECKUX IKCIIepUMEHTaxX Ha
JIETCKOCETbCKUX JIeTSTHKaX M, KOHEYHO, O CBOMUX
padanoOpaccukax — HOBOM, IOHbIHE HE CYIIIECTBO-
BaBlIlieM Buje pacteHuil. bonee Toro, Kapneuenko
WMMeI TI0CEBBI TUYMEHsI U CBOMX Raphanobrasica
Ha Omwkaitmeit x [lacagene depme, u O.1. [100-
pKAHCKUN BpeMsl OT BpEMEHHU BO3WII €ro TyJa Ha
CBOEH MallHE.

PasroBapuBaiu, KaKk U MONaraeTcs 1Mo pyccko-
My 00bIYat0, 4acTo A0 MOo3aHe Houu. [oBopmimm
HE TOJBKO O TeHETHKE, He TOJBKO O THOpHIax H
nposodurie. Bo3Bpamarsces uiti octaBarbesi? Tam,
B [lacazgene, Tynss B mapke Cpeay BEKOBBIX JIepe-
BbEB, OHM 00CYK/1aJI1, CIIOPWIIA U HUKAaK HE MOTJIN
MIPUIATH K COTJIACHIO, €XaTh JIM JOMOW WJIA UCKATh
npubexuia Ha uyxoune. Hosebriit, 1930-i, rox oHu
BCTpedany BMecTe. « Mbl 04eHb COMM3UIIICH C HHM;
€ro Mpuesa Ui HaC — MPSMO-TAaKH CYaCThe — BCe-
TaKu ponHas aymay, — mucan O.1. Jloopxanckuit
Ha poauHy (Y uctokos..., 2002. C. 263).

OHU XOpOILIO MOHUMAJU JIPYT APYyra, HO K CO-
[JTaCHIO BCE-TaKU HE MPUILTH. MHOTO JIeT CITyCTS
B omHOM M3 cBomx mmiceM B Poccuro @.I. J[o6p-
KaHCckuM Hanumer: «Hamu nyTd paaukaibHO
pacxommmick. [Toka KaprieueHko 66u1 B 00CTaHOBKE
cyorpormueckoit Kanudopuuu, oH cuuran Mo
NyTh HENpaBUIbHBIM... OH BooOwIie ObLT 00JIb-
[IAM TTaTPUOTOM..., — BoCXHUImaics J{oOp:kaHCcKuid
ontuMu3sMoM KaprieueHko U ero Bepoil B HayKy. —
Ho ontummu3m 3T0T He ObUT HAWBHBIM HETTOHUMA-
HUEM Y)KaCOB TOr'O BPEMEHU. DTO ObLIT BBICIIHIA
ONTUMH3M MPEOI0JICHHOTO TECCUMHU3MaY (ITUT. I10:
[Bapi, 2005).

Yenen npuHATh y4acTUE B 3TUX JUCKYCCHUSIX U
H.!. BaBunog, kometoil MenbkHyBLIMIA B [lacanene
o Iy TH B MekcuKy B okTs0pe 1930 1.: « 3mechb ¢
Kapnieuenko u JIoOp»KaHCKUM — 3TO JTyUIIIHE HAIITH
reHetukm» (uuT. no: lsapiy, 2005). Ilepen camum
Hukonaem MBanoBuueM 1mopoOHOTO BeIOOpa HE
0bU10 HUKOTAA. OH OBLT OJIEPIKUM UIeeH U3 CBOETO
MHOTOCTPaIalIbHOTO TOCYAapCTBa cleiarh «00-
HOBJICHHYIO 3€MJIIOY», CUMTAsl, 9YTO BO3MOXKHOCTH
CITy’)KUTb YesioBedecTBy, cymectsyromue B CCCP,
HaCTOJILKO OTPOMHBI U BJIOXHOBIISIOIIH, YTO BO
UMS UX CIIEAyeT HAyYUThCS HE 0OpaIiaTh BHUMa-
HUS Ha )KECTOKOCTH CYIIECTBYFOIIEH PEabHOCTH.

On yoexman @.I. JIoOpkaHCKOTO, YTO HUTJIE B
MUpE TaK BBICOKO HE LIEHUTCS TPy YUEHOI' 0, KaK B
CCCP, 1 ipu ’TOM HUCKOJILKO HE COMHEBAJICS, UTO
I'.JI. KaprieueHko BepHETCS Ha pOAUHY.

@.I". JloOpxanckuii octancsi B COSIMHEHHBIX
[Tarax HaBcerna (Konaries, 1993; baokos, 2007).
l'eopruii Imutpuesud BepHyics B COBETCKHI
Coro3, HanucaB nocieanee nucbMo JloOpskaHcko-
My u3 Ilapmxka, rie ocTaHaBIMBaJICA HAa HENEINIO.
B HeM ckBo3miIa IpycTh U Kak-OyATO NpeadyB-
cteue Hemonpasumoro (LlBapi, 2005). OxHako
yepHble BpemeHa st [J]. Kaprieuenko Obutn erie
BIIEpENH.

ITocne yxona FO.A. ®ununueHko ¢ 3aBe1oBa-
HUs Kaeapoil TeHETHKH W AKCTIePUMEHTAIBHOM
300110TUHU JIEHUHTPaJICKOTO YHUBEPCHUTETA U €TO0
6e3Bpemennoit cmeptu (Measenes, 2006) na
ouonoruyeckom ¢axynprere JII'Y 1o uHUIIMATHBE
H.M. BaBunosa B 1931 1. 6b11a OTKpBITa CaMOCTOSI-
TenbHas Kadenpa renetuku pacrenui u I.J]. Kap-
MIEYCHKO OBIJIO PEIOKEHO €€ BO3IIIaBUTh. BHOBD
CO3JIaHHYIO Kadepy FTeHeTUKH )KUBOTHBIX BO3IVIa-
B A.Il. Bmagumupckuii. I /1. Kaprieaenko Obu1
camMbIM MoJI0ABIM Tpodeccopom JII'Y, tiae o 10
1941 r. unTan oOLMii Kypc FeHETHKHU U «CTIeLHab-
HBIE ITIaBbl TEHETUKH pacTeHui». Kak u B otnene
BABWJIOBCKOIO MHCTUTYTA, ['eopruii JIMurpueBuy
co3zajn Ha kadenpe 3aMedaTesIbHbIM KOJICKTUB
€/IMHOMBIIIIJICHHUKOB, TIPUTIIACHB Ty/a B KAY€CTBE
npogeccopoB BUpoOBLEB [ puropust AHapeeBnYa
JleButckoro, Maputo AnekcanapoBHy Po3aHoBy
u Jleonnna MnareeBuua ['oBopoBa. Llutorenetux
b.U. BacuiibeB ObLT 3aMeCTHTENEM 3aBEIYIOIIETO
1 y4eHbIM cekperapeMm kadeapsl. ns ureHus
JeKuui Ha Kadeapy MpUrIamainch N3BECTHBIC
3apybOexxHeie yuensie: yueHuku T.X. Moprana
K. bpumxkec u Jlxx. Ménnep, koTopble ObIBaJIN U
paboranu y H.W. BaBunosa u B Jlenunrpane, u
B Mockse, 6onrapckwii yuensiii Jlonao Kocros,
YUTABIIUN KypC YaCTHOW N€HETHKH PACTEHHUM.
Hapsiny ¢ urenuem nexkuuit I'eopruit Imutpruesuy
PYKOBOJIHII aCIUPaHTaMH U BO3IJIABIISUI 1a00paTo-
pHro reHeTHKH pacteHui Ileteprogckoro Gronoru-
yeckoro uncturyta JII'Y. B otnen reneruku B BUP
u Ha kadenpy yauBepcutera k [.JI. Kapmeuenko
€XaJy OTOBCIONY, €r0 Hay4HbIE CEMHUHAPBI OJb-
30BaJINCh UCKITIOYUTENBHBIM ycrexoM. Tak otnen
renetrkn BUP u xadenpa reHeTHKH M CENEKIHH
pacrenuit JII'Y crany HeHTpOM IOATOTOBKU I'eHe-
TUYECKUX KaJpOB JIJIsl BCEH CTPAHBI.
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Jom corpynuukoB BUP B r. [Tymkune, MockoBckoe mocce Ne 23. Bepanna i 0kHa B IIEHTPE Ha TIEPBOM 3TaXke —
netHsasa kBaptupa H.M. BaBuoBa, kpaiinee okHo cipaBa — kBaptupa I./]. Kapneuenko (Poto B. Ypxymiiesa).

Kaku H.W. BaBunos, I JI. Kaprneuenko Bce Bpems
KypcupoBai Mexay «Cenom u ropogom» . Ero ce-
Mbs UMena kBaptupy B Jlerckom Cerne B nome Ne 23
(aprHE OM Ne 27) mo MockoBckoMy Trocce, o
COCEICTBY C JieTHeH kBapTupoil Basunosa. Ero
skeHa, ['annna CepreeBHa, Moioaasi, Kpacusas,
XOpomo o0pa3oBaHHAsI KECHIIMHA BCET/a TOTOBA
Obuta MoMoub MyKy. OHM OBUTH KPacHUBOHM Mapoi
COBPEMEHHBIX BO BCEX OTHOLICHUX JroaeH. [ amu-
Ha CepreeBHa OblIa 3as11710M TEHHUCUCTKOH. OHI
JFOOMIA 00IIIECTBO, MHOTO YHTAJIH, OBITH B Kypce
HOBOCTEN KyJITypHOM U3HU ropoza. B cembe poc-
na 1oub 2. Korya roroBuiacs B cet kuura T. Mop-
raHa «OKCIEpUMEHTAIbHBIE OCHOBBI IBOIIOIIMH»
(Mopran, 1936), I'annna CepreeBHa moMoriia Myxy
[IEPEBECTH €€ Ha PYCCKUM sA3bIK. BriociencTBum oHa
MHOTHE roel Obi1a momorautiei H.I1. yonnuna —
pabotana B MIHcTUTYTE 00IIICH reHeTHKH B MOCK-
Be. B 1991 1. B unciie apyrux y4eHbIX-T€HETHKOB
l'anuna CepreeBHa ObUIa Harpa)cieHa OpPACHOM
TpynoBoro Kpacnoro 3HameHu.

2 vHos10pst 1934 1. [pesunuym Beecoro3Hoit aka-
JIEMUH CeJIbCKOX03s1icTBeHHOM Hayk um. B.1. Jle-

20 «... pasnsauBaroch Mexay CeloM M TOPOIOM...» — IU-

tara u3 nucbma H.W. Basunosa ILII. [Togbsinmonsckomy ot
18.03.1921.

2! Banentuna I'eopruesna Kaprneuenko (p. 1934) xuseT u
paboraet B MockBe.

HuHa npucyaui ['eopruto JMutpueBudy yueHyro
CTETIeHb JIOKTOpa OMOJIOTMYECKUX HayK 110 Pa3esy
«TeHeTHKa pacteHuit». 29 asrycra 1935 r. kBaiu-
¢ukanmonnas komuccuss BACXHWJI yrBepnuna
€ro B yYEHOM 3BaHUHU JEHCTBUTEIBHOTO WIECHA
Hay4YHO-HCCJIEI0BATENBCKOTO yupexkaeHus. K 3pa-
Huto nipodeccopa npenctasneH JII'Y u yrBepkieH
B HeM 28 mexadpst 1938 1. (JIebenes, 1980).

Benyumii reneruk BUP, 3aBenyromuii kaden-
po¥i renetuku pacrenuil JII'Y, BBICOKO LIEHUMBIH B
MUpE, IPEeKpacHo 00pa30BaHHbIH, JIIOOMMBIi Ipe-
MoIaBaTesb CTYACHTOB OnodaKka yHHUBEPCUTETA, C
cepeaunbl 1930-x 1., KOHEYHO ke, CTaJl OIHOU U3
OCHOBHBIX MUIIIEHEH JIBICEHKOBIEB. TpedoBanHus
JIUKBUIaIK taboparopuu reHetuku BUP, cToss-
el «Ha MO3UIMKY XPOMOCOM U T'€HOBY, HallaIKH
Ha Kadenpy remetuku pactenuit JII'Y — «omtor
peaxuum» — 03ByYMBAINCH C TPUOYH, I€YaTaINCh B
YHUBEPCUTETCKOM MHOTOTHPAXKKE M B CTEHTa3eTax
000MX yUpexIeHUH.

B 1939 . H.W. BaBunoB BriepBbie OB BbI-
HYXJIeH TyOJIMYHO 3aTOBOPUTH O «IIPAKTUYECKON
3HAYUMOCTH PaCXOXKJICHUID, CTABILINX OUYEBUIHbI-
MU 3a nocyieiHne rojel. Ha 3acenannu Bele3nHOM
ceccun JleHnHTpamckoro obmactHoro 0opo Cek-
LMY HAyYHBIX PaOOTHUKOB Mpocoro3a By30B U
HAay4YHO-HUCCJIEI0BATENIbCKUX yupexaeHuil B BUP



Becmnux BOI'uC, 2009, Tom 13, Ne

19

15 MapTa OH OOBSCHSIET, YTO JIOTUKA Pa3BUTHUS
TeHEeTUKN KaK HAyKH TaKOBa, YTO OHA €CTECTBEH-
HO TIEpEXMBAET OTXOJ OT 3aJ]ad MPaKTHIECKOU
CEJIeKIINH, B TE€HE3HNCE HAyKH HEOOXOANM IEePHOJ
HaKOTUICHHS 3HAHHMS, €0 O(OPMIICHHS. DTOT MEepH-
0/l B pa3BUTHU T'€HETUKHU OB OTMEYCH BCIOMY, BO
BCell MHUPOBOM HayKe, HO HUIJIE 3TO HE CTAaBUJIOChH
B BUHY yueHbIM. Ha 3TOM ke 3acemanuu ['eopruit
JAMuUTpUEeBHY MPOU3HOCUT TFOPbKUE CIOBaA: «S
MPUHAMIEKY K TeM, KOTO Ha3bIBAIOT BCAKUMH
CTPAILIHBIMHU CIIOBaMH, i — reHeTHk. [lonoxkenue
Hallle OTYasiHHOE... Ype3BblyaiiHO KyTKoE... S,
3HaeTe, B 6opb0e 3akanmics. Ho ctpamnino Tsxeno
MOpAaJBHO. .. Takoe 4yBCTBO BCE BPEMsL, UTO ThI HE
HAy4HBIH paOOTHUK, a CEKTaHT. Sl TOBOPIO O TOM,
Kak HaM (DaKTHIECKHU MIPUXOTUTCS pabOTaTh... MBI
cefyac CIBIIINM, YTO MeH/Ienb — 3TO JDKeHayKa.
Huxomait BaHOBHY CKa3all, YTO TOT, KTO 3HAET
MarepHall, He MOXKET C 3TUM COIIaCUThCA, U HaM
0CTaeTCsl FOPETh Ha KOCTpE 3a 9TH 3:1» %,

I’ 1. KapnieueHKo y4acTBOBaJ BO BCEX CECCUSIX U
3acemaamssx BACXHWJI (mocrie ee peopranu3aiiuu
B 1934 1), MOCBAIIEHHBIX BOIPOCAaM T€HETHKH U Ce-
nexkuuu (Kapneuenko, 1937a). B konre 1930-x rr.
corpyaauku Otnena renetuku BUP ouens MHOTO
BPEMEHHU TPATWIH Ha IPOBepKY «Teopuii» T.J. JIbi-
CEHKO W ero mKojibl, Ha muckyccun (Kapmneuen-
ko, 1937a). Kpome Toro, B oTHene MpomoinKaIn
WHTEHCHBHO M3y4YaTh MyTareHe3 y pacTeHHH MOA
BO3zeicTBUEM X-JTy4eil 1 XUMUYECKUX BEIIECTB
(Xumom, 1936; JlytkoB, 1937a), momy4uiu moyiu-
TUTOU/IBI BO3/ICHCTBUEM BBICOKOM TEMIIEpaTypPhI U C
ucronk30BanueM KonmxuiHa (Kaprneuenko, 19380,
19406) u T. 1. H./. BaBmiioB HacTauBaI, 4To B TUIaH
BUP «Barme nanpapneHue Hag0 chopMyITupOBaTh
HE Kak OeCKOHEYHOE TIOyueHHE MOJIHUIIION/IOB, a
npeononeHue Oecruionus rTHOPUIOB, U PeajbHO
MOCTaBUTh KOHKpETHBIE 3a1aun. Celiuac Bce BHU-
MaHHe KOHIICHTPUPOBAHO Ha TPUBUBOYHBIX THOPH-
nax. Becb ¢GpoHT BeCTH HE 1O JMHUN TTOTyYEHUS
MTOJTUTIJIONJIOB, & TI0 IMHUH PE3KOTO M3MEHEHUS B
CTOPOHY TIPEOJI0ICHHSI OCCIIIIONMS TUOPUIOB U T10
JIMHUM PaJUKaJIBHOTO U3MEHEHHS CKpEelBaeMo-
CTH, KPYTHBIX HACJICJCTBCHHBIX CJIBUTOBY .

Cawm I'' . Kaprieuenko 3aHnMacst THOpuam3a-
ueil reorpa@uueckn OTAAJCHHBIX Pa3HOBHUIHO-

22 Crenorpaduueckuii oruer BUP (Bble3nuas ceccus) or 15
Mapta 1939 1. Ha o6nactHOM Gropo CeKINH HayuHBIX PaboT-
HuKoB // JImansiii apxus FO.H. BaBuiosa.

2 Tucemo H.U. Bapunosa I'.J]. Kapneuenko ot 10 oxTa6ps
1938 . (uut mo: JleBuna, 1987. C. 2017-2018).

CTeH SIUMEHS ¥ BBLICJIWII IEHHBIE 0€30CThIe OPMBI
9TOH KyJIBTYpBI C ATMHHBIMHU KOJIOCBSIMH, KOTOpPBIE
JOJKHBI OBLTH BCKOpE NMPONTH COPTOMCIIBITAaHHE
(JIe6enmes, 1994). Kpome Toro, OH paccMaTpuBacT
reorpauyeckoe U dKOJIOTHUECKoe 000cobeHre
Kak (hakTophl, BEAyLIME K TIpolieccaM BUI000pa3o-
BaHus: «Paccemsisich 1o 3eMHOMY 1Iapy, BCTPeYasich
C HOBBIMH YCJIOBHUSIMH 0OUTaHUsL, (POPMBI, CXOIAHBIC
B Havajie, MOT'yT, OUYeBHIHO, HAKOIUIATh Pa3IndMs
Kak BCJIEIICTBUE TOTO, YTO B HEOJIMHAKOBBIX YC-
JIOBUSIX BBDKHMBAIOT PA3IMYHBIC MYTAIMH, TaK H
MOTOMY, YTO caM 10 ce0e MyTaIMOHHBIH Ipolece
B pPa3IMYHBIX YCIOBHAX HNPOTEKAET IO-Pa3HOMY,
[IPUYEM U BCE HApacTaIOLIEe HECXOACTBO B FEHO-
THUIAaX Takxe JeicTByeT Ha Heroy» (Kapneuenko,
1935a. C. 298). UM u ero COTpyaTHUKAMH OBLITH
MOJTyYeHbl WHTEPECHBIC MOIUTIONIHBIE (HOPMBI
siTAMEHsI, ToMaTa, kaprodels, JibHa (Kapneuenko,
19380). [Ipu 3TOM OBLIIH y3Ke OTpabOTaHBI METOIBI
ux mMaccoBoro noaydenus (JIytkos, 1939).

Hns tpexToMHbIX «TeopeTHdecKux OCHOB
CEJICKLIMU PACTEHMID», BBILICAIINX IOJ peaak-
uueit H.W. BaBunosa B 1935-1937 rr., uMm ObLiu
HaIMCaHbl JIBe MaBbl: « Teopust oTnaneHHON THO-
punuzanumn» (Kapneuenko, 1935a) u «Dxenepu-
MEHTaJbHas NoIuIIIonans u ramtonaus» (Kapme-
4yeHko, 19356). B nepBoii n3 HUX OH MOTYEPKUBAT
OTHOCHUTEIIbHOCTb JIJICHUS CKPELIMBAaHUI Ha BHYT-
PH- ¥ MEXBHJIOBBIC M MPEJIOKHI CBOKO KIIACCH-
(UKaNNIO: KOHTPYIHTHBIE — CKPEIIUBAHUS BU/IOB,
HUMEIOMIMX COBMECTHMBIE TEHOMBI, TPUBOISLINE
K MOJyYeHHIO (DEPTHIIBHBIX M JKU3HECTIOCOOHBIX
ruOpUa0B, U UHKOHIPYSHTHbIC — HEIPUBOASIINE
K OZOOHOMY Pe3yJbTaTy U JAOLINe CTEPUIIbHBIE
rudpunsl (Kaprieaenko, 1935a). Xots Takas kiac-
cupuKanus He MPHKUIACh, OHA MPEICTaBIsET
ONpEeleNeHHBIH HHTEpeC AN TEOPETHUECKOTO
pelieHns: npoOieMbl yClemHOW THOpUAN3auH
(3apyb6aiino, 1975). im 6p110 MMOKa3aHO, YTO yCIIEeX
IIPU OTAAJICHHOM rMOpUIN3allui CHUIIBHO 3aBUCHUT
U OT TOTO, Kakasi opma Oepercsi B KauecTBe Ma-
tepuHckoi. Tak, Ha npumepe poaa Triticum L., B
KOTOPOM MEXBHI0Basi TMOPHIN3aLNs POBOIUTCS
JaBHO M BOIIPOCHI CKPEIIMBAEMOCTH, TJIOAOBUTO-
CTH U BCXOXKECTHU 3€PHOBOK F| M3y4eHbI TOBOJILHO
moapoOHO, OBUIO TIOKAa3aHO, YTO CKPEIIMBAHHIE
Pa3HOXPOMOCOMHBIX BHJIOB y/laeTcs Jierde, eCIu
B Ka4eCTBE MAaTEPUHCKOTO PACTCHUSI OepeTcst BUJL
C MEHBLIMM YHCIIOM XPOMOCOM, & BCXOXKECTh THO-
PUIHBIX 3€PEH BBILIEC B Cilydae, KOIzna MEHbIIee
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YHCIIO XPOMOCOM MMEET OTILOBCKHUN KOMIIOHEHT
(Kaprieuenko, 1935a). JlanwHeiiee pa3Butue
npo0siemMa HeCOBMECTUMOCTH HOIy4dniIa B pabore
A.®. yneraarHa (1978), BCKpBITHE TPUYIUH KO-
TOPOH BO MHOTHX CIIy4dasiX CIIy’)KUT OCHOBOM ISt
pa3paboOTKH METO/IOB €€ YCIICHIHOTO MPEOA0JICHHS
(IIymnsrit, [Tepmmna, 1989).

I'eoprus ImurprueBnya apecToBalId MPsSIMO Ha
pabodeM MecTe — B NIABHOM 31aHKU JleTckocenb-
ckoif ycanp0s1 BUP 17 deBpanst 1941 . OueBuamb
BHJIENN, KaK COTIPOBOXK/IAEMBIH «JTIOIbMH B IIITAT-
CKOM» OH IIeJI MO0 aHTPECOJISIM, OTIOSICHIBAIOIINM
JIByXATaXKHBIH XOJUI, U CIIyCKaJICSl 10 JIECTHUIIE
KOTTE’Ka, B KOTOPOM IpopadoTai 16 cuacTiauBbIX
net... Ha 4-ii nens mocne apecra, 21 deBpans
1941 r. I /. Kaprieaenko obpaTwiicst ¢ THCHMOM K
Hapkomy npocserienuss PCOCP B.I1. [Toremkuny:
«B nens apecra s Haya mucarh paboTy O JeHCTBUU
0TOOpa B UUCTOH JIMHUH MTOCIIE YABOCHHUS Y PaCTe-
HUSI YHCIIa XPOMOCOM. DTO BaKHEHIIee OTKPBITHE
M OYeHb OBl XOTEJIOCh, YTOOBI OHO OCTaJIOCh 3a
coBeTckoi Haykoi. He cMoxkeTe jin Bel monpocuthb
opranbsl HapkomBHYzena, BeayIye Moe 1eJ0, pas-
PELINTh MHE HAMKCAaTh 9Ty PadOTy XOTs ObI B BHJIC
Npe/IBapUTEIbHOTO cooOmeHus B «Jlokmanax Axa-
JEMHU HAyK», IS YETO s JOJKEH UMETh Ta0JIHILy,
CBOZSIIYIO JaHHBIC MO (DEPTHIIBHOCTH SIUMEHS C
YABOEHHBIM YHCJIOM XPOMOCOM 32 HECKOJIBKO JIET.
Ota TabnryKa ocTanack B 1a00paTOprn TeHETUKH
HNHcTuTyTa pacTeHUEBOACTBA WJIM B Oymarax,
B3ATHIX areHTamMu HapxomBHyznena. Yto 310 He
4TO MHOE, KaK Talbnuna 1no GpepTuibHOCTH, MOTYT
MOATBEPAUTH BCE TOBAPHILM 110 J1a00paTOPU»
(mmrt. mo: JIe6emes, 1994. C. 219). Emy npeabsaBumu
OOBHHEHHE B «IMMOHCKO-BPEIUTEIHCKOH JIESTEIh-
HOCTH», K KOTOpOH ObU1a 100aBIeHa OTKpBITas
0opbOa nox pykosoacteom H.U. BaBuioBa mpoTtus
«TIEPeIOBBIX METOIOB HAyYHO-HUCCIIEJ0BATEILCKON
paboTHl M TIEHHEHIINX TOCTIKEHUH aKaJeMHKa
JIBICEHKO 110 MOJYYEHHUIO BBICOKUX YPOKAEB»
(JIebenes, 1994. C. 223). Ilpurosop Boennoit
koierun BepxoBHoro cynma CCCP emy OblT BbI-
HECEH 110 OOBUHEHHUIO B yYaCTUHU B aHTUCOBETCKON
BpeauTtenbckoil opranuzanuu. I*J[. Kapneuenko u
H./. BaBuiioB ObUIH MPUTOBOPEHBI K paccTpeny
B onwH aeHb (9 mtonsa 1941 1) (3axapos, 2000).
[Tozaaee pacctpen H.W. BaBuioBy Obu1 3aMeHEH
Ha 20-neTHee 3akitoueHue. ['eopruit ImurpueBuy
Obu1 paccTpernsH 28 uronst 1941 ., peabunutupo-
BaH rocMmepTHo 21 ampens 1956 r. [logpoOHOCTH

IepecMoTpa €ro Aeiia ocBelleHbl B crarse [.B. Jle-
ocmena (1994).

B 1941 1. xadenpa reneruxu pacrenuit JII'Y
ObLTa pa3rpoMIIeHa U IPEKPaTHIia CBOE CYIIECTBO-
Banue (Mensenes, 2006). Eme panblie, B KOHIE
1940 1., ObLT TUKBUIMPOBAH OTAEH reHeTuku B BUP
(JleGenes, 1994).

Cembs ['eoprust [Imurpresnya B Ty opy €Iue He
3HaJIa 0 ero Tparuueckoi konunse. Jlerom 1941 .
ero xeHa ['aymna CepreeBHaA C JTOYKOW IKHIIH
Ha jgaye y cBoero oria B MnbuHke MockoBCKoit
oOmactu, kyna npurnacuin u xeny H.U. Bapu-
noBa ¢ ceiHOM KOpreM. DTo ObUT JKECT BEJIMKOTO
CPaKIAaHCKOTrO MYKECTBA — IPUINIACUTH KEHY
apeCTOBAHHOIO aKaJIeMUKa, OT KOTOPOH B Ty OpY
OTBEPHYJIUCh MHOTHE.

O xonunne I".J]. Kapreuenko He 3HaJI HUKTO e111e
Oonee necstunerus. Axkanemuk murpuii Huko-
slaeBuy [IpsHUIIHUKOB, KOTOPBIM C BEIUYANILINM
MYKECTBOM OOPOJICS C BIACTSIMHU 33 PEaOHIIHTAIHIO
cBoero yueHuka H.J. BaBunoBa, nBaxxpl: B 1943 1.
M 1ocje OKOHYaHusi BoMHBI 20 mronst 1945 r,
obparmraercs kK Hapkomy BHyTpeHHuX jaen JL.IL. be-
pun ¢ pocbOoii 0 momunoBanuu I.J]. Kapneuen-
ko: «IIpodeccopa KaprieueHko ciemyer oTHECTH
K BBIJJAOIIMMCS TIPEACTABUTENSAM PaOOTHHUKOB
HAayKH, OT HETO MOXXHO OKMJATh JajibHEHIIero
KpYIHOTI'O Pa3BUTHS U pOCTA. Y UUTHIBASI TY IIOJIb3Y,
kotopyio KapredeHko mpuHec 1 MOXKET IPUHECTH
B JIaJibHEHINIEM HaIIel pojuHe, s 00pamanch K
Bam ¢ mpoce6oii criocoOcTBOBaTH 00ECIICUYSHUIO
BO3MOXKHOCTH paboThl mpodeccopy KaprieueHko
B OJIHOM U3 KPYIHBIX HUCCIEAOBATEIbCKUX HH-
CTUTYTOB Haiie¥ crpanbl. [I[puMeHeHue, B CBA3U C
mo6eoi Haj TUTIEPOBCKOH [ epmanuei, ykaza o0
aMHHCTUH K mpodeccopy Kapneuenko cwirpano
Obl OOJIBIYIO POJIb B YCUJICHUH HAIIeHd HayKH U
ee JabHEUIIIeM POCTe TOCTIe BETUKUX Mo0eT HaJl
HEHaBUCTHBIM (pamm3moM. B ciygae xe, eciim Obt
3aKOH 00 aMHHCTHHU OKa3aJiCsl HEMPUIIOKUMBIM K
neiy I /. Kapnieuenxo, To, 1o kpaiineii mepe, Heo0-
XOOUMO IMOCTAaBUTDH €10 B YCJIOBUA, 6H3FOHpHHTHbIC
i paboTel B camoil cucteme HapkomBHyzena,
YTOOBI €ro TIO3HAHUS U JapOBaHHUS MOTIIH OBI 11O~
CIy’)KUTH Ha MOJB3Y Hatmrel poxuHe» (PoccusHoB,
1991. C. 531).

I'JI. KapnieueHko He yBHJEJ NPAKTUYECKOU
peanu3anuy CBOUX HJEH B CENeKLUH pacTeHUH.
Ho ero coTpyaiHukHM M y4YE€HUKHM BHECIU 3HA4YH-
TEJbHBIN BKJIaJ B Pa3BUTUEC UCCIEIOBAHUN IO
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WCIIOJb30BAHUIO TOJUILIOUIUHA U OTJIAJICHHOM
ruOpUIN3aIiid B MPAKTHKY PacTeHUEBOJCTBA
(Uykcanoma, 1974). Ve A.H. JIlyTkoB co cBO-
UMW COTPYIHUKAMH TOJYYHIH MOJHUILIOUIHBIE
dbopMbI JIbHA, caXapHOW CBEKIBI, peauca, Ka-
MyCThI, KYKYPY3bl, PXKH, TOpOXa, MATHI U psijia
npyrux pactenuit (I'onuapos, lymusiid, 2005).
Axagemuxk M.U. XamkuHOB co31a MPUHIUIIN-
aJHbHO HOBYIO METOZOJIOTHIO TIOTYYEeHHUS BHICOKO-
MPOAYKTUBHBIX THOPUAOB KyKypy3bl HA OCHOBE
HOMC (JIe6enes, Cerozapona, 1994). FO.I1. Mu-
prora pa3padarbiBaj TeHETUUECKUE U IMTOTEHETH-
YecKHe OCHOBHI rereposuca (3axapos, LymHbIH,
2005a, 0). I'./I. Kapneuenko u M.C. HaBamuny
TIPUHAJUICKUT HJIes 3aKPEIUICHHUs TeTepo3nca ye-
pe3 anoMuKTHIecKoe pasMHoxeHue (COKooB 1
np., 2007). O.H. Copokuna (1958) mokasana Bo3-
MOKHOCTD IT€PEeIaud UMMYHHTETA OT STHJIONICOB B
CEJICKIMOHHBIN MaTepHaj MOCPEICTBOM IMOyYe-
HUS ATHIIONICO-TIIIIeHNYHBIX THOpHoB. P.X. Ma-
KalmieBa pa3padarbiBalla TCHETHYECKHE OCHOBBI
ceneknuu ropoxa (Bummskosa u mp., 2002).
DTOT nepedeHb JOCTHIKECHUI MOKET OBITh OUCHb
JUTHHHBIM, TOCKOJIbKY MHOTHE TeHETHKH, U HE SIBJISIB-
necst HenocpencTBeHHbIMU yueHukamu [ J1. Kap-
TMIEUEHKO, ITPOIOJKAIOT JIeJI0, HAYaTOe UM.
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COMMEMORATING THE 110th ANNIVERSARY
OF GEORGYI DMITRIEVICH KARPECHENKO
(03.05.1899-28.07.1941)

V.A. Vishnyakova', N.P. Goncharov

I'N.I. Vavilov Institute of Plant Industry, St.-Petersburg, Russia; e-mail: m.vishnyakova@yvir.nw.ru;
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Summary

G.D. Karpechenko became world-famous at the age of 28. He became in fact the first genetic engineer who has
developed a new branch of biology during less then 20 years of his scientific activity. The word ‘Raphanobrassica’
enriched the vocabulary of all the languages. His classical experiments of overcoming the infertility of man-
maid hybrids are described in all the genetic and cytogenetic textbooks. However, not so much is written about
G.D. Karpechenko. Till now the documents kept in archives and by his relatives are not processed and published.
The present article is an attempt to pay a tribute to the scientist on the occasion of his 110th anniversary.
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MopdoreHne3 OTHOCHTCS K IIpoLeccaM CaMOOPTaHN3aLMU B IOATOMY JTOJDKEH ObITh OCHOBAH HA HEITMHEHHBIX
00paTHBIX CBA3SIX MEXKIY €ro JMHAMUYeCKHMH KOMIIOHeHTaMu. [Ipenaraercs Monenb oOpaTHBIX CBSA3CH
MEX]Ty ITACCUBHBIMH ¥ aKTUBHBIMH MEXaHUYECKHMH HAIPSDKCHUSAMH B OMOPHOHAIBHBIX TKaHSIX, KOTOPbIE
MOTYT WUTPaTh POJIb ABIDKYIINX CHII Mopdorene3a. O0CyKIaeTcsi COOTHOMICHNE TEHETHIECKUX (DaKTOPOB
1 MOP(OTeHETHYECKUX MPOLIECCOB B HHAUBHIYaIbHOM PAa3BUTHH H 3BOJIOLHH.

KunroueBble ciioBa: MOphorenes, MeXaHHIECKOE HAMPSKCHUE, MOJICITH Pa3BUTHS, SKCIIPECCHS TCHOB.

Mop¢orenes B MIUPOKOM MOHHUMAHUKM — HTO
o0Opa3oBaHue HOBBIX ()OPM U CTPYKTYp (OT BHYT-
PUKJIETOYHBIX JI0 MAKPOCKONMUYECKHX) B XOZE
SMOPHOHAIBHOTO Pa3BUTHS OpraHu3MoB. (BHyT-
PHUKIIETOUHBIE MOP(OTEHE3bI OOBITHO HAa3bIBAIOT
uuroauddepeniupopkamu.) C MmophoreHe3om
CBsI3aH OYKBaJIbHO KaXK[IbI MPOLIECC WHIMBHILY-
aJbHOTO PA3BHUTHS, PABHO KaK M ABOJIOIMOHHBIC
npeoOpazoBanus. beccriopHo, MopdoreHes npe-
craBisger coboil Hanmbomnee MOAPOOHBIN U B TO XKe
BpeMsI yIIOPSI0USHHBIN MTPOIIECC CaMOYCIOKHEHHS
13 BCEX MPOUCXOISIINX KaK B )KUBOM, Tak U B He-
JKUBOU IpUpOJIE.

Tem He MeHee oOIeTPUHSTOM Teopur MOpho-
reHesa JI0 CHX 0P He CYIIeCTByeT. MBI He MOKEM
OTBETHUTH, TOUEMY TI0 XOAY Pa3BUTHS OIHHU TPO-
CTpPaHCTBEHHBIE CTPYKTYPBI CMEHSFOTCS CTPOTO OTI-
PEIEICHHBIMU JIPYTUMH WM ITOYEMY B HEKOTOPBIX
Clly4asiX 3aKOHOMEpHbIE (DUHAJBHBIC CTPYKTYPHI
BO3HUKAIOT M3 BapuaOCJBHBIX M Jaxe Oecropsi-
JTIOYHBIX, HAXOJAIINXCS Ha rpaHu xaoca. Ho camoe
napaJoKcaibHOE COCTOUT B TOM, YTO, KaK MPaBHUIIO,
BOTIPOC TaK W HE CTaBUTCS, U YTO TOAABIISIOIIEE
OONBITMHCTBO HCCIIEOBATENIC BOOOIE HE pac-
cMaTrpuBaeT MOpPQOreHe3 Kak caMOCTOSTEIbHYIO
npobiemy. bosee Toro, moka cunTaeTcs, 4YTo TaKOM
npoOiemMbl BOOOIIE HE CYIIECTBYET.

Takoi B3I, AOCTATOYHO TpaauLUKuoHeH. Joi-
TOe BpeMsl B SMOPHOJIOTHH TOCTIOACTBOBAI IIpedop-
MU3M — YICHHE, YTBEPKIAIoMIee, 9T0 Mopdorenes
KaK ITPOIIECC CaMOYCIIOKHEHHUS BOOOIIE (PUKTHUBEH,

a BCE CTPYKTYpBl OpraHu3Ma MpPOCTPaHCTBEHHO
pa3MedeHbl «M3HAYAIbHOY», B HEKHUH 3araJ0yHbIi
HayaJlbHBI MOMEHT pa3BUTHA. W XOTS OTKpBITHE
I. JIputem sMOpHOHANBHBIX PETyisnuid Oomee
100 et TOMy Ha3aJ CTPOTO JOKA3aJI0 OTCYTCTBUE
M3HAYaIbHON «Pa3METKN», OTAETIbHBIE ()PAarMEHTHI
9TOTO BO33PEHUsI CYHIECTBYIOT A0 cuX 1op. K HuM
OTHOCSITCS yTBEPKACHUSI, UTO caM 110 ceOe pa3Bh-
BAIOIIMICS OPraHnu3M He 00J1aJaeT CaMOCTOSITEIIb-
HOMW AMHAMUKOH, a JIMIIb TACCUBHO BOCIIPUHUMAET
IIPEeNENbHO JeTaIU3UPOBAHHYI0 MHGOPMALUIO,
3alUCcaHHyI0 Ha Kakoh-mibo pyroi marpuie. Ta-
KOBBI CYHICCTBYIOIUC NPEACTABICHUSA O TOM, YTO
MopdoreHnes u BooOIIe Bce MPOLECChl pa3BUTHS
«3anporpaMMHpOBaHbl FeHeTHYeCKn». [loBeneHne
9TOTO YTBEPXKICHUS 0 €TI0 JIOTMYECKOTOo Ipeziena
03Ha4as10 Obl, YTO €CJIX Mbl PACIIOIaraeM IOJIHON
nH(opMaIHel 0 CTPYKType reHOMa 0Co0H JAHHOTO
BUJIa, MBI CMOKEM TIpeJicKa3arh ero MopgoreHes.

Ho Bcs coBOKynHOCTH MMEIOIINXCS (PAKTOB —
KaK KJIaCCHYECKUX, TaK U HENAaBHUX — IOKa3bl-
BAECT HECOCTOSATEIBHOCTh 3TOI0 YTBEPKIACHUS
(Bmpodem, u 6€3 TOTO IKCTIEPUMEHTAIIEHO HEIPO-
Bepsiemoro). [Ipexae Bcero, MophoreHes Juiiib B
MaJIOH CTETeH! BUIOCTICU(IUYECH — eTo HanboJee
($yHAaMEHTaIbHBIE MPOLECCH MPOTEKAIOT CXOJ-
HBIM 00pa30M y FTeHETHUECKH BECbMa Pa3IMYHBIX
opranu3MoB. Erie BaskHee IOMHHUTB, YTO T€HOM U
MOp(OreHe3 — CyIIHOCTH COBEPLIEHHO Pa3HOTO
nopsaaka. HpI/I BCEX N3MCHCHMUAX B3IJI110B HA I'CHBI
cO BpeMeH MeH/iensi OHH BCeT/a PacCMaTPUBAIOTCS
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KaK CTaTHYECKUE IMCKPETHBIC (DAKTOPBI, TOT/IA KaK
Mop(doreHe3 — 3T0 pa3BOPAYMBAIOIINNCS B TIPO-
CTPaHCTBE—BpPEMEHN KOHTHHYAJIbHBINA (HepacuJie-
HUMBIH 110 XOTy CBOEMY Ha OT/AEJIbHBIE TPU3HAKH )
rporecc. [ToHsATHO, 4To npsiMast IPOEKIHsI OHOTO
Ha JIPyToil HEBO3MOXKHa. J[aXe eCliu MPUHSTH, 4TO
Ka)/IbIi 11ar MopgoreHesa CBsi3aH C aKTUBAIUCH
WJIH perpeccrueii onpeielIeHHBIX TeHOB (Ha CaMOM
JIeIIe 3TO He TaK), TO MPOCTPAaHCTBEHHO-BPEMEHHOE
pacrnrcaHye aKTHBAIMH/PETIPECCHN TE€HOB JIOJHKHO
OTIPEAETISITHCS. HE MU CAMHUMH, a BHE- (911~ ) TCHE-
TUYECKUMU (PaKTOPAMHU, IPSIMO UIJTH KOCBEHHO CBSI-
3aHHBIMU ¢ MOp(horeHe3oM. OTHAKO UCCIICIOBAHUS
MOCIICAHUX JICCATUIICTUN TOBOPST O CYIIIECTBEHHO
OOJBITIEM: 0Ka3aJI0Ch, YTO OJHHU U TE ke (TOUHee,
TOMOJIOTHYHBIC ) HAaOOPHI TEHOB, OEITKOBEIE (PaKTO-
PBI W/HJTH CUTHAJIBHBIC KACKa bl 00SCIICUNBAIOT KaK
Y pa3HbIX BUJIOB, TAK M Ha PA3HBIX CTAMSIX Pa3BU-
TS OJTHOTO U TOTO € BUJIa COBEPIIICHHO Pa3HbIC
MophoreHeTHUeCKHe rporiecchl. U, ¢ mpyroii cto-
POHBI, TOMOJIOTHYHBIE SMOPHOHAIIEHBIE CTPYKTYPhI
y ONM3KHUX BHIIOB MOTYT UMETh HETOMOJIOTHYHOE
TeHETHUYECKOe obecredeHne. ITo ObIIO SICHO YXKE
H.W. BaBunosy (YaiikoBckuii, 2008. C. 165) u
Mo3ke ObLIO MOJTBEPMKICHO BO MHOKECTBE paboT
(Wray, Abouheif, 1998). CnenoBarensHo, 3Hasi, Ka-
KOM T'€H 3KCIIPECCUPYETCS UM KaKO CUTHAJIbHBII
KacKaJl B JaHHbIM MOMEHT Pa3BUTHS U B TAHHOU
JIOKaJIM3allii PaboTaeT, Mbl HUYEr0 HE MOYKEM CKa-
3aTh O TOM, KaKOW MOP(OreHETUUECKHIA TIPOIIECC
cocroutcsi. O4eBHTHO, YTO MPUPOJIA pACIIOIaraeT
BeChbMa OI'PaHUYCHHBIM HAOOPOM T€HETHYECKUX
(haKTOPOB M CHUTHANBHBIX MyTEH, KOTOPBIMH 3apO-
JIBIII PACTIOPSIKAETCS COTIIACHO ITJIAHy CBOETO pas-
BUTHS KaK HEOOXOJMMBIMH, HO HE COICPIKAIIMH
UH()OPMAIIMIO OPYJIUSMHU: MOJOTOK HEOOXOIHM,
4TOOBI 3a0UTh I'BO3Jlb, HO HE OH ONPEACISET, T/C
Y KOT/Ia I'BO3/Ib Oy/IeT 3a0MuT.

Taxum o0Opa3oM, TpyIHO M30€KaTh MapaoK-
CaJbHOTO Ha TEPBBIA B3IV YTBEPKICHHS, 9TO
2eHemuyeckue Qaxkmopwvl npu cell ceoell 8aic-
HOCTU 808Ce He CO0epICcam 6 cede CKOTbKO-HUDYOb
00HO3HauHOU uHGopmayuu o pazeumuu. Ilocnen-
Hsisl, OYEBHUJIHO, UMEETCs (a TOUHee — BO3HUKAET
0 XOJTy JIeJa) B CaMOil pa3BUBAIOIICHCS CHCTEME
KaK TaKOBOW. DTO BIUIOTHYIO MOABOAHUT HAC K
Npe/ICTaBICHUIO 0 MOpdoreHe3e kKak o mporecce
CamoOpTaHu3alny.

JlaHHOE yTBEpXKJICHHE HE SIBJISCTCS YUCTO
CJIIOBECHBIM, KaK mHorna aymaror. CoBpeMeHHas

teopusi camoopranusanuu (TCO) — 3To mourHas
CHHTETUYECKasl OTpaciib COBPEMEHHOW HAyKH C
MaTeMaTHIeCKON «CepIIeBHHOI» U OTBETBIIE-
HHASIMH B CTOPOHY (DM3WKH, XUMHHA ¥ OMOJIOTHHU.
st mepBoro o3HakomuieHust ¢ TCO MOXHO peko-
MeHioBath padory Kampa (2002). Huuero 6mmke
K QyHIaMeHTaIbHBIM podiaemMamM Mopdorenesa,
nexenu TCO, B Hayke nmoka He co3gano. Kakue
JKe CBOMCTBa MOp(oreHe3a MOTyT OBITh a/IeKBATHO
ommcanbl Ha s3pike TCO? Ilpekme Bcero — 3To
«camoycoxkeHue». JlaHHbII He BIIOJIHE CTPOTUI
TEpMHUH KOPPEKTHO repeBoauTcs Ha si3bIk TCO kak
cnonmarHoe (poTeKarolee 0e3 BHEITHUX BO3JICHC-
TBUH) MOHIDKEHHE TMOPSIKA CHMMETPHUA OOBEKTa
(muccummeTpuzaryst). MHOTOBEKOBasT TEHICHITHS
CUHTaTh, OyATO MOpdoTeHe3a HE CYIIEeCTBYET,
ObL1a CBA3aHa C (4acTo MOJCITYIHBIM) YOSKICHUEM,
YTO «CaMOYCJIOKEHHE» MPOTHBOPEYUT 3aKOHAM
npuponsl. OxHako s paccMarpuBaeMbix B TCO
YAAJCHHBIX OT TEPMOIMHAMUYECKOTO PaBHOBECHSI
HEJIMHEWHBIX CUCTEM 3TO HE TaK: B ONPEACICHHBIX
YCIIOBHSAX OHH TEPSIOT yCTOWINBOCTD, U TOTZA BO3-
MOYKHO TTOHW)KEHHE TIOPSIKA UX CUMMETPHH O]
BJIMSIHUEM HHYTOKHO MalbIX BO3/EHCTBHH, T. €.
MPAaKTUYECKU CIIOHTAHHO.

Henuueiinble B3auMoaeicTBUS moapazyMe-
BaIOT HAJIW4YHE OOPATHBIX CBS3EH, U3 KOTOPHIX
HanOoJpITIee 3HAYCHUE TSI MOpQOoreHe3a NMEIOT
«+, — » oOpaTrHbIe CBSI3M MEWKJTY JBYMs MIEPEMEH-
HBIMHU (TIEpBasi U3 HUX CTUMYIUPYET BTOPYIO, a
BTOpast ”HrUOUpyeT nepByro). [Ipu 3ToM Bo3HHKaeT
IIUPOKUH CIIEKTP MEPUOJNUSCKUX BPEMEHHBIX U
MIPOCTPAHCTBEHHBIX CTPYKTYpP (aBTOKOIECOAHUN U
ABTOBOITH) — TJIABHBIX JIEMEHTaPHBIX COCTABIIAIO-
[IUX IPAKTHYECKH BCeX MOP(OreHeTHIEeCKUX MPo-
1eccoB. BaxxHo, 4TO Takue CHCTEMbI HEMPEMEHHO
SIBIISTIOTCSI MEPapXHUAMHU, COCTOSIIMMHU U3 CTPYK-
TYp-TIPOIIECCOB Pa3HBIX XapaKTEPHBIX pa3MepoOB
(Sch) u Bpemen (Tch). daxTopsl, ynpapmistonme
WX TIOBEJEHHEM, CAMH MMEIOT HepapXUUeCKyIo
cTpykrypy. @akropsl ¢ MmanbiMu  Sch u Tch (y3-
KOJIOKQJIM30BaHHBIC B MPOCTPAHCTBE M BPEMEHH )
Ha3bIBAIOTCSI IMHAMUYECKHMH, a ¢ 00IbIIMMHU Sch
u Tch («pa3mMbITBIMI B IPOCTPAHCTBE—BPEMEHH ) —
napaMmerpudecknmMu. Ecim nuHaMudeckoe ympas-
JIEHNE MMEET CXOJICTBO C TPAJAUIIMOHHBIM (IS JIH-
HEHHBIX CUCTEM) CYTy0O JIOKJILHBIM [IOHUMaHUEM
MIPUYMHHO-CIIC/ICTBEHHBIX CBA3EH, TO HENOKAJIbHOE
napamMeTpHyYeCcKoe yIpaBleHHE — MPUHIUIHAAIEHO
HOBasi YepTa HEJIMHEHHBIX CHCTEM, IIPHYEM UMEHHO
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OHa onpezenseT Hanbonee GyHAaMEHTaIbHbBIE UX
0cOoOeHHOCTH (HalpuMep Halu4ue ¥ Habop He-
YCTOHYHBOCTEH).

Ve otu cambie obmue mousatus TCO coep-
HICHHO MO-HOBOMY BBICBEUMBAIOT OTHONICHUS
MEXJy TeHETHUYECKUMH (pakTopamu U Mopgore-
He3oM. Ecnu paccmarpuBarh TeHOM Kak HaOOp
OTJICNIbHBIX T€HOB, TO MOCJIEIHUE HA/I0 OTHOCHUTH
K KaTeTOPHH JTHTHAMHUIECKHUX (PaKTOPOB, ITOCKOIBKY
OHH JIEHCTBYIOT Ha MaJIbIX OTpPE3Kax BPEMEHH H
JIOCTAaTOYHO JIOKaJbHO. Kak y»e roBoprIiiock BhIIIE,
9Ta KaTeropysi TeHeTHYeCKUX (PakTopoB eiicTByeT
HE CaMOCTOSITENIbHO, a B TECHOM CBS3U C (haKTo-
pamu snurenerndeckuMu. C JApyroil CTOPOHHI,
YTOOBI TEHOM HTPajl POIb TTApaMeTpa, OH JTOJKEH
COCTOATH W3 KPYIHBIX OJIOKOB, MHBAPHAHTHBIX BO
BpPEMEHH U IPOCTPaHCTBE pa3BuTHs. COBpEMEHHbIC
CHUCTEMHBIC TOAXOMbI K TeHOMY (MHTEpeC K ero
«KPYIHOOJIOUHOW» U TPEXMEPHOH CTPYKTYpe U K
renernaeckuM cetsim (Huang, Ingber, 2000; Dahl et
al., 2008; Cucremnas ..., 2008)) k aToMy OJIH3KH.

B mocnemree Bpemst TCO akTHBHO HCTIONB3YETCS
JUTSL TIOCTPOCHHUS] IMHUTAIIMOHHBIX MOJIETICH, BOCIIPO-
W3BOJSIIMX C TOW MJIM MHOM CTENEHBIO TOYHOCTH
HEKOTOpbIE peanbHble MopdoreHessl. O0CyanM 1eb
MoI00HBIX padoT. [ IoHATHO, 4TO eciu ISt UMUTALTUH
OepyTcst OTHOCUTEIHHO KOPOTKHE OTpe3Ku Mopdo-
TeHe3a ¥ TeM OoJree, €CIIM OHU HE COIIPOBOYKAAIOTCS
MOHW)KEHHEM TIOPSIIKA CHMMETPHUH, TO IPH CBO-
00/HOM TIOI0OPE TTApaMeTPOB MMHUTAIIMS 3apaHee
3aJJaHHOW TOYHOCTHU «00pedYeHa Ha ycrex». Takux
«IIOJITOHOYHBIX)» MOJIENICH THTIA «YTO BIOYKHUIIHU, TO
Y TIOJTyYHITN» B JINTEpaType 1Mo MopgoreHesy, 1a u
B IPYTHX 00JIACTSIX OMOJIOTHH TOBOJIHHO MHOTO. Ha
HaIll B3IVISAJ], OHM MaJIo JIAt0T JUIsl petieHus pyH/a-
MEHTaJBHBIX MpoOiieM. Mojenu, NeHCTBUTEIBHO
Ba)KHBIC JIJIsl TIOHUMaHUsT MOpP(OTeHe3a, JTOKHBI
00I1a1aTh CIIEAYIONINMH YepTaMu:

1) oHM AOMXKHBI MpeaaraTh CXeMy MaKCH-
MaJbHO YHHUBEPCAIBHBIX I Mopdorenesa (T. e.
JNEUCTBYIONINX Ha MaKCHMalbHO MPOTSIKECHHBIX
OTpe3Kax MpOCTPaHCTBa—BPEMEHH Pa3BUTHS) 00-
paTHBIX CBSI3€H, MPUBOISIIUX, TTOMUMO MIPOYETO,
K MOHMXKEHUIO Topsiaka cummeTpud. [1o kpaitneit
Mepe, UTSt IPOCTEUIITNX CUTYallni HATMIue TaKuX
00paTHBIX CBA3EH MODKHO OBITH AMITHPHIECKHU
MOATBEPIKIACHO;

2) 4uci0 CBOOOTHBIX TAPAMETPOB JIOIKHO OBITH
MUHHMAaJIbHBIM, & CAMH [TapaMeTPhbl OUOTIOTUICCKH
MIPaBIONOI00HBIMH;

3) MoeTH 1OJKHBI OBITH JOCTATOYHO «IPYObI-
MW, T. €. HEUYBCTBUTEILHBIMH K MAJIbIM «IIIEBEIIe-
HUSMY) TAPaMETPOB W/WITA HAdaTbHBIX/TPAaHHIHBIX
YCJIOBUH;

4) OHU IOJKHBI TOPOXKIATH (ITyCTh B HEKOTO-
pPOM NpUOIMIKEHUH) peabHble Mopdoornyec-
KHE CTPYKTYPBI, 8 HE HEKOTOPBIE UX «KOABD MJIH
«CHUMBOJIBI», TPaHC(HOPMAITHSI KOTOPHIX B peajbHbIC
CTPYKTYpHI TTOTpeboBana Obl JOTOTHUTEIBHBIX
JIONTYIICHUH.

K nHacrosmemy BpeMeHHM MpPEIOKEHO IBa
KjJacca MoJAedei, HMCIOIIUX OTHOMIEHHUE K
Mopdorenesy. IlepBbiii U3 HUX — 3TO TaK Ha3bI-
BaeMbIe PEaKIMOHHO-AU(D(PY3MOHHBIE MOJICIH,
OCHOBaHHbIC Ha JOMYIICHUH «+, — » OOpaTHBIX
CBSI3€M MEXIy XMMHUYECKHMH KOMITIOHEHTaMHU,
TG GYHIUPYIOMKUME ¢ Pa3HBIMU CKOPOCTSIMH
(Meinhardt, 1982). Pa3paboTka 3THX Mouelei
BIIEPBBIC HATOJKHYJIA Ha BAYKHBIA BBIBOJ[ O TOM,
YTO B MOP(OTEHETUIECKHX MpOoIIeccax OMU3KoIeH-
CTBHUE MEET NMPEUMYIIECTBEHHO aKTUBUPYIOIIHIA
XapakTep, a JaTbHOACHCTBHE — MHTHONPYIOIINH.
Tem He MeHee OHM HE YIOBIETBOPSIOT MyHKTY 1
(moctynupyemMble OOpaTHBIC CBSI3M HE JTOKA3aHBI,
TOCIIOJICTBO CBOOOAHON MU(Qy3ur B MHOTOKJIE-
TOYHBIX CUCTEMaX MPOOJIEMaTUIHO, 0COOCHHOCTH
KJIETOYHOU CTPYKTYpPHI BOOOIIIE HE yUUTHIBAIOTCS)
1 IyHKTY 4 (Ha BBIXO/IE — HE PEATbHBIE CTPYKTYPHI,
a KOHIIEHTPAIIUU «MOP(OTEHOBY, TpaHCHOopMaIns
KOTOPBIX B MOP(OJOTHYECKUE CTPYKTYPBI TPEOyeT
cneruanbHbIX ad hoc nomyieHuit).

3HAUUTENBHO ONVKE K PeabHOCTH, Ha HAI
B3DJISI/L, KJIACC TaK HA3bIBAEMBIX MEXaHO-XHMHUYe-
CKUX Mojierielt. X 0ocHOBOM SIBJSIETCS yTBEPKICHHE
0 Befylel MOP(POreHETUISCKOM POk 00paTHBIX
CBsI3ell MEXIy TaK Ha3bIBACMBIMHU MACCUBHBIMHU U
AKTUBHBIMY MEXaHUYECKUMHU HarpspxeHusiMy (MH)
B OSMOpHOHaANBHBIX TKaH:X. [laccuBHbie MH — 310
Te, KOTOPBIC BBI3BaHBI MEXaHMYECKUMH CHIIAMH,
BHEITHUMH OTHOCHTEIBHO PacCMaTPUBAEMOTO
ydacTKa SMOPHOHAIBHOM TKaHU. AKTUBHBIC ke MH
TeHEPUPYIOTCS (€CTECTBEHHO, IIPH 3aTPaTe SHEPIHH)
«MOJICKYJISIPHBIMH MAIIIUHAMID, JIOKAJIM30BaHHBIMU
BHYTPH JaHHOTO y4acTKa. DKCIEPUMEHTAIbHAS
OCHOBA 3TUX MOJIENIe — HaJTMune 3aKOHOMEPHBIX,
craanocnenupuaHeIX pucyHkoB MH B pa3BuBaio-
mmxcs 3aponsiiax (Beloussov, 2008) 1 Bo3mMoxk-
HOCTh CaMOOPTaHMU3aIlUH B TPYIIIMPOBKAX KIIETOK,
MOCESHHBIX Ha AJIaCTUYHBIE CyOCTpaThl, KOTOPbIE
OHU camu pactsrusatoT (Harris ef al., 1984).
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HcTopuuecku neppasg MexaHOXHMHUYECKas
mozenb (Odell et al., 1981) noctynuposana, 4To
MACCHBHOE PACTSDKEHHE HEKOTOPOTo ydacTka (A)
KIIETOYHOTO IIACTa BHEIIHEH CHIION MOPOKIAET
CHITy aKTMBHOTO COKpAIEHUs BHYTPH A, KOTOpas
pacTITUBaeT CIELYOIINM 32 HUM y4acTOK b, U T. ;1.
B pamkax 5Toil Momenu CTpPYKTypa oOpaTHBIX
CBsI3ell pemaromuM o0pa3oM 3aBHCHUT OT TOTO,
3aKpeIICHbI WM HET Kpas IJIacTa: €CJIu OHU CBO-
OOZHBI WM 3aKPEIICHbI HEXXECTKO, TO AKTUBHOE
COKpaIlleHHE BEZIET K peslaKkcallii acCUBHOTO pac-
TSOKEHUs (MoJTy4aeM «+, —» oOpaTHBIC CBSI3U), HO
TOTJIa PAaCTsHKEHUE HE paclpoCTpaHseTcs Jaiblie
no riacty. Eciu e kpast 3akpersieHsl (4T0 COOT-
BETCTBYET OOJIBIIMHCTBY PEasbHBIX CUTYaLHil),
TO PacTSDKEHHE PaclpoCTpaHseTcs, HO 00paTHbIE
CBS3M OyAyT BBIPAKaTbCs CUMBOJIOM «+, +», 9TO
HCKITIOYAeT BO3MOKHOCTh (POPMHUPOBAHHS CaMO-
OTPaHUYEHHBIX B MPOCTPAHCTBE CTPYKTYp, T. €.
caMylo CyIIHOCTh MOp(dorenesa.

Monens b.H. benunanera ¢ coant. (benuHries,
1988) mcxoauT M3 MPOTHUBOITOIOKHOTO, HO JKC-
MEPUMEHTAIBHO MOATBEPKACHHOTO JOMYIICHHS:
HE pacTsDKeHME, a MTACCHUBHAas pelakcallus JIH-
TEIUaNbHONW KJIETKH CTUMYJIUPYET €€ aKTUBHOE

a t
=~ 9
'
:
/
cxatne pacTsbkeHve
(e}
B pacTsKeHne BHELLHeW
cunom
4_ _>

|

AT~

AKTMBHOE BbITS>KEHME B pesynbrate MHTepKanaunm KneTok

cokpanienue. Torja BO3HUKaIOT «+, —» 00OpaTHbIe
CBsI3U, paboTarolue MpU 3aKPEIJICHHBIX KpasX
ImiacTa, 9YTO COOTBETCTBYET PEaJbHOCTH. JTa
MOJIeNIb BIIOJTHE COOTBETCTBYET TPEOOBaHUAM
(1-4). Ona He TOJBKO BOCTIPOM3BOAUT IIMPOKO
pacrnpocTpaHeHHbIe B MOp(dOreHe3e MmpoIecchl
Cerperamuu UTEIHATbHBIX IJIACTOB Ha IOMEHBI
pacIulacTaHHBIX M CTOJIOYATHIX KIETOK, HO U 00ec-
MeYMBAET UX MacIITaOHYI0 HHBApHAHTHOCTH (pu-
IIeBCKHUE PETryIAnu). TeM He MeHee U 3Ta MOJIENb
HEI0CTaTOYHO YHUBEPCAIbHA JIJISI MHHTEPITPETALIUH
OCHOBHBIX TpolieccoB MopdoreHesa. B kauectse
JAJTbHEHIIIeT0 0000IIeHNS (BKIIFOYAIOIIETO B ce0st
MIPEBITYIIHE MOJICTH B BHJIE YaCTHBIX CITy4acB)
ObLTa IpeJToKeHa MOJIETTh THIIEPBOCCTAaHOBICHHUS
MH B cnenyromeit popmynupoke (bemoycos,
MurrenTans, 1992; Beloussov, 2008).

IIpu nro60M M3MEHEHUH BEIMYUHBI TTACCUB-
HOoro MH, mpuiioxxeHHOro U3BHE K 00pa3ily dM-
OpHOHANBHON TKaHM, B MOCIEIHEM BO3HUKAIOT
AKTUBHBIC CHJIBI, HAIIPABJICHHBIE HA BOCCTaHOBJIE-
HHME UCXOJHOTO 3HaueHusi MH, Ho, kak mpaBuio,
[IEPEKPBIBAIOIINE €r0 B 00paTHYIO CTOPOHY («TrH-
nepBocctaHoBienue», ['B) (puc. 1, a, 6). Ecnu
HaBsi3aHHbIC M3BHE M3MeHeHuss MH pacnipeierneHsr

6 t
//’7
\:\1.
cXXaTtune pactaxeHue
(e}
r penakcauua nnun cxatume

BHELLHEN cunom

A
'

BospacTaHue HaTshxeHus BBUOY
aKTUMBHOMO COKPAaLLEHNS KNeToK
(kpas nnacTa pukcmpoBaHbl)

Puc. 1. /luarpammsl (a, 6) U cxemaTndeckue MpuMepsl (B, I') peakiuii runepBoccranosienus (I'B).

a, B — ['B-peaxunu Ha pactspkenue, 0, r — 'B-peakiun Ha penakcaruio/ckarue. Ha a, 6 o ropu3oHTaIbHON OCH — MEXaHH-
4YeCKHe HAMPSHKEHUs], TI0 BEPTUKATBHON ocH — BpeMs. TpaekTopuu | — BHENITHNE CHIIbI, BEPTHKANBHBINH ITyHKTHP — JIar-MePHO
Hepesl akTUBHOMW peakiuei, Tpaekropun 2 — aktuBHbie [ B-otBeTs! (10: Beloussov, 2008).
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HEPaBHOMEPHO WJIM aHH30TPOITHO, TO AKTUBHBIC
OTBETHI Oy/IyT HalpaBlICeHbl Ha YMEHbBIIICHUE Ha-
MOONBIINX W3 HaBA3aHHBIX MH.

Hawnbomnee pacnpocTpaHeHHBIE CTIOCOOBI OCY-
mecTBiIeHus peaknwii I'B mokaszans! Ha puc. 1, B, T.
OnvH n3 Hambosiee TUMMYHBIX OTBETOB Ha Tac-
CHUBHOE PACTSHKCHHE KIIETOYHOTO IJIACTa BHEIITHEH
CWJION — TaK Ha3bIBaeMasi HHTEPKAJISAIUS KIIETOK,
TeHepupyIolIas CHIIy BHYTPEHHETO AaBIICHUS, U
KaK CJIEJICTBUE — aKMuUHOoe BHITSHKEHUE TacTa
(puc. 1, B). B Ty ke cTopoHy HampaBiieHa MHOTO-
KpaTHO ONMHCaHHAs MpoNu(epaTuBHAas peaKus —
CTUMYJISIIIAS. KJIETOUHBIX JICIICHUH PaCTsIKCHHEM
tkauu (Nelson et al., 2005). TunnYHBIA OTBET Ha
pEeNaKcaIlfio UK C)KaTHe — aKTHBHOE COKpAIIeHNe
KJIETOK (puc. 1, T) min UX yxon u3 tiacta. B o6onx
CIy4asx HMCXOJHOE HATSHKEHHUE BOCCTAHABIIHMBA-
eTCsl C «IepexjecToM». B maccuBHO M30THYTHIX
KJIETOYHBIX TUIACTaX Ha PACTSHYTOH BBIMTYKJIOH
MMOBEPXHOCTH OCYIIECTBIISIETCSI PEaKIus, COOT-
BETCTBYIOLIAs pUc. 1, B, a Ha CKAaTOH BBITYKIION —
puc. 1, r. B pe3synbrate KpuBU3HA, HAMEUEHHAs
BHEIIIHEW CUJIOH, OyJIeT akTUBHO HapacTath. [py-
rum npumepom I'B-peakuuii sBiseTcs yBeauueHue
TUIOIIA/IM MEYKKIIETOUHBIX KOHTAKTOB ITPH PaCTsIKe-
HUU IJIaCTa ¥ YMEHBIIICHUE MIPH €ro pellaKkCalliu
(o4eBHHO, UTO TIEpBasi pPeakiys HalpaBleHa Ha
YMEHBIIICHNE, a BTOpas — Ha yBEIUYECHHUE HATS-
KEHUH MEXTy KJIETKaMH Iiacta). OTH U Ipyrue
I'B-peakuun MHOTOKpaTHO HaOmtomanuch (Be-
loussov et al., 2006; Beloussov, 2008).

I'B-peakmuu SBISIFOTCS JOCTaTOYHO «TPyObI-
MI» (HEUyBCTBUTEIHHBIMU K MAJIbIM BapHAIHSIM
rmapaMeTpoB M AWHAMHUYECKUX TEPEMEHHBIX) H
MOTYT B IUPOKOM JIHAIa30He YCIOBUH IPUBOIUTh
K TIOHWKCHUIO TIOpSIKA CUMMETpHUH. Tak, eciu
COKpAII[CHHE KIIETOK B OTBET Ha PEIAKCAIIUIO MUK
WHTEPKAJIAINS B OTBET HA PACTsHKEHUE HAUHETCS He
OJTHOBPEMEHHO Ha BCEM IMPOTHKEHUH KIETOTHOTO
macTa (2 IMEHHO TaKOW OTBET SIBJISICTCS TPYOBIM),
TO B 3aBUCHMOCTH OT 3HaYeHUH MapaMeTPOB TIIACT
OyZIeT pacuICHIThCS Ha PAa3IMYHOE YUCIIO Yepery-
IOIUXCS JOMEHOB pacIilacTaHHBIX-CTOJI0YATHIX
KIIETOK, T. €. MeTaMepoB. [Ipu 3ToOM moHU3UTCS 110-
PSIOK €T0 TPaHCISIIIHOHHON cuMMmeTpun. MicxomHo
cheprueckuii WM MUIUHAPUYSCKUHN TIIACT MPH
3THX K€ HaYaJbHBIX YCIOBHUSIX YTPATUT CUMMET-
pHIO BpallleHusl. AHaJIOTUYHO, €CJIM B HEKOTOPOI
MaJioli 00JIaCTU TIOCKOTO WU C(hEepHIEeCKOro
KJIETOYHOTO TIACTa Oy/IeT JTOKAIbHO BKIFOUEH Me-

XaHU3M yCUJICHHS KPUBU3HBI, BO3HUKHET dcTadeTa
CKJIaAK00Opa30oBaHMsl, MOHWIKAIOIIAs TOPSII0K
cummertpun (Beloussov, Grabovsky, 2007).

bruio takke nokaszaHo, 4to pasHbie I'B-peakx-
MU TIOJJICP)KUBAIOT U YCWIIMBAIOT JPYT JIPyTa.
Harpumep, B KIIETOYHOM TUIACTE € 3aKPETIICHHBIMH
KpasiM{ aKTHBHOE PacTsHKEHHE HEKOTOPOTO Y4acT-
Ka BBI30OBET CHauaja MMacCUBHOE C)KaTHe/peliakca-
MO, a 3aTeM W aKTHBHOE COKpaIleHHe CMEXHOTO
yuactka. [Toatomy I'B-peakiiuu MOryT urparh poJib
IBIKYIKX hakropoB mopdorenesza. Ha mpumepe
racTpyssiuny am(puonii mocjaeoBaTeIbHbIC HIarH
MopdoreHnesa ynaercsi NpeACTaBUTh KaK LIETH
B3anMooOycnoBieHHbIX ['B-peakunii (Beloussov
et al., 2006). OCHOBHBIE DIIEMEHTHI JTAHHON CXe-
MBI MOTYT OBITh MPIJIOKEHBI M K JIPYTHM THIIAM
racTpyJssIuy.

JleiicTByeT Jin mipeiaraemasi cxeMa o0paTHBIX
cBs3eil B mponeccax nutoanpdepeHIupoBku? 3a
rocieHee BpeMsi ObLIN ITOJIyYEeHBI BIICYATIISIO-
iie TaHHble 00 aKTUBAIMH T'eHOB MEXaHUYECKH-
mu cmwiamu (Farge, 2003) u o pemaromeii poiu
MEXaHMUYECKHUX CBOWCTB cyOcTpaTa st BeIOOpa
CTBOJIOBBIMM KJICTKAMH HarpaBJICHUs] UX Judde-
pentmpoku (Engler et al., 2006). Mb1 nonyunnu
MIpe/IBapUTEIbHBIC TAHHBIE O CBSI3U CXKATHUS—pac-
TSOKEHUS SMOPHOHANBHBIX TKAHEH ¢ IKCIIpecCueit
B HUX JIN0O HEHPaATHHBIX, THOO ME30AepMaThHBIX
reroB (bemnoycos u np., 2007). Bce 3t nannbie
comnacytores ¢ runore3oil ['B. OHu mo3BONSIOT
3aKJIIOYUTh, YTO (DyHJaMEHTaJIbHBIE 3aKOHOMEp-
HOCTU MOpdoreHe3a u NUTOAU(PPEPEHIIMPOBKH
€/IMHBI ¥ OTPAKAIOT MEXaHO3aBUCUMBIE KOOoTIepa-
THUBHBIE TIPOIIECCHI B IIUTOCKENETE M KIETOYHBIX
MeMOpaHax.

B 3akmoueHue BepHEMCsl K BOIIPOCY O CBS3SX
Mop¢orenesa ¢ 3BOJOMUOHHBIMU IPeoOpa3oBa-
HUSIMU, UMes B BUJTY, YTO pa3HbIC BUIbI U CHCTE-
MaTHYECKHE TPYIIIBI OTIIAYAIOTCS JPYT OT JIpyra
HE CTONIBKO TI0 CBOEMY T€HETHYECKOMY COCTaBy
WIH CHEKTPY KCHPECCUPYEMBIX T€HOB, CKOJIBKO
M0 «XapaKTepy HCIOIb30BAHUS» HIACHTHYHBIX
WIH, IO KpaiiHel Mepe, TOMOJIOTHYHBIX TeHETH-
4ecKuX (PaKTOPOB M CUTHAIBHBIX MyTeH. DTO ele
pa3 CBUIETENHCTBYET O HAMYHH COOCTBEHHBIX
(HeTeHeTHYECKNUX) 3aKOHOB MopdoreHesa, wc-
MIOJTB3YEMBIX KaK B OHTOTEHE3€, TaK U B DBOJIOIINU
(Yepmanues, 2003; umkun, 2006). I'enetnue-
cKHe (PaKTOPBI MOTYT BIUSTH HAa MOP(OreHe3 INIIb
4yepe3 MOCPECTBO ATHX 3aKOHOB BBIPOXKIACHHBIM
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CIOCOOHBIX HEHTPU(PYTaAIbHO CMEIATHCS HE3aBH-
CHMO JIPYT OT Jipyra, 00pasys CKJIaAKU. N sBIsSeTCS
rapaMeTpoM H3rHOHOH JKECTKOCTH JUCKA, OH pa-
BEH YMCILy CKJIAJOK M 00paTHO MPOIOPLHOHAJIEH
HX OKPYXHOM JUIMHe. BBonuTes Takxke napamerp
ynpyroctu W (mepa COnpoTUBIEHHUS paIHaIbHBIM
CMeIIeHUsAM KieTok) (puc. 2, 6). Ha puc. 2, B
pe3ynbTaThl MOACIUPOBAHMS MPEICTABICHBI B
npocTpaHcTBe napamerpoB W u N. BugHo, uto
3TO NMPOCTPAHCTBO MOAPA3EIIETCs Ha IPUMEPHO

Y HEOJTHO3HAYHBIM 00pa3oM. B kayecTBe WiLmocT-
paum K CKa3aHHOMY PacCMOTPHUM CIIEAYIOITYIO
monens (Beloussov, Grabovsky, 2007). 3agano
konbIo0 M3 C KJIETOK, PACIONIOKEHHBIX B OJHH
CJION W OKa3bIBAIOIINX APYT Ha Apyra (B pe3ylib-
TaTe npouQepaIiu, TypropHOro JaBICHUS WIH/U
pajuaibHBIX COKpANIEHUN) TAaHTCHIIMAIbHOC
JIABJICHUE, MIPUBOSIIEE K UX HEHTpU(yraabHBIM
cMmereHusM (puc. 2, a). Kietku crpynmupoBaHbI B
N KuHeMaTHIeCcKu He3aBUCUMBIX enuHuUIl (N < C),

L L TR
u;
. ~

Sea am——

0,36 0,38 0,40 0,42

Puc. 2. Monenuposanue hopm coritacHo padote (Beloussov, Grabovsky, 2007).
a— CXema pa/IaIbHOTO ¢/IBUra (£,) KIETKH i B PE3yJIbTaTe TAHTEHIMATLHOTO NaBIECHHS Ha Hee KIETOK i — 1 mi + 1; 6 — npoTu-
BOJICHCTBYIOIIIEE ACHCTBUE YIPYToi cuiibl W; B — auarpamma ¢ opM B mpocTpaHcTBe napamerpoB W u N. Ludpsr 0603Ha9at0T
quciio gyueid. CIUIOMIHbIC IMHUKM HAKPBIBAIOT ()OPMBI, yCTOIHYHMBBIC IPH HEOTPAHMYCHHOM YHCIIE UTEPaLUii, IyHKTUP — YCTOM-

YHBEIE IIPH OTPAaHUICHHOM UHCIIE HTepaliii. 3auepHeHHbIe (GUTYpBI HEYCTOIUHMBEI (HEPEPHIBHO BPAIIAIOTCS).
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JIMarOHAJIbHBIC 30HBI (pa3/IeiieHHbIC BOJHUCTHIMU
JIUHUSIMH ), 3aHATHIE THO0 (popMaMu, BEIXOISAIIIAMHU
MoCJie HEKOTOPOTO YHCIIa UTEpaNii Ha CTallMoOHAD
(cBeTIIBIE KOHTYPHI), THOO HE UMEIOIIMMH CTaIIHO-
HapoB (3a4epHEHHBIE KOHTYPHI). Pa3Hbie crarmonap-
HBIC 30HBI Pa3IIMYAIOTCS MKy COOOH O MOPSIIKY
paauaibHON CUMMETpHH GOpM (YUCITY JTydeid).

[Mockonbky mapamerpsl N u W npuHumarorcs
MTOCTOSTHHBIMH TS BCET0 00BEKTa M BCETO BPEMEHH
MOZIETTPOBAHMUSI, IX MOYXHO CUHATATh TMOO KOCBEH-
HO, THOO HAIIPSIMYIO CBSI3aHHBIMHU C TeHOMOM. B Ta-
KOM CJTy4ae OHH MOT'YT COOTBETCTBOBATH OOLIMPHBIM
Y B LIEJIOM Majo CHelU(UYHBIM TPyIIIaM T'€HOB,
OTIPEIEIISIONINM MEXaHUYECKUE CBOMCTBA TKAHH.

JlanHas cxema — He Oostee yeM TpyObIil HaOpo-
cok. Ho ipu TOM MOKHO NPUNUTH K CIIETYIOLUIUM
BBIBOJIaM O COOTHOIIICHHH T'€HETUYECKUX U MOP-
(orerernueckux (hakTopos 3BoIOIUH. Kak auck-
PETHOCTB HaJBUIOBBIX TAKCOHOMUYECKUX €AMHUIL
(Oe3 vero kiaccuyeckas cCHCTeMaTHKa Oblia OBl
BOOOIIIe HEBO3MOXHA), TAaK M HAJUYHE 3aKOHO-
MEPHBIX PSA0B SBOJONMOHHBIX MTPE00pa3oBaHIHA
(Tuma romonorundeckux psagos H.M. Basumnosa)
OTIPENIEISIIOTCSI B MIEPBYIO OYepe/ib HereHeTHYe-
CKUMU 3akoHaMu MopdoreHesa. C apyroit cropo-
HBI, BEIOOP KOHKPETHBIX BAPHAHTOB U3 33]1aBa€MO-
TO 3TUMH 3aKOHAMH MHO)KECTBA — (DYHKIINS TeHOMA,
JIECTBYIOIIETO, CKOPEE BCETO, BHIPOKACHHBIM
00pa3oM U 4epe3 MoCPEICTBO OOMIUPHBIX TEHHBIX
OsokoB. JlanbHelilnee ysSCHEHUE HEOIHO3HAYHBIX
Y CUJIBHO HEJTMHEHHBIX CBsI3e Mexay Mopgore-
HE30M U T€HETHYECKUMHU (pakTopamMu — OJlHA U3
HamboJiee aKkTyalbHBIX TpobieM Onomoruu Oiu-
JKaiTero OyryIero.
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Summary

So far as morphogenesis belongs to self-organizing processes, it should be based upon non-linear feedbacks
between its dynamic components. We suggest a scheme of the feedbacks between the passive (imposed outside)
and active (generated within given parts) mechanical stresses in embryonic tissues, which may play a role of the
driving forces of development. We discuss the relations between genetic factors and morphogenetic processes both
during individual development and evolution.
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BBISIBJIEHUE HOBBIX CAUTOB CBA3BIBAHUSA
TPAHCKPUIIIINOHHBIX PAKTOPOB SREBP
B IIPOMOTOPHBIX PAHOHAX TEHOB ITO3BOHOYHbBIX
HA OCHOBE KOMBUHAIIMX BUONH®OMATHYECKOI'O
N OKCHEPUMEHTAJIBHOI'O ITIOAXOA0B

E.B. Urnarbesa -2, T.U. MepkyJioBa -2, JI.FO. Omenkos %, H.B. Knumosa ',
I.B.Bacuabes !, U.W. Typuaen !, B.®. Koo3zes ', H.A. Kosiuanos -2

"'Vupesxxnenue Poccuiickoii akageMun Hayk MHCTHTYT HIATONOTHHU U TeHeTHKH CHOUPCKOTO
otnenenus PAH, HoBocubupck, Poccus, e-mail: eignat@bionet.nsc.ru;
2HoBocuOUpCKHii TocyIapcTBeHHbIN yHUBepcuTeT, HoBocubupck, Poccus

AKTHBHOCTB TPaHCKPHITITHOHHEIX (pakTopoB cemeiictBa SREBP (Sterol Regulatory Element Binding Protein)
3aBUCHT OT BHYTPHKIIETOYHOTO YPOBHS XoJjecTepuna. J{is (hopMupoBaHUs 1ENTOCTHON KAPTUHBI BIMSHUS
TIOBBIIIIEHHOTO YPOBHS XOJIECTEPUHA HA KJIETOUHBIC (DYHKIHMH HEOOXOIMMa MACHTH(HUKANNS BO3MOXKHO
OopImiero yncia reHoB, perynupyemsix pakropamu SREBP. Ha ocroBe metona SITECON HaMu BBISIBICHBI
KOHCEpBaTHBHBIC KOH()OPMAIIMOHHBIE U (PU3UKO-XHMHUYECKIE OCOOCHHOCTH CalTOB cBsi3biBaHUS SREBP
(SRE tuna) u pa3padboTraH KOMIBIOTEPHEIH MeToA pactio3HaBaHus SRE. BIABICHB HOBBIC TOTCHIINANEHBIC
SRE B peryaatopHsIX paifoHax TeHOB JMITHIHOTO MeTa00IM3Ma U KIIETOYHOTO IMKJIIAa TO3BOHOYHBIX. [IpoBe-
JICHHAsI 3aTeM DKCIIEPHMEHTANIbHAs TPOBEPKA i7 Vifro CTIOCOOHOCTH MPE/ICKa3aHHbIX CATOB Ce(puIecKn
cBs3biBathes ¢ Oemxkom SREBP1-a, koTopstii agdexrnBHO B3anmozneiicTyeT ¢ SRE, npogeMoHcTprpoBana
BBICOKYFO TOYHOCTBH MeToa. TakiuM 00pa3oM, BBISIBICH Psil HOBBIX caiiToB cBsi3biBaHus SREBP, koTopsie
C BBICOKOH CTEMEHBIO BEPOSITHOCTH OKaKyTCsI (DYHKIIHOHATBHBIMH.

KaroueBnie ciioBa: SREBP, caiiThl CBsI3bIBaHUS TPAHCKPUIIIIMOHHBIX (DAKTOPOB, METO/IbI PACIIO3HABAHUSI

CalToB, DKCIIEPUMEHTaIbHAs TPOBEPKA.

BBeaenue

TpaHcKkpunIUs TeHOB YKapHOT OCYIIECT-
BJISIETCS] TIPM YYaCTHUH TPAHCKPHUILUOHHBIX (aK-
TOPOB, crieUu()UUECKH B3aMMOACHCTBYIOLINX C
kopotkumu (5-20 1.0.) yuactkamu JIHK B pery-
JIATOPHBIX pallOHaX T€HOB — CaliTaMM CBSI3bIBAHUS
TpaHcKpunIMoHHBIX (hakTopoB (CCTD). Kaxkaprit
(axrop obecreynBaeT KOOPAMHUPOBAHHYIO aKTH-
BAIIMIO WJIM TIOJIaBJICHHUE TPAHCKPHITLUH OOJIBIIOTO
qyclla TEeHOB, ONpENeisas aJleKBaTHBIM ypOBEHb
UX 3KCIIPECCHH B OTBET HA Pa3IMYHbIE CHTHAJIBI
BHEIIHEH M BHYTPEHHEW Cpefibl, a TaKKe €€ TKa-
HEeCTeU(PUIHOCTD.

TpaHckpunuuoHHble (GakTopbl cemelcTBa
SREBP (yHKUHOHHPYIOT B COCTaBe XOJlecTepu-
HOBOTO CEHCOpa, oOecreunBasi peryssiuio dKc-
MIPECCUN TEHOB B 3aBUCUMOCTH OT YPOBHS XOJIeC-

tepuHa B kietke (Gimpl et al., 2002). CemeiicTBO
SREBP Bxmouaer 6enku SREBP-1a, SREBP-Ic,
SREBP-2. OHu npuHaaiexar K Kjaccy CIu-
panb—TeTIsi—CIpab/ IeHIMHOBAs 3acTexKa (basic
Helix—loop—helix/leucine zipper (bHLH-ZIP))
IIOBCEMECTHO 3KCIpeccupyomuxcs GakTopos.
N-tepmunanbHbiil 1omeH 6erxxoB SREBP (~ 480
AMHHOKHCIIOTHBIX OCTaTKOB) COOTBETCTBYET 3pe-
701 akTHBHOM (hopme pakTopoB u BkmtodaeT JJHK-
CBSI3BIBAIOIINI OCHOBHBIN paiioH (basic region) u
mumepuzanmonnbiii HLH-Zip paiion (Wang et al.,
1993). ®akropsr cemetictBa SREBP cunTesupy-
10TCSl B ()OpME HEaKTHBHBIX TPENIICCTBEHHUKOB
preSREBP ¢ monekynspaoit maccoit ~ 125 kd u
MPUCYTCTBYIOT B KJETKE, Oyay4d MpPHUKpEIICH-
HBIMH K MeMOpaHaM 3HAOIUIa3MaTHYECKOrO pe-
tukyiayma (Yokoyama et al., 1993). O6pazoBanue
AKTUBHBIX TPAHCKPHUIIIHOHHBIX pakTopoB SREBP
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(c mon. maccoit ~ 68 kd) ocymiecTBnsiercs myTemMm
paciienyieHus: npeamecTseHHnKoB preSREBP B
annapare [onbmxu. Tpancnopt preSREBP B amn-
napar ['0J1b/0K1 yCUIIMBAETCs! IPY HU3KOM YPOBHE
XOJIECTepUHA U 3aMEJISIETCS TPU €TO BBICOKOM
COJIepKaHUHU B KIIETKE.

®axTtopsl SREBP BnusAooT Ha TpaHCKpUNLIKIO
TeHOB, B3aUMOJCHCTBYS C CaliTaMU CBS3BIBAHMS
nByx tunos: SRE (Sterol Regulatory Element)
n E-6okc. Caiiter E-60okc tuma (ATCACGTGA)
COOTBETCTBYIOT MHBEPTUPOBAHHOMY IOBTOPY
terpanykieotuyia TCAC. SRE (ATCACCCCACQ)
BKJIIOYAIOT HECOBEPIIECHHBIN NpAMON MOBTOP
5'-ATCAC-3" u 5'-CCCAC-3' (Kim et al., 1995).
ITokazaHo, 4TO CIIOCOOHOCTH K B3aUMOJIECHCTBHUIO C
caritamu SRE THma sBIsSETCS YHUKAILHON TOJEKO
st SREBP. HarmpoTus, mociieoBaTeIbHOCTH THITA
E-Ookc sBISIIOTCSI caldTaMy CBSI3BIBAHHS KaK LIS
SREBP, Tax u a5 psiia Apyrux, poACTBEHHBIX UM,
¢axropos cemeiictBa bHLH, axcnipeccupyrommxcs
B mmpokom kpyre tkaneit (USF, TFE3, TFEB u
np.) (Kim et al., 1995; Hu et al., 2005). I1o sToit
MpUYHUHE TOJNBKO CalThl cBA3bIBaHMs SRE THma
CHOCOOHBI XPPEKTUBHO ONIOCPEIOBATH PETYIISINIO
TPaHCKPUIIIMY F€HOB B OTBET Ha U3MEHEHHE YPOB-
Hs1 xonectepuHa (Athanikar et al., 1998).

U3zBectHO, uTo (hakTtopsr SREBP perymmpyror
TPAHCKPUIILUIO MHOTMX T'€HOB CHUCTEMBI JIUIH]-
HOTo MeTabonn3Ma: epMEHTOB ITyTH OMOCHUHTE32
XOJIECTEpHHA M )KUPHBIX KHCIIOT, OETIKOB, obecre-
YUBAIOMIMX TPAHCHOPT JIMIIUAOB U THIPOPOOHBIX
moisekya (ApoA2, CETP, STAR), Tpanckpumnu-
ouHbx (akropoB (SREBP2, PPARY). B uucne
SREBP perynnpyemMbIx reHOB HUMEIOTCS TaKKe
TeHbI U3 CHCTEM KJIETOYHOTO ITMKJIa U aroITo3a:
CDKNIA, xonupyomuil MUKIUH-3aBUCUMBIN
MHTUOUTOp KMHa3 uesnoBeka p21 WAFI1/CIP1,
3a1CpKUBAIOLIUI KJIETOUHBIM LUK Ha CTaAUH
G1 (Inoue et al., 2005), u CASP2, Konupyouuii
aIoNTO3-3aBUCUMYI0 LIUCTENHOBYIO IENTUAA3Y
genoBeka (Logette et al., 2005). [locnennue aBa
MpuMepa yKa3blBalOT Ha TO, YTO PETyIsTOpHasd
porns SREBP moxeT BBIXOAWTH 32 paMKH CHCTe-
MBI JIMIUAHOTO MeTabonu3ma. HeoOxogumocTts
PErYISLUK SKCIIPECCHU T€HOB KIJIETOYHOTO LKA
B 3aBUCHMOCTH OT BHYTPH-KJIETOUHOTO YPOBHS XO-
JIECTEpPHHA OTIPEJIENIIETCS TEM, UTO POCT U JIETICHUE
KJIETOK COIPOBOXKIAETCS IOCTPOSHHUEM KIIE€TOUHOM
MeMOpaHBbI, B COCTaB KOTOPOI BXOIHUT XOJIE€CTEPHH.
O4eBHHO, YTO PU HETOCTATKE XOJIECTEPUHA ITOC-

TPOCHUE KIIETOUHOW MEeMOPaHbI Oy/IeT 3aTPy/IHEHO,
a CJIeJA0BaTEIbHO, U KJIETOYHBIA LUK TOJKEH
OCYILIECTBISITHCS. MEJICHHEE.

Iennro HacTOSIIIEH PAaOOTHI SIBIISCTCS CO3TAHIEC
3¢ (HEeKTUBHOTO KOMIBIOTEPHOTO METO/a PacIio-
3HABAHUSI CAWTOB CBS3BIBAHUS TPAHCKPUIIIUOH-
HbeIX (hakTopoB SREBP u monck HOBBIX caidToOB
cBs3biBaHusi SREBP B renax nmo3BoHouHbIx. J[Jis
€e JOCTHKEHUS Ha IEPBOM dTarle Ha OCHOBE JIaH-
vbIX 0a3bl TRRD (Kolchanov et al., 2002) 6su1a
copMupoBaHa BEIOOpPKA IKCIEPUMEHTAIBHO
MIOATBEPKJICHHBIX caiiToB cBs3biBaHus SREBP.
C ucnonbp30BaHUEM KOMIIBIOTEPHOTO METOIa
SITECON (Oshchepkov, 2004a) BwisiBICHBI
KOHCEpBaTUBHbIE KOH(OpMAIMOHHBIE U (PHU3HKO-
XUMHYecKne ocobeHHoctu catoB SRE Tuma n
pa3paboTaH KOMIIBIOTEPHBIN METOIT PACTIO3HABAHUS
SRE. Ha cnenyromiem sTamne ¢ UCHOIB30BAHUEM
metona SITECON Obutn BEISIBIICHBI HOBBIC ITOTCH-
nuanbHble SRE B peryiasTopHbIX palioHax T'€HOB
JUTUAHOTO METa0OoNM3Ma M KJIETOYHOTO ITUKJIA.
IIpoBeneHHas 3aTeM SKCIIEPUMEHTAIIbHAS IPOBEP-
Ka CIIOCOOHOCTH TPEACKA3aHHBIX CAWTOB CITCIH-
¢uuecku cpssbiBarhes ¢ n3ohopmoit SREBPI1-a,
koTopasi 3pdextuBHO B3ammozeiicTByer ¢ SRE
(Amemiya-Kudo, 2002), npogemMmoHcTpupoOBaia
BBICOKYIO 3(ppekTnBHOCTh MeTona. Pe3ymbprarst
SKCHEPUMEHTOB i1 Vitro, a TAKXKE HAJIMYKUE CAUTOB
SREBPI1 B peryasTopHbIX paifoHaX T€éHOB-OPTOJIO-
TOB YKa3bIBAIOT HA TO, YTO PAJI BBISIBICHHBIX HAMU
CaliTOB C BBICOKOMW JI0JIEN BEPOSITHOCTH OKAXKYTCA
(hyHKIIMOHAITEHBIMH.

MaTepﬂaJ’lLl H METOAbI

Bri6opka caiitos cesizpiBanust SREBP SRE tuna
(38 mocnenoBarenbHOCTEl) ObLIAa CHOPMUPOBaHA
¢ ucrnonp3oBanreM uHpopmaruu u3 6a3er TRRD
(http://www.bionet.nsc.ru/trrd/), B pamkax KoTo-
poit umeerca temarudeckuii pasnen LM-TRRD,
MTOCBSIIICHHBIM PEryasluu TPAHCKPUIIIINH TEHOB
s Horo metadonusma (Kolchanov et al., 2002).
B cocTaB BeIOOpKH OBUTH BKJIIOYEHBI TIOCIEA0BA-
TEJILHOCTU calToB cBa3biBanus SREBP maunoi
38 HyKJI€OTUAOB, sl KOTOPBIX UMENIUCH CTPOTHe
9KCIICPUMEHTAJIbHBIE TIOATBEPAKICHUS CBA3bIBAHUS
¢ paccmarpuBaeMbIM OenkoM. [lonck moTreHnm-
anpHbIX SRE ocymectensim B 5'-prnankupyro-
mux obnactsax 46 TEHOB U3 CUCTEMBI JIUMUIHOTO
Mertabommu3ma u3 6a3sl LM-TRRD, s koTopbix
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Ha MOMEHT COCTAaBJICHUS BBIOOPKU PETYISAIUS
¢axropamu SREBP eie ne Ob11a n3zsectHa. s 38
TEHOB B aHAJIH3 OBLTH B3ATHI YYaCTKH ITPOMOTOPHBIX
pationoB —1000 mo +100 HYKJICOTHIOB OTHOCH-
TEJIbHO CTapTa TPAHCKPHIILUH, a JJisi 8 TCHOB —
paitonsr —600/+100'. Hamu Taxoke ObUIH MpoaHau-
3upoBaHbl ipoMotopHbie (—1000/+100) pationst 20
TeHOB YeJoBeka u3 0a3bl JaHHBIX TRRD, mpomyKTer
KOTOPBIX YYaCTBYIOT B PETYISAIHH KJIETOYHOTO
ITUKITA.

st pacnio3HaBaHMsI TOTEHIMAIBHBIX CAHTOB
ucnonp3oBancs metog SITECON, ocHOBaHHBIN
Ha aHaJIM3¢ KOHCEPBATUBHBIX KOH(OPMAIIMOHHBIX
1 (PU3UKO-XUMUYECKUX CBOWCTB B TIO3HIIUSAX BbI-
oopku CCT®. [lompoOHO MeTOj omvicaH paHee
(Oshchepkov, 2004a, b).

DKCIEPUMEHTAIBHOC HCCICIOBAHUE CBS3bI-
BaloIIel CrocoOHOCTH MoTeHIHalbHbIX SRE
OCYIIECTBIISIOCH METOJIOM 33ICPKKU KOMILJIEKCa
JIHK/6enox B rene (EMSA) ¢ ncnionb3oBaHueM pe-
komOnHanTHOTO SREBP-12 uenoseka (Kolchanov
et al.,2007).

Pesyabrarsl

KoncepBaruBHble KOHpOpPMALMOHHbIE U
(puzuko-xumuyeckue ocodenHnoctu caiitos SRE.
B pesynbrare ananmsa BEIOOPKH CATOB CBS3BIBA-
Hus SRE Tuna Obul 0OHapysKeH psii 0COOCHHO-
CTel KOH(POPMAITMOHHBIX M (PHU3UKO-XUMHUYECKUX
coiictB JIHK, Tpu 13 KOTOpBIX MpeaCcTaBIsAIOTCA
Hanbonee nHtepecHbiMH (puc. 1). Oxazanocs,
YTO B paliOHE caiiTa muprHa OONBIION U IIUpHUHA
MaJIoi OOPO3IKM 3HAYMMO KOHCEPBaTHUBHBI, IIPU
9TOM ImupuHA OoNbmol Ooposaku (puc. 1, a)
YMEHbIIICHA, a IIUPUHA MaJIoi 60po3iku (puc. 1, 0)
YBEJIMYCHA [0 CPABHEHHIO CO CIYYalHBIMH IO-
cnenoBarenbHocTsIMA. KpoMme Toro, Bo (aHku-
pyronmx paifioHax obomnx TpuHykieotunoB CAC
KOHCEHCYCHOM II0CIIeZJOBATEIbHOCTH HAOJIIONAI0TCs
MOHIKCHHbBIC 3HAYCHUS JKECTKOCTH K HU3ru0y B
CTOPOHY O0JbINON O0opo3ku (puc. 1, B) 1O cpas-
HEHMIO CO CIy4YalHBIMU IHOCIEI0BATEIBLHOCTIMM.
BbisiBiIeHHBIE 0COOCHHOCTH HaXOSTCS B COITIACHU
C IaHHBIMH PEHTTeHOCTPYKTypHOTO aHam3a (PCA)
komrmiekca romogumepa SREBP1-a ¢ caiitom SRE

! lmua 5'-QaHKupy oKX y4acTKOB T€HOB, B3SThIX B aHAIIM3,
OTIpeeNslach HAIMYMEM IOCIEe0OBATENbHOCTEH HEOO0XO0H-
MO JIJIMHBI B KapTOuKax 0a3bl HYKJICOTHIHBIX TOCIENI0BA-
TenpHOCTEe EMBL.

tuna (Parraga et al., 1998). CornacHo 3TUM JaH-
HbIM, cTpykTypa JJHK caiita B komIuiekce ¢ 6ekom
MaJio oTn4aercs oT B-hopmbl, 3a HCKITIOYeHuEM
IBYX MapaMeTpOB: CPETHSS BEJMYUHA ITMPHUHBI
00JIBIIION OOPO3IKY B paiioHe caiiTa yBeTHYCHA, a
HIMPUHA MaJIOl OOPO3/IKK YMEHbIIIEHA OTHOCHTEIb-
HO 3Ha4YeHW# 3THx cBoicTB a1t B-popmer JHK.
Kpowme Toro, B nentpanbusix 4 napax JJHK (coot-
BercTByroUMX Hykieotugam CCCC KOHCEHCYCHOM
TTOCIIETOBATEIFHOCTH ) HE HAOMIOMaIOCh U3ruoa, B
TO BpeMs Kak 110 000MM KOHIIaM CaiiTa HaOIIoaCs
u3rub B cTopoHy Oosbiion 0opo3aku. Kak BuIHO,
9TH JJAHHBIEC XOPOIIIO COBMAJIAIOT C 0COOCHHOCTSIMHU
cpoifctB JIHK mns caiira SRE, npenckazanubiMu
rpu ucnosb3oBanuu TexHosgoruu SITECON.
XapakTepuCTHKA TOYHOCTH METO/12 Paclo3Ha-
BaHusa SRE na ocHoBe Texnosoruu SITECON.
Hammu Ob1110 IpoBeieHO CpaBHEHNE TOYHOCTH IPe/I-
ckazanusa SRE mis meroga SITECON u merona
BECOBBIX MaTpHil. MeToa BECOBBIX MATPHUI[ ObLIT
3amporpaMMHpOBaH Ha 0cHOBE padboThl Gershenzon
et al. (2005). Pacuer ommOOK TPOU3BOIUIICS
HUISHTUYHO M1 000MX ITONXOM0B HA OCHOBE BBI-
6opku SRE, onucannoii Beie. Ommbka [ pona
paccumThIBajiach ¢ TIOMOIIbIO mozaxona Jack-knife
(Efron, Gong, 1983). Dra mpouenypa BkIodana
B ce0s pacIio3HaBaHUE OTHOTO U3 CANTOB W3 BbI-
o6opku SRE Ha ocHOBe 00y4eHHS MO HETOTHOM
BBIOOPKE, HE BKJIFOUAFOIIIEH pacliO3HABACMBIii CalT,
TaKasi poLeaypa MPOBOAUIIACH [TOCIIEI0BATEIBHO
JUIS BCEX CalTOB BhIOOpKHU. J[Jist pacuera ommOKu
I pona oOoux METONOB HCIOJIB30BANACh OHA U
Ta K& Ciy4aiiHas MOCIe0BaTeIbHOCTh JJINHOM
1 x 106 1m.0., creHepHUpOBaHHas ITyTEM MHOTOKPAT-
HOTO CITy4allHOTO MEepeMEIINBaHMs HYKJICOTH/IOB
oOyuartomeit Beibopku. M3 rpaduka puc. 2 BUIHO,
yto Meton SITECON u MeTon BeCOBBIX MaTpHIL
MOKAa3bIBAIOT CXOJHOE KAYECTBO PACIO3HABAHUS.
[Ipu aTom m1st 3HaueHwmid ormmoky 11 pona, mpuron-
HBIX JIJI TEHOMHBIX HCCJIeOBaHUN (MeHee deM
107%), 10 KpUTHYECKUX 3Ha4YeHH ommOKu I poma
(6onee 90 %) xauecTBO pacrO3HABAHKS METOJIOM
SITECON naxe He3HAYUTETHHO MPEBOCXOUT Ka-
YeCTBO METO/Ia BECOBBIX MaTpHil. J1Jist BRBIOpaHHOTO
HaM¥ TIOpora YPOBHS KOH(OPMAIMOHHOTO CXOI-
ctBa ommoOka I poga meroma SITECON cocrapmisieT
0,53. IIpu 3amanaOM ypoBHE ommokw I poma (0,53)
METOJI BECOBBIX Marpuil faet omuoky Il pona
9,90 x 10+, B 10 ke Bpemst Metorr SITECON 1103B0-
JISIET MOTYYUTh MEHBIIYI0 OmmoOKy: 7,55 x 104,



40

Becmnux BO['uC, 2009, Tom 13, Ne [

a 15,5

o

LLinpuHa Gonblion 6oposgku, A

15,0 -
14,5
14,0
13,5
13,0 -

12,5

12,0 -——
n

(o)}
3

6,1
5,9
57
55
5,3
5,1
4,9
4,7

LLivprHa manon Goposaku, A

Mosunuyus

4,5 - | |
n

GonbLioi 60po3aKM, OTH. efl.

M3rmbHas ecTKoCTb B CTOPOHY

| I [N [N N SN [ N — | I [N I I —
nnnnnnnTCACCCCACSNMTNDNDNDNDDNDNDNDN

Mosunuyus

0,98 !
n n n

| I NN (S [N SN S S [ _—— | I N S (N (N S N S _——
nnnnnnnnnTCACCCCACNKNNNNDNDNDNDNNDN

Mo3nums

Puc. 1. 3nauenns koH(pOpMaMOHHBIX U (PU3NKO-XxUMHUUecknx cBoiicTB JIHK 1 nx KoHCepBaTHBHOCTH, pACCUNTaH-

HBIE JUIsl BRIOOPKH BBEIPOBHEHHBIX caiiToB SRE THma.

a — mupuHa 00IbIIoN 60po3aKK; 6 — MHMpHHA Majoi 00po3aKH; B — n3ruOHas xxectrocth JJHK B cropony Gosnbrioit 6opo3a-
ku. LleHTpanbHas KpuBasi COOTBETCTBYET CPEJHEMY 3HAUSHHIO CBOMCTBA JUTS KaXKIOM M3 TO3ULUI BBIOOPKH; BEPXHsISI KpHUBast
COOTBETCTBYET CpeTHEMY 3HAUYCHHUIO TUIIOC 3HAYEHHE CTAH[APTHOTO OTKIIOHCHUS JUTS O3UIINH; HIDKHSISL KPUBAst COOTBETCTBYET
CpeAHEMY 3HAYCHUIO MUHYC 3HAYCHHE CTAHAApPTHOTO OTKJIOHEHHMS /I MO3HMLMUH. Y4YacTOK, COOTBETCTByIomuil caiity SRE,
o6o3Hauen no ocu OX ero koHceHcycHoit nocnenoBarensHocThio TCACCCCAC.

BeisBienne HoBbix SRE B peryiasitopHbix
paiioHaX reHOB MO3BOHOYHBIX M 3KCIIEPUMEH-
TaJIbHOE HCC/Ie0BAHME CBSI3bIBAIOLIeH c110Cc00-
Hoctu HoBBIX SRE. [Ipu ananuze 5'-mankupy-
IOIMX o0JacTell TeHOB MO3BOHOYHBIX METOJO0M
SITECON BsisiBieHsl noteHIManbHbie SRE. Caii-
THI BBISIBJICHBI KaK Ha MPSIMOM, TaK U Ha 00paTHOM
uenu JIHK u pacnionararorcs Ha pa3HOM yajJeHUU

OT cTapTa TPAaHCKPUIIUU. YacTb MOTEHIMAIbHBIX
SRE, BBISIBICHHBIX B T€HaX JIMITUIHOTO MeTabo-
JU3Ma, Ipe/icTaBlieHa B Ta0l. 1. BeisBieHbI Takke
SRE B 15 renax u3 cucTteMsl peryiasiuu KIeTod-
Horo nmkia genoBeka: CDKN2A, UNG, RBL2,
GADD45G, CCNAL, TGFBI1, BIRCS5, CDKNIA4,
CCNDI1, MYB, JUN, RB1, CCNEI, E2F1,
GADD45A. T'ensl, coneprkaiiyie MOTEHIIUATbHBIC
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Puc. 2. CpaBuenne oumb6ok I u Il pona nnst meronos SITECON (crutoniHast JIMHKSL) ¥ METOJa BECOBBIX MaTpHUI]

(myHKTHD).

Jluansmu 0603HadeHb! 3Ha4eHUs ommoOok [ u I poma (0,53 u 7,55 x 104 COOTBETCTBEHHO) JUTsl TIOPOTa, Ha KOTOPOM TPOBO-

nunock npenackazanne merogom SITECON.

SRE, xoaupytoT GeKH ¢ pa3TuyHbIMU (yHKIHSIMH:
tpanckpunroHnabie hakrtopsl (LXRA, E2F, JUN),
¢depmentsr (FAS, CPT2, LPL), TpancnoptHbie
oenxu (MSR, IBABP) u np.

Br100po4HOl dKCTIEpUMEHTAILHON MTPOBEPKE
in vitro noasepriych 30 caliToB, paclo3HaHHBIX B
reHax JUUAHOTo MeTadbom3ma (tado. 1). Turmwd-
HBIE PE3YJIBTAThI, IOIY4YEHHbIE METOIOM 3aEPIKKU

B TeJie, TpencTaBieHsl Ha puc. 3. Ha mopoxke 2,
cootBerctBytoniei JJHK-0enkoBomy komruiekcy,
BKJIIOYABIIEMY KOHCEHCYCHYIO MOCIEAOBaTECIb-
HocTh SRE, BBISBICHO 2 MONOCHI 33ACPKKH, UTO
coryiacyercst ¢ JaHHBIMU ApyTux aBTopoB (Moon,
2000). JIHK-6enkoBbIe KOMIUIEKCHI C TaKOH ke
TIOJIBIDKHOCTRIO BBISBJICHBI M HA JOPOXKKax 4—14
u 17-26.

15 16 17 18 19

20 21 22 23 24 25 26

Puc. 3. Okcnepumenransnoe noaresepxkaenue SRE, npeackazannbix metogom SITECON.

NuKky6auus oJuroHykieoTuHol npoosl (1 Hr), Meyennoii *2P, B orcyTcTsue 6enka (1-1 noposkka) mu6o ¢ 6enkom SREBP-1a
(0,5 mxr) (nopoxxkku 2—26). SREBP cons — onuronykieoTu, BKIHOYaBLIINNA KOHCEHCYCHYIO IIOcIea0BaTebHOCTh, SREBPmut —
OJIMTOHYKJIEOTH/], BKJIFOYABIINI KOHCEHCYCHYIO IOCIIEIOBATEILHOCTE ¢ MyTamueil. CBepXy yKa3aHbI Ha3BaHUS T€HOB, BUJIBI
OpraHU3MOB U MO3UIIMM CAHTOB B I'€HaX OTHOCHTEIBHO cTapTa TpaHckpumimu. Crpenkamu mokasansl komiuiekcsl JJHK ¢
6enkom SREBP-1a, 1oka3biBaroIine CBsI3bIBAIOIIYIO CIOCOOHOCTh MPEICKa3aHHBIX CAUTOB.
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Tabauna 1
[Motennmansusie SRE, npenckazanusie Metogqom SITECON B mpomMoTopax reHOB
CUCTEMBI JIMITUTHOTO METa00JIM3Ma, B PE3YIIBTAThl UX SKCIIEPUMEHTAIBHON MPOBEPKU

Ne HagB?;HP;e) rena IIIIS;II;I: E px* [MocnenoBarensrocts CCTO ? % %ﬁ
9 ESE
a) noteHimanbHele SRE, nmeromume ypoBeHbs KOH(OPMAIIMOHHOTO cXoacTBa boree 73 %
1 | MSR(uyenoBek) -439 + 0,750 | GGACCATGAGGTCAGGGGATCAAGACCATC +
2 | MSR(uenoBek) -303 + 0,778 | GAGATCACACCACTGCACTCCACCCTGGTG +
3 | MSR(uenoBex) -164 - 0,796 | AGATAACTCACTCTTCACCCCATTTAGGCC +
4 | SCAP(uenoBex) =311 + 0,777 | TCTCCCCCCGTCACACCAGGGGCCCGCGGA +
5 | FAS(upImeHoK) —484 + 0,756 | GCCTAGCAACACCCTCACGGGCTCCGCATT +
6 | FAS(upImieHoK) -63 + 0,749 | GGAGTAAACCGTCAGCCCATGTGGTGGCCG +
7 | ABCGI(4enoBex) | —558 — | 0,732 | CCCTTCCCGCCCACCCCACCCCGACGGTGT +
8 | INSIGI(uenoBek) -385 + 0,736 | GGCCCGAAAAAATCACCCAAGGATGCAAGC +
9 | INSIGI(uenoBek) -99 + 0,769 | GCGGGGCAAGCTCAGGCCACGCCCCTGGGC +
10 | LXRA(uenoBek) =81 — 0,780 | CTGCCGAGGGGTCAGGCCACCCCTCCTTCC +
11 | CYP4A46 (xpomuk) | —641 | — | 0,783 | ACAAGCATTTCCACCCCACTGCCCTCAACT +
12 | LPL(™mbI11b) =773 + 0,805 | CCACACTCCTAGCACCCCATATCCCCTCGC +
13 | CPT2(uenoBek) -789 + | 0,731 | CAATCCGAGGTCACCTAACTAGATAACAAA +
14 | IBABP(mbI1ib) -67 — 0,863 | AGCCCCAAAGTCACCCCACTTCTCAGTCCT +
15 | IBABP(aenoBex) —66 - 0,881 | CAGCCCCTAAGTCACCCCACTTCTTCTCCC +
6) norenunansHbie SRE, nMerommme ypoBeHb KOHPOPMAMOHHOTO cXo/cTBa MeHee 73 %
16 | LXRA(MbIB) -222 + 0,729 | TCTCTGTCCCCTCAGGGCATCCACACACAA +
17 | PLCGI(genoBek) =36 + 0,728 | GGGGTGGGGCCTCAGGGCAGCCCCGCCCCG
18 | RXRG(MBbImIh) +25 + 0,727 | GGAAGAGTCGCTCACAGCAGCCCAACCCAG
19 | SRBI(uemnoBek) -769 + 0,725 | GGGGGCCCGCCTCACGGGTTGGCATCCCAG —
20 | MSR(uenoBek) -323 - 0,704 | AGTGGTGTGATCTCAGCTCACTGCAACCTC
21 | LXRA(uenoBek) =707 - 0,717 | CAACTCAGGTGGCAGCCCAGGATGGACCTG
22 | LXRA(uemnoBex) -894 - 0,717 | CCAGCCCTGTTTCAGGGGTGTTGGGGGAGA —
23 | FAS(upImuieHoK) —429 - 0,716 | AGTGCCGGGCCGGCACCCAACGCGGGGGCG —
24 | CAVI(mbIb) -239 - 0,715 | GACCCCACAACCTCACCTGCTCCGTGGTCC —
25 | SIP(uenoBek) —-101 + 0,713 | GAACACGCCTGGGCACTCCATTCGGGGCTG —
26 | ABCGI(uenoBek) -390 + 0,712 | CCCCGCAGCCTCACCCGTGCTGGCCCAGCC +
27 | INSIGI(genoBek) -47 — 0,712 | GCGGGGCCCGCATCACGTGAGCCTGCCCGG —
28 | FAS(upImuieHoK) -129 + 0,705 | CAGGGGCTGGCATCACCCCGGGGCCGGCTC +
29 | CAVI(MmbIb) =501 - 0,699 | TGCCAAGACCTGTCACCCCCACCCCCATGC —
30 | SCAP(guenoBek) -60 + 0,694 | CAGGCGCCCTGAGCACCCGCGTGACGGTAC +

* [o3unust ykazaHa OTHOCHUTEIBHO CTapTa TPAHCKPHIIIHH; ** ypOBEHb KOH(POPMAIIMOHHOTO CXO/ICTBA C M3BECTHBIMHU CaiTaMu
ces3piBanust SREBP, onienennsiit metogom SITECON.
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YpoBeHb KOH(GOPMAIIMOHHOTO CXOJCTBA C
CCT® u3 obyuaromieil BBIOOPKH BapbUpOBaJl OT
69 o 88,1 %. CrnocoOHOCTh B3aUMOCHCTBOBATH
¢ 6erkom SREBP-1a moareepxaena mist 23 u3 30
caiitoB. Ilpu 3ToM Bce 15 caiiToB, oOmamaromux
YpOBHEM KOH(DOPMAIIMOHHOTO CXO/ICTBA 0O0JICe ueM
73 %, OKa3aJuch CIIOCOOHBIMU K CBA3LIBAHHUIO C
oenkom SREBP-1a in vitro (tadmn. 1, a). Tonbko 8
13 15 MoTeHIMaTBFHBIX CATOB C YPOBHEM KOH(OP-
MAaIOHHOTO CXO/ICTBA MeHee 4eM 73 % oKazaJnch
CIOCOOHBIMU K CBsI3bIBaHUIO ¢ Oenkom SREBP-1a
in vitro (tabn. 1, 0). Cieyer OTMETUTH TOT (DAKT,
410 4 U3 5 CaliTOB ¢ ypOBHEM KOH(DOPMAITMOHHOTO
cxoxcTsa oT 72 1o 73 % oxaszainuchk CIIoCOOHBIMU
K cBsi3bIBaHMIO ¢ OenkoM SREBP-1a in vitro. OtoT
pe3yaIBTaT MOATBEPIKAALT TOT (haKT, UTO ITOKA3ATEIh
«YpPOBEHb KOH()OPMAILIMOHHOI'O CXOJCTBA» aJIeK-
BAaTHO OTPa)XaeT MOTECHIHAIBHYIO CIIOCOOHOCTH
MpeJCKa3aHHbIX CalTOB K B3aWMOJICUCTBUIO C
¢axropamu SREBPs.

Oo6cyxxaeHnue

Bo Bcex M3BECTHBIX K HACTOSIIEMY BPEMEHHU
paboTax BBISBICHUE TIOTCHIIUAIBHBIX CAUTOB CBS-
3biBaHusl SREBP ocyiecTBisiercss Ha OCHOBE KOH-
CeHCyca WM METOJIOM BECOBBIX MATPHI] C UCTIONb-
3oBanneM AaHHBIX 3 0a3pl TRANSFAC. Omgnaxo
JIOCTOBEPHBIX JaHHBIX 00 3PPEKTUBHOCTH ITUX
MIOJTXOJIOB JTO HACTOSIIIETO BPEMEHH HET, TOCKOIBKY
JUTSL UX TIOJTyYeHHST HEOOXO0MMa MaccoBast SKCIIEPH-
MEHTaJIbHAs TIPOBEPKa CBS3BIBAIOIIEH CITOCOOHOCTH
MOTEHIMANBHBIX caliToB. HacTosiiast pabora u Obi1a
HaIpaBJieHa Ha PelIeHue MoJ00HO0H 3a1aun.

Ha nepBom srtane chopmupoBaHa BeIOOpKa
TeHOMHBIX mocnuenoBarenbHocTet SRE, mpesi-
HIaroInas mo o0beMy MPEJICTABICHHBIC B JTUTEpa-
Type komnuisiuuu. s pacriosnasanust SRE Obin
paspaboran meronq SITECON, B ocHOBE KOTOpPOTO
JIeKaT aHAJIM3 ¥ BBISIBJICHHE KOHCEPBAaTUBHBIX KOH-
TEKCTHO-3aBUCHUMBIX KOH(DOPMAIITMOHHBIX U (hU3H-
Ko-xuMHueckux cBoiicTB cnupanu J{HK B paiione
caiitoB cBsizbiBanus (Oshchepkov et al., 2004a).
JlaHHBIN TTOAXOM C YCIIEXOM MPHUMEHSIICS paHee
JUTS aHAITM3a ¥ PACTIO3HABAHHS CATOB CBS3bIBAHUS
E2F u SF1 (Oshchepkov et al., 2004b; UrHatseBa 1
Ip., 2007). Hacrosiee uccneaoBaHie BHOBD ITOJI-
TBepanio dpdekruBHOCTH TexHOoMornn SITECON.
C nomorisio metona SITECON mis calitoB SRE
Obu1 BhIsIBIICH psan coiictB JIHK, xotopkie co-

[JIACYIOTCSL C JAHHBIMU PEHTICHOCTPYKTYPHOTO
ananuza JIHK-0e1koBoro KoMImiekca 3Toro caira
¢ ¢pakropom SREBP-1la (Parraga et al., 1998).
OKcIieprMeHTallbHas MTPOBEpPKa MOTEHITHATBHBIX
caiitoB, mpeackazanHbix merogoM SITECON,
MIPOJIEMOHCTPHPOBaIa BBICOKYIO 3((EKTUBHOCTD
Metoxa. Bece 15 calitoB ¢ ypoBHeM KoH(popMma-
LIHOHHOTIO CXOZCTBa BhIIe 73 % o0iamany BbICO-
KOW CBSI3BIBAIOIIEH aKTHBHOCTHIO 110 OTHOIIICHHIO
k 6enxy SREBP-1a B ycnmoBusix in vitro.

B uccnenoBaHnu CBA3BIBAMOILICH CIIOCOOHOCTH
MOTEHIMAJILHBIX CAaTOB C YPOBHEM KOH(pOpMAIIHU-
OHHOTO CXOJICTBA HM)KE BRIOPAHHOTO HAMH TIOPOTa
73 % (ot 69 o 72,7 %) BeIsBNIEHO (TabM. 1, 0), 9TO
TOJIBKO 53 % MOTEHIMANBHBIX CAUTOB STOH IPYTIIIBI
OKa3aJIMCh CIIOCOOHBIMHU K CBS3BIBAHHIO C OEITKOM
SREBP-1a in vitro. Takum 06pazom, mpeumyItie-
ctBoM Metoaa SITECON siBisieTcst He TONBKO HOBOE
3HaHHUE 0 OUOJIOTUYECKON MOJISITH B3aUMO/ICHCTBUSI
JIHK—0enok, HO  TO, YTO IMOKA3aTellb «YPOBEHb
KOH(OPMAITMOHHOTO CXOJICTBAY aJISKBATHO OTpaXka-
€T MOTEHIMAJIBHYIO CTIOCOOHOCTH MPeCKa3aHHbBIX
caiiToB K B3anmoyeiicteuio ¢ Gpakropamu SREBP.
Hanuune cBs3pIBaromieli akTUBHOCTH Bcex 15
[IPOTECTUPOBAHHBIX CAWTOB C YPOBHEM KOH(OP-
MAaIMOHHOTO cX0/ICTBa Ooee 73 % monTBepxkuaeT
MIPaBUIILHOCTH BEIOPAHHOTO TIOPOTa PaCcO3HABAHUS
JUTSI BBISIBJICHHSI BEICOKOIOCTOBEpHBIX SRE.

Jns noarBepxacHUs (GYyHKIMOHAIBHOCTH
BBISIBJICHHBIX HaMHU HOBBIX CAaHTOB CBS3bIBAHMUS
SREBP 6e3yciioBHO HEOOXOAMMBI JallbHEUIITNE
sKcniepuMeHThl. OJIHAKO YK€ UMEIOIINECs JaHHbIC
CBUJICTEIBCTBYIOT O BBICOKOH BEPOSTHOCTHU TOTO,
YTO OHHM SIBIAIOTCA (PyHKIIMOHAIHHBIMU. Hampu-
mep, posib SREBP B perymsimun Tpanckpunuuu
reHoB ABCG1 uenoBeka u FAS 1pliuieHKa Oblia
MOATBEPKACHA DKCIEPUMEHTAIBHO IPYTUMH aB-
topamu (Gondret ef al., 2001; Ecker et al., 2007).
Kpome toro, nockonpky mokazano, yto SREBP
Y4acTBYET B perysiiuu TpaHckpunuuu LPL dye-
noseka (Schoonjans et al., 2000), BbISIBJICHHBI#H
HaMH CalT (B MO3UIMH —773) B OTHOMMEHHOM T€He
MBIIIHU, 110 BCEU BEPOSTHOCTHU, TAKKE SIBISETCS
(hyHKIIMOHAIEHBIM. /{7151 OCTaNBHBIX TEHOB, B KO-
TOpbIX NpeackazanHbsle SRE npoaeMoHcTpupoBanu
crocoOHOCTh B3ammoeicTBoBaTh ¢ SREBP-1a
in vitro, perymsmusa daxkropamu SREBP Taxxe
JIOCTaTOYHO BEPOSITHA BCIEICTBUE TOTO, YTO KOJIU-
pyeMbIe STUMU TeHAMU OCJIKH SIBIISIOTCS BAXKHBIMHU
AJIEMEHTaMH CUCTEMBI JIMITUIHOTO METa00IH3MA.
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Hamu Taxske BBISBICHBI CAaWTHI CBSI3LIBAHUS
SREBP B 15 reHax KaeTOYHOro ITMKJIA YeJIOBEKa,
JUTS psina U3 KOoTopsix (E2F, JUN, GADD45A v nip.)
MIpY aHaJIN3€ OPTOJIOTUYHBIX T€HOB y MBI U
KPBICHI TaKk)Ke ObIITN BBISBIEHBI caiiThl SRE. Mer
cunutaeM BhIiBIeHHBIe SRE B reHax KjIeTO4HOIO
LMKJIa YPE3BBIUYANHO MEPCIICKTUBHBIMU JJIS1 AAJTb-
HeHIIero u3yueHus, NockoiabKy yuactue SREBP B
PETYISIINY TEHOB KJIIETOYHOTO ITUKJIa UMEET JT0CTa-
TOYHO SICHBIM OMOJIOTMYECKHUI CMBICII.

[IpoBeneHHOE HAMH UCCIIEIOBAHKE TTO3BOJIUAIIO
pa3paborarh MeTon pacrio3HaBanus SRE Ha Ga3ze
texnonoruun SITECON, unenrudunmposars HO-
Bble noreHuuanbuble SRE B reHax 03BOHOYHBIX,
OIeHUTH 3(H(HEeKTUBHOCTh METO/IA ¥ a/ICKBATHOCTH
HCITOJIb3yEeMOTO YPOBHS KOH(DOPMAITMOHHOTO
CXOJICTBA HA OCHOBE BRIOOPOUHOM IIPOBEPKH MPE-
CKa3aHHBIX CaWTOB.
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PREDICTION OF NEW SREBP BINDING SITES
IN THE PROMOTER REGIONS OF VERTEBRATE GENES
USING A COMBINATION OF A BIOINFORMATIC
AND AN EXPERIMENTAL APPROACH

E.V. Ignatieva -2, T.I. Merkulova 2, D.Y. Oshchepkov "2, N.V. Klimova ', G.V. Vasiliev,
LI Turnaev!, V.F. Kobzev!, N.A. Kolchanov "2

!Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia, e-mail: eignat@bionet.nsc.ru;
2Novosibirsk State University, Novosibirsk, Russia

Summary

The activity of transcription factors in the family of sterol regulatory element binding proteins (SREBPs) is
regulated by cellular cholesterol content. To have better insight into the implications of elevated cholesterol for
cellular functions, it is critical to identify as many genes that SREBPs regulate, as possible. Using SITECON
method, we have determined the conserved conformational, physical and chemical properties of SREs, which are
SREBP binding sites, and developed a computer method for SRE prediction. New potential SREs in the regulatory
regions of the vertebrate genes involved in control of lipid metabolism and cell cycle have been predicted. An
in vitro validation of the ability of potential SREs to specifically bind to SREBP1-a — an isoform, which binds
efficiently to SREs — showed a high accuracy of SITECON-based recognition. In summary, new SREBP binding
sites have been found, which will most likely be functional.
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BBISIBJIEHUE HOBBIX DRE B PET'YJISTOPHOM OBJIACTA TEHOB
YEJOBEKA, KOAUPYIOIIUX KOMIIOHEHTHI HUTO30JbHOT'O

KOMIIVIEKCA APUJI-TTUAPOKAPBOHOBOI'O PELHEIITOPA

J.1O. Omenkos !, JI.II. ®ypman 2, E.A. OmenkoBa', A.B. Karoxun',
M.IO. lllamannna', B.A. MopaBuHoB '

"'Vupexaenue Poccniickoit akageMunt Hayk MHCTUTYT IIUTOJIOTUU M TEHETHKH
Cubupckoro otnenenns PAH, HoBocubupck, Poccns;
2HoBocuOUpCcKHii rocyIapcTBeHHbIN yHUBepcuTeT, HoBocuOupck, Poccust

Apun-ruapoxap0oHoBsIi perientop (AhR) — akTHBHpYeMBIi TUTaHIOM TPAHCKPUTIIIHOHHBIN (aKkTop, KO-
TOPBIA Y4acTBYeT B OTBETE HAa KCEHOOMOTHKH MIIM SH/IOTEHHBIE CUTHAIBI, MOIYJIHPYSI SKCIPECCHIO MHOTHX
TCHOB B Pa3IMYHBIX TKAHAX y pa3HbIX BUIOB. B orcyTcTBHe muranga AhR HaxoguTes B MTONIIa3Me KIETKH
B COCTaBE reTepPOTETPAMEPHOT0 KOPOBOTO IIUTOILIA3MAaTHUECKOTO KOMITIEKca. B cocTaBe 3Tor0 sk KoMmIl-
JIEKCa OH B3aWMOJICHCTBYET C JIMTAHIOM H TPAaHCIOIHPYeTCs B SApo. B snpe cBsa3zanublil ¢ murangom AhR
o0pazyer ¢ OemkoM Arnt TpPaHCKPHUITIIHOHHO aKTHBHBIA KOMIIIEKC, KOTOPBIH 001a1aeT BEICOKUM CPOICTBOM K
DRE (dioxin response elements). B pabote npeacrasnens! pe3ynsrars! morncka DRE B reHax, Komupyrommx
0eKM UTO30JIFHOTO KOMILIEKCa apHiI-THIpokapOoHoBoro perentopa. C MCIOIb30BaHUEM MTPOTPAMMEI
SITECON wuaenTuduunpoBano 27 HOBBIX MOTeHIIMATHEIX DRE B ITH MOCIEI0BaTEIPHOCTIX U3 Pery-
JSTOPHBIX 00JIacTel COOTBETCTBYIOIINX TeHOB UeioBeka. BHOBE BersBneHHbIe DRE nmo3unmonnpyrorcs B
IIPOMOTOPHBIX PaiflOHAX TEHOB, YTO MTO3BOJISICT MIPEAIOJIOKNTH (PYHKIIMOHAIBHYIO 3HAYNMOCTD BBISIBICHHBIX
DRE. IlonydenHple JaHHBIE MOTYT HCTIOIB30BAaTHCS IS pa3padboTku moneneit AhR-3aBucuMoil perynsmun
9KCIIPECCHN TEHOB, KOANPYIOINX OCIKH ITUTO30JIbHOTO KOMILIEKCA.

KiroueBble ci1oBa: apuin-rupokap6oHoBbIi perientop, DRE, THOKCHH, KOPOBBII ITUTO30IbHBIN KOMILIEKC,

ABTOPCTYIIATOPHAA MCTIA.

BBenenue

HecmoTpst Ha NOBBILLIEHHBIN HHTEPEC UCCIIE-
JoBaresiel K addexram IeHCTBHS JMOKCUHA U €r0
MPOU3BOJHBIX HA OPraHU3M MJICKOMUTAIOUIUX H
YeNI0BeKa, MEXaHU3Mbl €T0 YYacTUsl B PETYJISAINH
SKCIIPECCHU TE€HOB 3YKapHOT M3yYeHBI HEI0CTa-
TOYHO. B 4aCTHOCTH 10 CHX TIOp HEITOJIHEI JaHHBIS
0 HaJIMYUMU B COCTABE PETYJISATOPHBIX PallOHOB
TCHOB, KOJUPYIOIIMX KOMIIOHEHTBI IIUTO30JIbHOTO
KOMILIEKCa apuI-THIPOKapOOHOBOTO PEeLenTopa,
«JIMOKCUH-YYBCTBHUTEIBHBIX 3IeMEHTOB» (dioxin
response elements, DRE), oTBeTCTBeHHBIX 32 MHU-
[IAAITAIO0 WX TPAHCKPHUIIIIHH.

Apun-ruapokapoonoBsbii perientop (AhR) — ak-
TUBUpYeMbIil suranaoM (L) TpaHCKpUNIIMOHHBII
(haxTOp, KOTOPBI YYaCTBYET B PAAC KPUTHUCCKUX
KJIETOYHBIX COOBITUI B OTBET Ha KCEHOOMOTHKH WK
sHnoreHHbIe curHaiel (Harper et al., 2006), momy-

JUPYsT DKCIIPECCHUIO0 MHOTHUX TC€HOB B Pa3IHUYHBIX
TKaHsIX Y pa3HbIxX BUI0B (Sogawa, Fujii-Kuriyama,
1997). B orcyrcrBue nuranaa AhR vaxomurces B co-
CTaBe reTepoTeTPAMEPHOTO KOPOBOTO LIMTOILIA3Ma-
trdeckoro komrurekca (KIK), coctosmiero n3 AhR
(coOCTBEHHO JTMTAaH-CBA3BIBAIONIAS CyObEMHUIIA),
nMMyHO(DUIHH-TIoH00HOTO Oenka Aip U auMepa
Hsp90, ¢ koTopsIM MeHEee TECHO aCCOLUMMPOBAH P
npyrux oenkos (Petrulis, Perdew, 2002) (puc. 1).
[Ipu cBsA3BIBAaHNY TUTAH/IA, IPUMEPOM KOTOPOTO
MOXET CIyKuTh 2,3,7,8-TeTpaxiiopoanOeH30-1-
nmuokcud (2,3,7,8-TX/I /1) — nHanbosee TOKCUIHBIH
W3 M3BECTHBIX JIO HACTOSIIErO BPEMEHU KCEHO-
ouotukoB, AhR/L B cocraBe KOMIUIEKCA TpaHC-
nouupyercs B siapo. B sape KK auccouunpyer,
u AhR/L o6pa3yeT TpaHCKpUIIMOHHO-aKTHBHBIH
xommuiekce ¢ Arnt (aryl hydrocarbon receptor nuclear
translocator) (AhR/L-Arnt), KoTopsIif crtocoOeH ¢
BBICOKUM CPOJICTBOM CBSI3BIBATBCS CO CIICIU(H-
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Puc. 1. Porrs KIIK B AhR-omocpenoBaHHOM IyTH aKTHBAIlUU YKCIPECCHH T€HOB, COIEPIKAIINX B CBOCH

perymsitopHoit oomactu DRE.

yeckumu nocinenoBareiabHocTsimMu (DRE — dioxin
response elements) B perymsTtopHoll obmacTu
TeHOB-MUIIIEHEH, HHULUUPYS UX TPAHCKPHUIIIIHIO
(Whitlock, 1999; Ma, 2001).

MexaHU3MbI PEryJISILIMKA TPAHCKPHUIIIIUU TCHOB,
koupytommx codctsenHo Oenku KUK, B cBs3zu
C BO3JCHCTBUEM AMOKCHHA IO KOHIIA HESCHBI.
CyIIecTByIOT dKCIIEpUMEHTAIbHBIE JaHHBIC, Je-
MoHcTpupytomme Hammare AhR-omocpenoBanHoi
perymsnuu dKkcripeccuu reHa AhR y kpuic. [Tokaza-
HO, B YaCTHOCTH, YTO CBsi3bIBaHMe jiurana ¢ AhR B
MEUYCHU KPBIC MOBBIIIAJIO YPOBEHb TPAHCKPUIIIHH
MPHK camoro A/ZR 3aBUCHUMBIM OT THUIIA JIMTaH-
na obpaszom: Tak, mpu BBeneHuu 2,3,7,8-TX]1/]
ypoBenb MPHK AhR Bozpacran B 3 paza (Franc
et al., 2001; Brauze et al., 2006). Pan pe3ynsra-
TOB YKa3bIBaeT Ha BO3MOXXHOE CYII[ECTBOBaHHUE
Takol perymsinuu Uy udenoBeka (Hayashi ef al.,
1994; Jana et al., 1998; Pitt et al., 2001; Wu et al.,
2003). B cBs13u ¢ 3TUM TIpeCTaBISETCS HHTEPEC-
HBIM HCCJIEIOBATh PETYISITOPHBIE PailOHBI TEHOB
yesoBeka, koaupytomux kommnoHeHTsl KK, c
IEJIBIO TTONTyueHHsI 00JIee TTOIHOTO MPECTaBICHHS
00 UX opraHu3allvy U JaHHBIX I TOCTPOCHHUS B
JTATbHEHIIIEM MOJISIICH, OTPAYKAFOIINX MEXaHU3MbI
PETYISAIIH SKCIIPECCUU ITUX T€HOB W JIMHAMUKY
OmocuHTe3a/pacmaga KOMILIeKca.

MaTepnanbl U METOAbI

ITouck DRE B peryiaropHbIX paiiOHaX I'€HOB
nposoauiics ¢ nomomsio noaxoga SITECON

(http://wwwmgs.bionet.nsc.ru/mgs/programs/
sitecon/) (Oshchepkov et al., 2004). Ero a¢ddexrus-
HOCTh OBLIIa paHee MOJTBEPKICHA IKCIICPUMEH-
TaJbHO TIPU PACIIO3HABAHUH CANUTOB CBS3BIBAHHS
TpaHCKpUMITUOHHBIX (pakTopoB SF-1 m SREBP
(Kolchanov et al., 2007).

B kauecTBe 0Oyuaroiieli BEIOOPKU HCIIOJIb-
30BaIOCh 13 IKCHEPUMEHTANIBHO BBHISBICHHBIX
DRE mmuaoi 19 mH. (Sun ef al., 2004). Bee stn
CaMTHI cozlepKaT MHBAPUAHTHYIO TIOCIIEIOBATEb-
HOoCTh 5'-GCGTG-3' 1 BapnabenbHBIC (PIIAHTOBEBIE
rocienoBaTensHOCTH. Ha ocHOBE BBIOOPKH OBIT
oTpe/ielicH Ha0Op KOHCEPBAaTUBHBIX KOH(poOpMa-
LIMOHHBIX U (u3KKo-xuMHu4YecKuX cBorcTB DRE,
KOTOPBIH HCIIOJIB30BAJICS JJIsl CO3JaHUS MPaBUI
pacmo3HaBaHUS U IMMOCJEAYIONIETO ONPeACICHUS
YPOBHS KOH(OPMAITMOHHOTO CXOJICTBA TECTUPY-
E€MOM TOCIIEIOBATEILHOCTH ¢ O0yJaroIeld BbI-
6opkoit. Ommobka 1-ro pona (HegompeacKazaHue)
PaCcCUMTHIBAIACH C TIOMOIIIBIO ITOJIX0/1a «CKJIAIHOTO
noxa» (jack-knife) (Efron, Gong, 1983). Dta npo-
Leaypa BKIOYaa B ce0sl pacrio3HaBaHUE OJHOTO
n3 caiitoB u3 BeIOOpkH DRE Ha ocHOBe 00yueHMs
10 HETMIOJHOHM BBIOOPKE, HE BKIIFOYAIONIEH pacto-
3HaBaeMbIi CalT, U IPOBOJMIIACH ITOCIIEI0BATEIHHO
JUISL BCEX CalToOB M3 oOydvaroied BbIOOpKH. J[ist
pacuera ommOKu 2-ro poja (IepenpenacKasanus)
WCIIOJIh30BAJIACh CITydaifHast OCIIeI0BATEIIbHOCTh
JuHoi 500 000 m.o., creHepUpOBaHHAs MyTEM
MHOTOKPAaTHOTO CJIy4allHOTO MepeMelInBaHUs
HYKJICOTHJIOB U3 TOCJeNoBaTeIbHOCTel 00yya-
fomeit BeiOopku. Kputepruem mpuHAIIEKHOCTH
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TECTUPYEMOI TOCIIeI0BATENbHOCTH K MOTEHIH-
anpHeiM DRE ObUTO 3HaUeHHE ypOBHS CXOICTBA,
npeBblLIaroliee noporosoe 3Hadenue P= 0,95, npu
KOTOpOM ommOKa 1-ro poga paBHa Hy:mro (Tabm. 1),
BCE CaiiThl oOyd4aromei BhIOOpKH 0e30MIMO0YHO
pacIio3HaloTCs Ha KOHTPOJIE.

Tabauna 1
Omnbku pacro3naBanust DRE
metonoM SITECON nnst pa3HbIX ypoBHEH
KOH(OPMAITMOHHOTO CXOJICTBA

IToporosoe Omnbka 1-ro
3HAUCHHE Ommubka 2-ro poaa
YPOBHS pona (nexonpen- (mepemnpesackasanue)
CXOICTBA CKa3aHue)
0,95 0,0000 1,11e—003 (1/901)
0,96 0,0769 9,10e-004 (1/1099)
0,97 0,2308 6,70e—004 (1/1492)
0,98 0,3077 1,50e—004 (1/6665)

OddexruBHocTh momxoaa SITECON aist mowc-
ka DRE tectupoBanach Ha MOCIEI0BATENIbHOCTAX
renoB CYPIAI, CYPIBI 4denoBeka W reHa dIIH-
peryiauHa Kpbichl. [Ipu CpaBHEHUHU IMOJYUYEHHBIX
PE3yJabTaTOB C IKCIEPUMEHTAILHBIMH JaHHBIMHU
(Kress et al., 1998; Tsuchiya et al., 2003; Patel et
al., 2006) okazanock, uto ¢ momoiisio SITECON
BEISBIIIIOTCS BCE OITOK-CBSI3BIBAIONIIE U (PYHKITH-
onanpHO-akTUBHBIE DRE. Criemyer oTMETHTB, 9TO
3HAYEHHE YPOBHS CXOJCTBA COCTABUIIO HE MCHEE
0,974 nuist Bcex 3TUX DIIEMEHTOB, BKIIFOUas ¥ PyHK-
[IMOHAJILHO aKTUBHBINA CAlT B I'€HE DIHPETyIUHA
KPBICHI, KOTOPBIA HE OBbLT BBISABICH JPYTHMU Me-
TOoJaMHu pacriozHaBaHus (Sun ef al., 2004).

PesyabTarhl

ITpoananu3upoBaHO 5 MOCIIENOBATEIBHOCTEN
U3 PEeryasTOpHBIX 00JacTell TeHOB UYeOBEKa,
KOJMPYFOIINX KOMITOHEHTBI IUTO30JILHOTO KOMII-
JieKca apuiI-TUAPOKapOOHOBOTO perentopa: AhR,
AIP, HSP90AAI, HSP90ABI. [1ns renoB AIP,
HSP90AAI v HSP90ABI B aHanu3 ObUIH B3SITHI
Y4acTKH MPOMOTOPHBIX paioHoB oT —5000 1o
+600 HyKJIEOTHIOB OTHOCHTENBHO CTapTa TPaHC-
kpunimn. /s AhR paiion moucka 6bu1 pacmmper
o —15000/+600. B pesynsrare oOHapyx)eHo 30
noteHnuanbHbIX DRE, 27 13 KOTOPBIX BBISIBIICHEI
BrepBeie: 1 B AAR, 5 B AIP, 5 B HSP90ABI n1io 8

B perymsatopHoit 3oue reHa HSP90AAI nns nByx
anbTepHaTUBHBIX TpaHcKpuToB. Bece DRE pacrio-
3”anb!l nporpammoit SITECON c cymiecTBeHHbIM
IIPEBBILICHUEM BBIOPAHHOTO MOPOTa, PaBHOI'O
0,95. IlomyueHHBIE pPe3yIbTaThl CYMMHPOBAHEI B
Tal. 2.

[IpoBenenuslii ananu3 npomMoTopa rena AhR
YyesnoBeKa MoKa3ajl HaJlnuue 3 MOTEHLIHAIBHBIX
DRE (mo3ummwm +8, +406 u +696), JUIIb OXHH U3
KOTOpHIX (B mo3unmu +406) OBLT yXKe BBISIBICH
(Sun et al., 2004). Kpome Toro, MOTEHIIMAIBLHBIH
DRE 6wt Hadien B mo3uimu oT —7398 go —7385,
B paiioHe, rae panee nouck DRE He nmpoBoauics
WM IPOBOJMIICS, HO COOTBETCTBYIOIIMN CallT He
ObLT HAeHTU(DUIINPOBAH.

ITockonbky ycranosineH ¢akt AhR-omocperno-
BaHHOW PETYJSAINH dKCIIPeccur reHa AhR KPBICHI
(Franc et al., 2001; Brauze et al., 2006), nHamu
ObUT MPOBEJIEH aHAJINU3 €T0 TPOMOTOPHOHN 30HBI
B paiione —15000/+600. B pesynasrare BBISBICHO
Tpu noreHuuanbHbix DRE ¢ BblcOKHM ypoBHEM
rxoHpopmMartmonHoro cxoactaa (0,97-0,98, Tabm. 2),
MIPUYEM TTO3WIUS OTHOTO COBITAJAET C IMO3UITUEH
DRE, BrisiBnennoro panee (Sun ef al., 2004).

st BepuUKaLuy MOMyYSHHBIX Pe3ylbTaToB
OBLIO IPOBEICHO CPABHEHHUE IIIOTHOCTH PACIO3HA-
BaembIx DRE (urcio DRE na 1000 11.0.) B BEIOOpKE
MIPOMOTOPOB TeHOB uesoBeka (1867 mocnemona-
TenbHOCTEH) 13 0a3bl jaHHbIx Eukaryotic Promoter
Database (Schmid et al., 2006) u B mpomoTopax
MIePEUUCIICHHBIX BbIIIE FeHOB — KoMIoHeHToB KCK
yenoBeka (5 mocienoBarenpHocTel). CrnenyeT
OTMETHTb, YTO aHaIM3HUpyemas BbiOopka u3 EPD
BKJIIOUaJIa KaK HELEJIEBbIE IS BO3AEHCTBUS KCe-
HOOMOTHKOB T€HBI, TaK M 3aBEAOMO COZEpIKaIIie
DRE, nockonbKy anprHopHYo Kilaccu(pUKAIIUIO MO
npu3HaKy Haimumuust/orcyterBust DRE B nmeronmx-
Cs1 MOCJIEJ0BATENBHOCTAX MPOBECTH HE MPECTAB-
JISIeTCS. BO3MOXKHBIM I10 TIPUYMHE HEJOCTAaTOYHOM
N3yYEHHOCTHU CTEIIEHHU Y4acTUsI COOTBETCTBYIOIINX
IeHOB B OTBETE Ha JICHCTBHE KCEHOOMOTHKOB.
Pacno3naBanue B 000MX Ciydasx HMPOBOAMIIOCH
s yaactka —5000/+600 oTHOcHTeNnbHO cTapra
TpaHCKpUNIUU. Pe3ynbrarsl MpeacTaBieHbl Ha
puc. 2. Buano, uro gyst noporos 0,95, 0,96 u 0,97
mnotTHocTh DRE B mpoMoTopax reHoB KOMIIOHEH-
toB KCK d9enoBeka mpeBbIIaeT WX IIOTHOCTH B
npomotopax u3 0a3bl nanueix EPD, npuuem s
nopora 0,97 6onee yem B 2 pa3a. YCTaHOBJICHHOE
pasnauyue MO3BOJSET C BEICOKOW CTENEHBIO BEPO-
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Tabauna 2
ITorennmansusie DRE, BoIsiBIeHHBIE ¢ KcMioiab3oBanueM MeTona SITECON
B reHax AhR, HSP90, AIP yenoseka (Nedosekina et al., 2007) u B reHe AhR KpBICHL.
CpasHenue ¢ pesynbratamu Sun et al. (2004) u Boutros et al. (2004)

SITECON Sun et al., 2004 | Boutros et al., 2004
I'ens yenobeka | ITocnenoBarensHoCcTh DRE
Tlosunms | CxomxcTBo Tlo3unms Tlo3unms
CGAGAGCGTGCCCC +8 0,975 HH HH
Hs:AhR

AGCCTGCGTGAGCC +406 0,984 +467** HH

(NM_001621)
CACCCGCGTGCCTG +696 0,984 HH HH
GAATCGCGTGAACC —7392 0,971 HA HH
Rn:AhR* CCCACGCGTGCAGC +112 0,974 HH HH
(NM_013149) TTTTTGCGTGAAAA -4933 0,984 —-4904** HH
CCCATGCGTGCTAT -9119 0,987 HH HH
TTCCTGCGTGTGAT +550 0,959 HA HA
ACCCCGCGTGCTGG +256 0,973 HA HA
ACCTGGCGTGCTCC -39 0,972 HA HA
Hs:HSP90AAI CGCAGGCGTGCTCA -52 0,970 HA HA
(NM_001017963)] GGTGGGCGTGATCC -197 0,968 HA HA
GCCCTGCGTGCCGA -993 0,988 HA HA
CGGTGGCGTGCTCA -2830 0,972 HA HA
TACAGGCGTGAGCC —4138 0,968 HA HA
TGTTCGCGTGCGGC +306 0,973 HA HH
CGGGGGCGTGCGAG -241 0,970 HA -234
CCCGGGCAETGCCCT -364 0,971 HA HH
Hs:HSP90AAI GTCGTGCGTGGACG —465 0,955 HA HH
(NM_005348) CGGGCGCGTGAGAC -491 0,970 HA —484
TACAGGCGTGAGCC 2157 0,968 HA HH
GAATGGCGTGAACC -3506 0,968 HA HH
TAGAGGCGTGAGCC -3687 0,968 HA HH
CTACTGCGTGCCCC -22 0,985 HH HH
AGGCCGCGTGACGA -1132 0,971 HH HH

Hs:HSP90AB1
TGGGAGCGTGATCC -1701 0,973 HH HH

(NM_007355)
CAGTGGCGTGATCT -2618 0,970 HH HH
TACAGGCGTGAGCC -3175 0,968 HH HH
GAATGGCGTGAACC -858 0,968 HH HH
He AIP TACAGGCGTGAGCC -1037 0,968 HH HH

s:

CACAGGCGTGCACC -1293 0,971 HH HH

(NM_003977)
TACAGGCGTGAGCC -2092 0,968 HH HH
TACAGGCGTGAGCC —2404 0,968 HH HH

Ob6o3nauenns: HH — ve Haiineno; HA —He anamm3upoBanocs. * Orcuet mo3urmu DRE npoBomuiics oTHOCHTENEHO
Kpaiineit 5'-no3uiun coorBercTpyromei kJJHK. ** Habaromaemoe pacxoxieHre B MO3KMIIKAX [IEPBOTO HYKICOTHIA,
BoisiBiieHHOro DRE, ¢Bsi3aHO ¢ pa3HULIei IpH ONpeaesIeHnH O3UIUH CTapTa TPAHCKPUIILIUHU.
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Puc. 2. CpaBHeHUE MIIOTHOCTH BBISIBISIEMBIX METOIOM
SITECON DRE B npomotopax u3 6a3sl nanasix EPD B
npomotopax renoB kommoneHToB KCK wenoBeka (AhR,
AIP, HSP90ABI, u nBa tpanckpunta HSP9OAAL) B
3aBUCUMOCTH OT MOPOTOBOTO 3HAUYEHUSI YPOBHS KOH-
(hopMaIMOHHOTO CXOJCTBA.

ATHOCTH TOBOPHUTB O PETYIISILIUN DKCIIPECCHH TEHOB
KUK uepe3 B3aumoneiictBue komruiekca AhR/Amt
¢ DRE B uX IpOMOTOpHBIX paliOHAX.

Oocy:xnenue

Panee ¢pynkumonanpHOoCcTh KIIK U BimsHue
AhR Ha 3KcIpeccrio COOTBETCTBYIONIMX T'€HOB-
MHUIIIEHEH paccMaTpUBAINCh B OCHOBHOM B CBS3H
C POJTBIO OEJIOK-OCITKOBBIX B3aMMOJICHCTBUI MEXKITY
napTHepamu, popmupyromumu komiieke (Carver
et al., 1998). Ycranosneno, uro BHyTpu KIIK AhR
B3aNMOJIEHCTBYET C 000MMHU OEIKaMU B COCTa-
Be aumepa Hsp90 (Perdew, Bradfield, 1996). B
cBoto ouepens aumep Hsp90 nognepxuBaer AhR
B KOH(pOpMaIu, HEOOXOAUMOW AJISi CBSI3BIBAHMUS
muragaa (Whitelaw et al., 1995). Aip oGpasyer
xomruieke ¢ Hsp90 u AhR, HO criocoben Taxke K
HEe3aBHCHMOMY CBsI3bIBaHmIO Kak Hsp90, Tak m AhR
(Meyer et al., 2000).

B nacrosieit pabote BHUMaHHE COCPEI0TOUEHO
Ha KOMITBIOTEPHOM aHAJIN3€e PETYISTOPHBIX 00Ja-
cteil reHoB, koaupyromux Oenku KIK yenoseka,
Ha npenMer Hanudus DRE, oGecmeunBaronmx
BO3MOXXKHOCTh AhR-omocpenoBaHHON peryIsITiuu
MX SKCIPECCHH.

[TonyueHHsle pe3ysbTaThl TOBOPAT B IMOJIb3Y
CYILIECTBOBAHMSI TAKOT'O THIIA peryisiuuu. J{efcTBu-
TeJIbHO, B CTpyKType Beex renoB KLIK oOnapyske-
el DRE — 00s13aTenpHBIE COCTABISAIONINE PETYIIs-
TOpHOTO TyTH ¢ ydactueM AhR. ABroperymsius

aKcrpeccuu reHa A1 R KpbIC, B CTPYKTYPE KOTOPOTO
Hamu BeisiBiieHbl DRE, nokazana skcriepuMeHTalb-
Ho (Brauze et al., 2006).

[Ipu cpaBHEHHHM OpTaHU3AIUU IIPOMOTOPOB
reHOB AR KPBICH U YeJI0OBeKa 0Ka3ajioch, 4TO Xa-
pakrep pacroiokeHusi noreHuuanbHbix DRE B HUX
CXOZICH: B 00EUX IMMOCIIE0BATSILHOCTAX HMEIOTCS
DRE numxe crapra Tpanckpunuyu (1 B reHe KpbIChI
B no3umu +112 u 3 B reHe 4esoBeKa B HO3ULIMIX
+8, +406 u +696). Kpome Toro, B IpoMOTOpax
0boux reroB ecth o onHomy DRE B mucransHO
00JIaCTH Ha 3HAYUTEIILHOM PACCTOSIHUU OT CTapTa
TPAHCKPUIILMU (B TeHe KPBICHI B o3uLuu —4932
1 B I'eHE YeJoBeKa B mo3unuu —7392). Hukakux
nonTBepxkaeHu PyHkImonansHocTH DRE, 10-
KaJIM30BaHHBIX HIKE CTApTa TPAHCKPHUIIIIHH, TTOKa
HE HaleHO, OHAKO B MOJICTBHBIX SKCITIEPIMEHTAX
nokasana (yHKIMOHabHas akTUBHOCTH DRE,
PACIIONIOKEHHBIX BBIIIE CTapTa TPAHCKPUIILIUU HA
paccrostanu Brtoth 10 —7000 ot Hero (Kawajiri
et al., 1986; Kress et al., 1998; Lakhman et al.,
2007). OTu maHHBIE MOTYT CIYXKUTH apTyMEHTOM
B TIOJIB3Y MPEIATOTIOKEHUS O (QYHKITMOHATEHOCTH
DRE, BBISIBICHHOTO B TUCTaIbHOM 001acTH Mpo-
MOTOpa reHa A/AR yenoBeka.

H3BecTHO, 4TO 1UTO301bHEIN Oemoxk HSP9O,
BaxxHbld komnoHeHT KIIK, mpoayuupyercs
IByMsI TIapaJIOTUIHBIMA TeHaMu — HSP90AAI n
HSP90ABI. Cunraercs, uto HSP9OA A1 gacTruno
nHayuuoenex, torna kak HSP9OAB1 skcnpeccu-
pyercs no 6omnbiueii yactu KOHCTUTYTHBHO (Chen
et al., 2005). B mpomoTopax AByX H3BECTHBIX
n3ohopm HSP90AAI, oTiyaromuxcsi 1o IoJIo-
YKEHHIO CTapTa TPAHCKPHUIIIINH, HAMH 0OHAPYKEHO
o 8 moreHIMaIbHBIX DRE. [T4Th TOTEHITHAIBHBIX
DRE o6Hapy:xeHbl 1 B IPOMOTOPE BaXKHEHIIETO
kommoneHnTa KIIK — Genka AIP. U3BecTHO, 4TO
AhR-omnocpenoBanHas SKCIIpecCcHs TeHa-MHUIIIEHU
npu Bosaevicteuu 2,3,7,8-TX]/] nnu quokcuHo-
MOJ00HBIX COEAUHEHUN 3aBUCHT OT unciaa DRE,
pacToNoKeHHBIX B 3HXaHCcepHOH obmactu (Kim ef
al., 2006; Tsyrlov, 2006). [ToaTomMy reHbl, UMEO-
mue 5 unu 6oitee noreHMaabHbIX DRE B cBOEH
perynaropHoii 3oue, — HSP90AA1 (8 DRE), AIP
(5 DRE) u HSP90AB1 (5 DRE) — MoryT siBiTBCS
MIEPBOOYEPEAHBIMI T€HAMHU-MHIICHIMH JIJIsT BO3-
JNIEWCTBUS KCEHOOMOTHKOB.

Jns nonrBepxacHUs (QYHKIMOHAIBHOCTHU
BBISIBJICHHBIX ToTeHIMabHbIX DRE in vivo 6e3y-
CJIOBHO HEOOXOIMMBI JTAITbHEUIITHE IKCIIEPUMEHTHI,
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OJIHAKO yXe ceHdac MOXHO CHIeJaTh HECKOJBKO
YMO3aK/II04eHui. [leTekTupoBanue MOTeHIHAIb-
Heix DRE B perymaropHoii oOmactu reHa AAR u
IIPYTUX TeHOB, Komupyromux 6enkn KK genmose-
Ka, TO3BOJIIET pacCMaTprUBaTh UX KaK CTPYKTYPHYIO
ocHOBY 11 AhR-onocpeioBaHHBIX Iy TeH perysisi-
LIUH TPAHCKPUITLIUOHHOHN aKTUBHOCTHU ¥ TOBOPUTH O
HAJIMYUH aBTOPETYISTOPHOU mewu aiist reHa AhR
B IIpolleccax OTBETa Ha KCEHOOMOTHK. [laHHBIE,
HOJIy4€HHBbIE paHee Ul psiia TEHOB YeJIOBEKa U
kpoickl (Hayashi et al., 1994; Jana et al., 1998; Pitt
etal.,2001; Wu et al., 2003; Brauze et al., 2000),
CBUJIETEIBbCTBYIOT B I10JIb3Y CYIIECTBOBAHUS TAKO-
IO TUIIA PEryJSILIKHU B TOAICP)KaHIUH COOCTBEHHOM
skcnipeccuu AhR. B cBoto odepess, eciu puHSTH
BO BHIMaHHE MHOXECTBEHHBIC (5 1 0oJiee) TOTeH-
muansHbie DRE, oOHapyxeHHbIe B peryasiTopHOn
00J1aCTH T€HOB, KOJUPYIOIINX OCTaJIbHBIE OCJIKH
KUK, yBennuenue sxcnpeccun Oenka AhR mpu
BO3JICHCTBUM KCEHOOMOTHKA, BEPOSITHEE BCETO,
MOZAYJIUPYET U HKCIPECCUIO TEHOB, KOAUPYIOIIUX
0€eJIKM KOPOBOTO LIUTO30JIBHOTO KOMILIEKCA.

Taxum 006pazom, MPEACTABIAETCS BEPOSITHBIM,
YTO MPU HAIWYUM aBTOPETYISTOPHON MEeTIH IS
AhR skcnipeccus BceX TeHOB, KOAUPYIOIUX OSIIKU
KIIK ugemnoseka, moxetr perymupoBarbcsi AhR-
3aBHCUMBIM O0pa30M U HMHTErPaJbHO BIUATH HA
PEaKIUIO KJIETKH Ha KCEHOONOTHUKHU.
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DETECTION OF NEW DRE SITES IN REGULATORY REGION
OF HUMAN GENES ENCODING COMPONENTS
OF AH RECEPTOR CYTOSOLIC COMPLEX

D.Y. Oshchepkov!, D.P. Furman -2, E.A. Oshchepkova!l, A.V. Katokhin !,
M.Y. Shamanina !, V.A. Mordvinov'

!'Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia;
2 Novosibirsk State University, Novosibirsk, Russia

Summary

Aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor involved in response to xenobiotics
and endogenous signals. AhR modulates expression of many target genes and acts in various tissues of different
species. Without a ligand AhR exists as heterotetrameric cytoplasmic core complex. AhR binds a ligand and then
the AhR/ligand/core comlpex is translocated to the nucleus. After that the complex forms heterodimer with nuclear
protein Arnt, binds to DRE (dioxin response element) and acts as a transcription factor. The results of DRE search
in the genes encoding proteins of heterotetrameric cytoplasmic complex are presented in this paper. Twenty seven
new potential DREs located in regulatory regions of five target human genes were found using the computer program
SITECON. These DREs are promoter elements and may have functional activity. Obtained data can be used for
modeling of AhR-dependent regulation of genes encoding cytoplasmic complex proteins.
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IUTOKUHBI: BUOJIOTMYECKHUE CBOVCTBA Y PETYJIAIIUS
3KCIIPECCUU T'EHA UHTEPIEMKHWHA-5 YEJIOBEKA

B.A. Mopasusnos ', JI.I1. ®ypman -2

"'Vupexaenue Poccuniickoit akageMunt Hayk MIHCTUTYT IIUTOJIOTMN ¥ TEHETHKH
Cubupckoro oraenenust PAH, HoBocubupck, Poccust, e-mail: mordvin@bionet.nsc.ru;
2HoBocuOUpCKHii TOCYIapcTBEHHBIN yHUBepcuTeT, HoBocuOupck, Poccus

Watepneiikua-5 (UJI-5) mpruHAIISKUT K OOMIPHOMY CEMEHCTBY ITUTOKHHOB — MH()OPMAITHOHHBIX MOJEKYI,
CEKPeTHPYEMBIX KIIETKAMH HMMYHHOH cucTeMbl. OCHOBHBIM HCTOYHUKOM WJI-5 siBistroTes 3pemnsie T-mimvdo-
uTel. WJI-5 urpaet neHTpanbHyo poib B Pa3BUTHU 1 PETYILSIINH MATOIOTHIECKUX COCTOSTHUH, CBA3aHHBIX
€ 03MHO(MINEH, B TOM YHCIIE NTPU AIIEPrHYECKOM BOCHAJICHUH U MapasuTapHbIX nHpeknmax. B od3ope
MIPUBOJIATCS OOIIHE TaHHBIC O IUTOKUHAX, CHCTEMATH3UPOBAHBI PE3YIIBTAaThl HCCIIEI0BAaHNH OMOIOTHIECKOH
pomu NJI-5, ocBemieHs! BOPOCH CTPYKTYPHO-(PYHKIIHOHATBHOW OPTaHU3aIiN M PETYIISIINN SKCIIPECCHH TeHa
WJI-5, a Taxoke MEXaHU3MBI BIHSTHUS TIIIOKOKOPTUKOHMIOB Ha 303MHO(IIINIO U dKcTIpeccuto reHa UJI-5.

Karouesbie ciioBa: T-1uMONUTEI, IIUTOKUHBI, HHTEPICHKUH-S, SKCIIPECCHS T'eHa.

BBenenue

NMmMyHHOM cucTteMe NMPUHAJICKUT BEAyIlast
pOJIb B 00ECIICYCHUH U TIOJIICP’KAaHUH TOMEOCTa3a
opraHusMa, a Takxe (GOPMUPOBAHUHU COTIACO-
BaHHBIX peaKuHﬁ €ro OTACJIbHBIX CUCTEM B OTBET
Ha BHEIIHHE BO3ACHCTBHA. MHOXECTBO (DaKTOB,
MOJYYEHHBIX IPU MPOBEACHUH HCCIIEIOBAHUN B
00TacTH MOJIEKYISPHOM OMOJIOTHH, UMMYHOJIOTHH
u (1)I/ISI/IOJIOI‘I/II/I, YKa3bIBarOT Ha CYIIIECTBOBAHUE KOM-
MYHUKaIIMOHHOW CETH, 00eCTIeUHBAIOIIEH MEXKKJIIe-
TOYHOC B33HMO,ZLCI>'ICTBHC Ha TKAHEBOM, OpraHHOM
Y CHCTEMHOM YPOBHSIX KaK OCHOBY JUIsl (PYHKIIHO-
HUPOBAHMS UMMYHHOH CUCTEMBl. MEXKIIETOUHBIE
CBSI3M PEAJM3YIOTCSl IOCPEICTBOM MEAUATOPOB,
CCKPETUPYEMBIX CTICHUATTN3UPOBAHHBIMU KJIICTKAMU
TUM(OUHOTO ¥ MUETIOUTHOTO PsiJia.

Ponp MCAUATOPOB BBIMOJHAKT HUTOKUHBI —
OonbI11asi rpyTIa peryasTOpPHBIX OSTIKOB, OCYIIECTB-
JSIIOIIMX Tepeiadyy CUTHAJIOB Yepe3 KOHTAKT CO
crenupUIeCcKUMH PpeLieITOPaMy Ha IOBEPXHOCTSIX
KJIETOK. B COBOKYITHOCTH IIUTOKHUHBI (POPMUPYIOT
Pa3BETBJICHHYIO U MHOT'OYPOBHEBYIO IUTOKMHOBYIO
ceTb. [ng ee mpaBHIBHOTO (YHKIIMOHUPOBAHUS
HE0OXOIUMO CTpOTOE COOIIOICHHE OajaHca Kak
CaMMX LUTOKHHOB, TaK U UX PELENTOPOB, COAEP-
KaHHE KOTOPBIX IIOJBEPIaeTcs CyLIECTBEHHBIM

HU3MEHEHUSIM B 3aBUCUMOCTH OT COCTOSIHUS y4acT-
BYIOIIIMX BO B3aUMOJIEHCTBUSAX KJIETOK.

HopmanbHasi paboTa HIUTOKMHOBOW CETH BO
MHOTOM 0a3upyeTCsi Ha MEXaHU3Max, JICKAITUX
B OCHOBE PETYNISAIMU SKCIIPECCUU T€HOB LIUTOKHU-
HOB. OIHAaKO 3TU MEXaHU3Mbl U3yUEHBI 1aJICKO HE
JIOCTaTOYHO, YTO CYIIECTBEHHO 3aTPYIHSET OHU-
MaHHE 3aKOHOMEPHOCTEN B3aUMOACHUCTBHUS KIETOK
Pa3TUYIHBIX TUTIOB, OTACITBHBIX CHCTEM OpTraHu3Ma
U OPMHPOBAHUS €ro peakiuii. IHbIMU cioBamu,
MHOT'HE OOIIME 1 YaCTHBIE MPOOIeMbI (PU3HOIIOTHHY,
MMMYHOJIOTHH U APYTUX OUOJIOTHYECKHUX JUCIUTI-
JTUH TPeOYIOT HCCIeOBaHUS MEXaHU3MOB PETy-
JSIHAHA DKCIIPECCHH TeHOB MUTOKWHOB. CremyeT
JI00ABUTh, UTO U3YUCHUE KOHTPOJIS DKCIIPECCHH KaK
OTJICJIbHBIX T€HOB [IMTOKUHOB, TAK X TEHHBIX KJIaC-
TEPOB, OOBEIUHSIONINX IeHbI IMTOKUHOB OIpeie-
JICHHOTO THUIIa, CIOCOOCTBYET PEIICHUIO OAHOH 13
BaXHEHUIITHX MPOOIIEM MOJIEKYIISIPHOM ONOIOTHH —
HCCIIEIOBAHUSI MEXAaHU3MOB PETYIISIMN dKCIpec-
CHH TCHOB DYKapHOT.

CeMeliCTBO IMTOKUHOB: 001Me CBeIeHUS
Wnrepneiikun-5 (UJI-5) npuHamiexuT K 00-

LIMPHOMY CEMEICTBY IMTOKMHOB — MH(OPMALIMOH-
HBIX MOJIEKYJT, CEKPETHPYEMBIX KJIETKaMH HMMYH-
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Hoii cuctemsl (Stark et al., 2007), Ononorudeckue
3] HeKTHI KOTOPBIX pACHPOCTPAHSIOTCS, OAHAKO, Ja-
JIEKO 32 ee Ipezerbl. LIUTOKMHBI BEICTYNAIOT TOCpet-
HHKaMH MEXKJICTOUHBIX U MEKCHCTEMHBIX B3aMO-
JIEUCTBUM, Peryjiupys BbIKMBAEMOCTb KJIETOK,
CTUMYJISIIIMIO WM TIOJIaBJIeHHE MX pocTa, Aud-
¢depeHumanyo, GyHKIHOHAIBHYIO aKTUBHOCTD U
aronTo3 ¥ o0ecrnevYnBas COracOBaHHOCTh Ci-
CTBUSI UMMYHHOM, SHAOKPUHHON U HEPBHOM CHC-
TEM KaK B HOPMaJIbHBIX YCJIOBUSIX, TAK U B OTBET HA
pasHooOpa3HbIe ATOJIOTUIECKHUE BO3JICHCTBHSL.

[TponyueHTaMu UTOKHUHOB SIBJISIFOTCSI MaKpO-
¢aru, TuMQPOUUTHI, HEUTPOPHUITBI, TPOMOOLIUTHI,
¢ubpobIaCThI, YFHIOTEINOUUTHI, KEPATUHOLUTHI,
CTPOMAJIbHBIC KJICTKH, a TAKXKE PSII APYTUX TUIIOB
kJ1eToK. OJIMH ¥ TOT K€ IUTOKUH MOXET CUHTE3H-
pOBaThCs Pa3TMYHBIMH 110 THCTOTCHETHYECKOMY
MPOMCXOXKICHHUIO TUIIAMHU KJIETOK B Pa3HBIX Opra-
Hax W TKaHsx opranusma (Fainboim et al., 2007).
B 10 xe BpeMs MpOAyKLHsI MHOTHX LIUTOKHHOB
ABIISICTCS] TKaHeCHeUM(PUIHON, U HEKOTOPBIC U3
HUX MIPOU3BOIATCS NPAKTUUECKU TOJBKO OJHUM
TUIIOM KJIETOK. B 4acTHOCTH, OCHOBHBIM HCTOY-
Hukom MJI-5 sistores 3pensie T-muMpoUnTSL,
W BKJIQJ JPYTHUX KIETOK B OOIIYIO MPOIYKLHUIO
3TOro (hakTopa KpaiiHe He3HauuTeseH (Santana,
Rosenstein, 2003).

HcTopus u3ydeHHs LUTOKHMHOB Hadajach BO
Bropoi monoBruHe XX B. (Vilcek, Feldmann, 2004).
TepMuH «IUTOKUHBIY, npemioxeHHbi C. Koy-
xeHoM (Cohen et al., 1974), oTpakaeT OCHOBHOE
Ha3Ha4YeHHE ITHX MOJIEKYJI, COCTOsIIEE B IIepeaaie
CUTHAJIOB OT KJIETKU K KJIETKE, U HE ceunuuiy-
PYET KIETKU-UCTOYHUKN UH(OPMALIUH.

Jlonroe BpeMsi IUTOKUHBI ITOTyYalld Ha3BaHUSI
[0 BBI3BIBAEMbIM OHOJIOrHYeCKUM 3 dexram.
DeHOMEHOIOTHYECKUN MOAX0J] K 0003HAaUCHUIO
LUTOKUHOB, MPAKTUKOBABIINHCS (AKTUUECKH JI0
1990-x T, HalIen OTpaXxeHUe B UX HOMEHKJIAType.
B uactnoctu, MJI-5 umeer 15 ansrepHaTUBHBIX
nassanuii (http://www.copewithcytokines.de/cope.
cgi?key=Cytokines).

TepMHH «MHTEPICHKUHBI», T. €. MEAUATOPHI,
OCYLICCTBIISIIOLINE CBSI3b MEXKAY JEHKOIUTAMH,
ob1 IpeiokeH B 1978 1. Ha Il MexxayHaponHoM
pabodeM cOBEIIaHWH, MOCBSMICHHOM JIMM{QO-
KWUHaAM, JUIsi 0003HAYCHHSI M CHCTeMaTU3aluU
PETYIATOPHBIX (AKTOPOB, CEKPETHPYEMBIX KIIET-
KaMH UMMYHHOH cucTemMbl. OTHAKO 0YEHb CKOPO
BBISICHUJIOCH, YTO OnoJorudeckue 3G QGeKTsl 3TuX

(haKTOpOB PACHIPOCTPAHSIIOTCS TAJIEKO 3a ee Mpe-
JIEITbI, ¥ COOMPATEIbHBIM Ha3BaHHEM BCEH IPYTIIThI
CTaJI TEPMUH «IIUTOKUHBD. K MUTOKWHAM OTHOCST
HECKOJIbKO TIOATPYII MEIHAaTOPOB:

—wunrepiaerikunsl (UJI) ¢ nctopnieckn cioxus-
LIMMUCS TOPSAKOBEIME HOMEPaMH;

—unrepdeponsl (MDH) — pakropsl, odnanaro-
e TPOTUBOBUPYCHBIMU CBOWCTBAMU;

— xonoHnectumynupytomue paktops (KCD),
AKTUBUPYIOIIHE TIPOMYKITHIO U MU HEePECHITMPOBKY
KIIETOK-TIPE/IIIECTBEHHUKOB Pa3IMUHBIX POCTKOB
reMoII033a Ha pa3HbIX dTanax uX CO3pPEeBaHMUS;

— TpaHc(hOpMHUPYIOLIHE POCTOBBIE (PAKTOPHI;

— ¢axropsl HeKkpo3a omyxoned (PHO);

— XEeMOKHUHBI, WA XeMOTAKTHIECKUE IINTOKUHEI,
o0ecrnevnBaroye akTHBAIINAIO IPOIIECCOB MUTPa-
UM Pa3JIMYHBIX TUIIOB JICHKOIIUTOB U HEKOTOPBIX
JPYTHX KJIETOK.

CymecTBylomiee pasaeieHle BO MHOTOM yC-
JIOBHO U CKOpEE OTpa)kaeT MCTOPHUI0 M3yUCHHs
IMTOKWHOB. Ha cerofHsmHuii 1eHb JOCTOBEPHO
YCTaHOBJIEHO, YTO OJUH M TOT )K€ IUTOKHUH CIIO-
co0eH BBIMONHATH pa3nuynbie pyHkimu (Gutcher,
Becher, 2007). [TneiioTponu3sm JeicTBUs, BEPOST-
HO, OOBSICHACTCSI MHO)KECTBEHHOCTBIO M CIIeLlHa-
JU3aIyeil KIeTOK-MHUIIEHEH COOTBETCTBYIOIIUX
PETYIASTOPHBIX OEIKOB.

B 10 e Bpems pazHbIe IUTOKHHBI MOTYT IIPH-
BOJIUTh K OJHOMY H TOMY ¢ OHOJIOTHYECKOMY
pe3yNbTaTy, COXpaHsis, OJHAKO, YHUKAJIBHOCTD
B OTHOLICHWU TOYEK WM BPEMEHU MPUIOKEHHS
coero neiicrsust. Hanmpumep NJI-2, NJI-7 n UJI-
15 mMoryT OBITH OXapaKTepU30BaHBI KaK POCTO-
BbIe (hakTophl T-uMdonnToB. Kaxaplii n3 3THX
MeMaTOpOB o0NazaeT HanOoIbImuM d(hdHeKkToM
Ha omnpesenéHHon (a3e KICTOYHOIO Pa3BUTHS,
U ero SKBHBAJCHTHAsI 3aMeHa JPYTHM (HaKTOpOM
BO3MOXKHA JUIIb BHE dToW (hasel (Porter, Malek,
2000; Schimpl et al., 2002).

deHoMEeH B3aMMO3aMEHSEMOCTH OMOJOTHYe-
CKOT'O JICHCTBHSI IUTOKHHOB MOXKHO OOBSCHUTH
TEM, YTO B OOJBIIMHCTBE CIy4aeB WX JICHCTBHE
peanu3yeTcst o0 CETEeBOMY NMPHHLUITY C y4acTHEM
HECKOJIbKUX KOMOMHHUPYIOIIUXCS MenaTopos. [Ipu
ATOM IHUTOKUHBI JIEHCTBYIOT B OTHOIICHUAX KaK
CHUHEPru3Ma, Tak ¥ aHTaroHusma. OHu CrIoCOOHBI
KacKaJIHO MHAYIIMPOBATh B3aMMHYO BEIPAOOTKY, a
TaK)Ke WHUIIMUPOBATH TPAHCMOYIISIIUIO TTOBEPX-
HOCTHBIX pelentopoB T-TUMQOLIHUTOB K APYTHM
menuaropam (Sporn, Roberts, 1988; Galve-de
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Rochemonteix et al., 1993; Gounni et al., 2000;
Kastelein et al., 2007).

Cpenu KIIeTOK IMMYHHOH CUCTEMBI — IPOY LICH-
TOB IIUTOKMHOB — 3HAYUTEIILHOE MECTO 3aHUMAIOT
T-mumounThI (TUMYC-3aBUCUMBIE ), ABJISIONINECS
BaXHEUIITMM KOMIIOHEHTOM CHCTEMBI KJIETOYHOTO
nuMmmyHutera. Cyononynsnus T-mumM¢pouuToB,
Ha3BaHHas T-xenmmepamu (ot aH1. helper — momor-
HHK), BBITIOJTHSIET BEAYILLYIO POJIb B 3aIIyCKE U PEery-
JSIIMM UMMYHHOTO OTBETa. T-XeJmepsl Moy M
CBOE HaszBaHME 3a (DYHKITUIO, KOTOPYIO OHH BBI-
MOJTHSIOT, — UHAYLMPOBATh Pa3MHOKEHUE 1 (MJITH)
nuphepeHIUPOBKY APYTUX KIETOK MMMYHHOM
cUCTEeMBl. B 3aBUCHMMOCTH OT BbIpaOaThIBacMBbIX
LUTOKUHOB T-XeJmepsl pa3nesisiioT Ha HECKOJIBKO
truroB (Mossman et al., 1986). «HauHbie», win
«HYyneBbIe», T-Xenmnepbl, BHIXOIAIINE U3 TUMYCa
(Tx0), cuHTE3UPYIOT MPAKTUYECKU BECH CIIEKTP
T-KJIETOYHBIX IUTOKMHOB U MPEACTABIISIIOT COOOM
KJIETKU-TIPEAICCTBEHHUKHN ABYX THIIOB 3pENbIX
XEJMEpPHBIX KIeTOK — T-xenmnepos 1-ro miamn 2-ro
tumoB (Tx1 n Tx2).

T-xenmepsl Tuna 1 (Tx1) B ocCHOBHOM ceKpeTH-
pytot untepdpepon-ramma (MDOH-y) u unrtepnei-
kuH-2 (UJI-2), ctumMynupyst KJI€TOYHBI MMMYHH-
TET U aKTUBHOCTh Makpodaros. Tx1 y4acTByIoT B
MMMYHHBIX PEaKUMIX THIePUyBCTBUTEIBHOCTU
3aMEIUICHHOI'O THIIA M B 3alllUTE OT BUPYCHBIX
WHQEKIHA U 0T WHPEKIHHA, BBI3bIBAEMBIX BHYT-
PHUKJIETOYHBIMH MHUKPOOPIaHU3MaMHU.

T-xenmmeps! Tuna 2 (Tx2) odecnieunBaroT perys-
LU0 TYMOPAJIbHOTO UMMYHHUTETA M PEaKIUHU aHTH-
napa3uTapHOU 3aLIUTHI C y4aCTHEM 303UHODHIIOB.
Nx oCHOBHBIMM IIMTOKHMHAMHU saBisgrorcs NJI-4
n WMJI-5, BaxHbIE B MATOr€HE3€ AJIEPrUYECKUX
3a0oneBanuii: NJI-4 neodxonum st cuntesa IgE,
a WJI-5 3amyckaet nponudepannio u nuddepen-
uupoBKy 03uHOopuiIoB (Gelfand, Finkel, 1996;
Clement, 1996).

B coorBeTcTBHM C THIIOM HIPOAYLHUPYIOLINX
WX KJIETOK Ha JiBe nossipueie rpymmsl (Tx1 u Tx2)
pasnenstorcs u uutokunsl (Kutlu et al., 2007).
JunaMnueckoe paBHOBecue MUTOKMHOB Tx 1 1 Tx2
o0ecreunBaeT THOKOCTD U IUTACTHYHOCTH U TYMO-
PaJIbHOTO, U KJIETOYHOI'O UIMMYHHOI'O OTBETA.

PaszHo00pasze HHINBH Ty aTbHBIX CBOMCTB ITUTO-
KWHOB HE MEIIAeT, O/THAKO, BBIJEIHUTD P OOIINX
XapaKTEepUCTHK ATUX Mosekyid. Kak yxe ormeua-
JIOCh, IUTOKUHBI PEICTABIISIIOT COOOM rpyTITY pery-
JSITOPHBIX (DAKTOPOB, YaIlle BCETO IIPEICTABICHHBIX

HEOOJIBIIMMHU [IMKO3WJIMPOBAHHBIMHU O€JIKaMH ¢
MoJeKyJsipHON Maccoi 10 50 xJla. OHM MOTYyT Kak
MeTNaTOPBI CEKPETUPOBATHCS B MEKKIIETOTHOE TTPO-
CTPAHCTBO WJIM acCOIMMPOBATHCS C MEMOpaHaMu
CHHTE3MPYIOINX UX KJIEeTOK. B 06enx dopmax 1u-
TOKHMHBI 00J1a1af0T OMOJIOTMYECKOM aKTHUBHOCTBIO.

BaxHO OTMETUTB, YTO 3KCIIpECCHsI TE€HOB IIH-
TOKHHOB SIBJISIETCS MHIAYIUOETHHBIM TPOIIECCOM,
T. €. OOJBIIMHCTBO IMTOKMHOB HE CHHTE3UPYETCS
KJIETKaM¥ BHE BOCTIAINTENILHOM peaKkiny 1 IMMYH-
Horo orBeTa. Ilpu hr3nonornyeckomM cocTosHUH,
NPUHATOM 332 HOPMY, CHEKTp JAETEKTUPYEMBIX
MPHK 1IUTOKHHOB y30K U YpPOBEHBb IKCHPECCUU
COOTBETCTBYIOIIINX T€HOB HEBBICOK. [IpH moBpex-
JICHUW TKaHEeH, BOCIIAJICHHUH, OITyX0JIe00pa30BaHUH
¥ BO MHOTHIX JAPYTUX (PU3HOIOTHYECKUX H TTaTOJIO-
THYECKUX CUTYAIHSIX CIIEKTP IKCTIPECCUPYIOTIIUXCS
ICHOB IIMTOKWHOB, O0JIaJJAalONIMX KaK MECTHOM,
TaKk U JUCTAHTHON aKTMBHOCTBIO, 3HAUUTEIBHO
pacuupsieTcs, a ypoBeHb SKCIIPECCHU T€HOB, 001a-
JAIOMINX 0a3aIbHOM aKTUBHOCTBIO, MHOTOKPATHO
Bo3pactaeT (Rose-John, Schooltink, 2007).

L{MTOKMHBI CHHTE3UPYIOTCS B OTBET HAa CTUMYJIS-
LU0 MTPOAYIMPYIOLINX UX KIETOK Yepe3 KOPOTKHI
MIPOMEXKYTOK BpeMeHH. CHHTE3 NpeKpaiaercs B
pe3ynbTare JeHCTBUS OTPUIATENBHBIX 00paTHBIX
CBsI3eH, OTIOCpeTyeMbIX TIPOCTarIaHAnHAMH, KOPTH-
KOCTEPOUIHBIMHA TOPMOHAMH U JPYTUMH (PaKTopa-
MH, a TAaKXK€ 3a CIET MEXaHN3MOB CAMOPETYIISAIIH.
B ocHOBe «BBIKITIOUEHHS» CUHTE3a JIeXkKar, Kak mpa-
BUJIO, COOBITHSI, BEyIIME K OJIOKa i€ TPAHCKPUIILIUH
WJIN/A COKpalleHuto Bpemenu xu3au MPHK.

JleiicTBHE IMTOKMHOB MHUIIUUPYETCS B PE3YIIh-
TaTe WX B3aWMOJIEHCTBHUS CO CIEIH(PUIECCKUMHU
KJIETOUHBIMU PEIENTOPHBIMU KOMITJIEKCAMHU Ha
MMOBEPXHOCTAX KieTok-MumeHeil. KoauyecTtso
peLenTopoB AJs pa3HbIX MEINATOPOB 3HAUUTEIb-
HO BapbupyeT (ot 100 mo 100 000) (Fischereder,
2007). PerienTopHbIe KOMIIIEKCHI CBSA3BIBAIOT CBOM
JIUTAHIBI-IIATOKWHEI C 0Y€HB BBHICOKOH adprHHO-
CTBIO, IPUYEM OTIEIbHBIC IUTOKUHBI CIIOCOOHBI
HCTIOJIb30BaTh 00IIME CyObeIMHHIIBI PELETTOPOB
(Allen et al., 2007; Alves et al., 2007).

CurHai, reHepupyeMblii KOMIUIEKCOM «IIHTO-
KHH—PEIETITOP», MOKET PeTyIUPOBaTh KaK HKC-
MIPECCHIO TAHHOTO IIUTOKMHA U €r0 PEIenTopa, TaK
U CHHTE3 IIeJIOTO CIEKTPa MEANATOPOB U MOBEPX-
HOCTHBIX penentopoB. L{IUTOKMHBI HHIYIUPYIOT
an00 MOAABISIOT CHHTE3 caMUX ce0s, Jpyrux
LIUTOKUHOB M UX PELENTOPOB, Y4acTBys B (op-
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MHUPOBaHUM LIUTOKMHOBOM ceTH. OHU AEHCTBYIOT
KaK ayTOKPUHHBIC PErYJISTOPBI, BO3ICHCTBYS Ha
KJIETKY, CHHTE3UPYIOLIYIO M CeKPETUPYIOLIYIO 1aH-
HBII LIUTOKUH; IApAaKPUHHbIE, AKTUBUPYSI KICTKH,
pacronokeHHbIe BOTN3HU KIETKU-TTPOAYIIEHTA, Ha-
npUMep, B ouare BOCIAJICHHUS WX B IMM(POUTHOM
oprase; HIOKpUHHBIE, BO3JICHCTBYSl JUCTaHTHO
Ha KJICTKH JIIOOBIX OpPraHoB M TKaHEW Mocje I0-
najiaHus IMTOKMHA B KPOBEHOCHYIO cucTeMy. B
MOCJIEIHEM Cllydae NEeHCTBHE ITHUX MEAUATOPOB
HaIlOMHUHAET JIEMCTBME TOPMOHOB.

B paMkax IMMyHHOU CUCTEMBI IUTOKUHBI OCY-
HIECTBIISAIOT B3aUMOCBS3b MEXIy Hecrenuduie-
CKUMH 3aILUTHBIMH PEAKLUAMU U CIIeHU(PUUECKUM
MMMYHHUTETOM, ICHCTBYS B 00OUX HAIlPABJICHUSIX.
OHU HE UMCEIOT AHTUTCHHOW CIeMU(PUIHOCTH
OMOJIOrNYECKOT0o ICUCTBHUS U BIHSIOT Ha (DYHKIIHO-
HaJbHYI0 aKTHBHOCTH KJIETOK, TPHHUMAIOIINX
ydacTue B peakHIX BPOXKIESHHOTO U IPHOOpETEH-
HOT'O IMMYHHUTETa. TeM He MeHee, BO3eHCTBYsI Ha
T- n B-num@onuTtel, TUTOKMHBI CIOCOOHBI CTUMY-
JTUPOBATh aHTUTCH-3aBUCHUMBIC TIporiecchl (Corry,
Kheradmand, 1999).

JIByMsI BaXKHBIMHU XapaKTEPUCTUKAMH IKCTIPEC-
CHH T€HOB IJUTOKHHOB SIBIISIIOTCS €€ TKaHECIIeIH-
(UYHOCTB ¥ 3aBUCHUMOCTb OT AKTHBALUH KJICTOY-
HBIX CUTHQJIBHBIX ITyTEHl.

3HaunTeNnbHas 4aCTh IUTOKWHOB IIPOU3BOIUTCS
MPaKTHYECKU TOJIBKO OJIHUM THIIOM KIIETOK. Tak,
Y YeJOBEeKa M KUBOTHBIX OCHOBHBIM HCTOYHUKOM
NJI-2 asnstorcs 3pensie T-mumMouuTsl, Torna
KakK BKJIaJ 503MHO(GWIOB B OOLIYI0 MPOAYKLHUIO
aTOTO OenKka KpailiHe HesHauuTedeH (Santana,
Rosenstein, 2003). X0Ts €CTh ITMTOKHHBI, TEHBI KO-
TOPBIX A3PPEKTUBHO IKCIPECCUPYIOTCS B KIETKAX
HECKOJIbKUX THIIOB, CITUCOK TAKUX KJIETOK BEChMa
orpanunueH (Yarilin, Belyakov, 2004).

W3BecTHO, 4TO TKaHecHeUU(UIESCKUN Xapak-
TEp IKCIPECCUU T€HOB (hopMHUpyeTCs B IpoLecce
kierounoit muddepenmuponrku (Li et al., 2007)
M 4YacTO OIpeJensieTcs MPUCyTCTBHEM B COOT-
BETCTBYIOIIMX KIJIETKax crenuduaeckoro Habopa
TpaHCKpHUITIMOHHBIX (akropoB (Rudensky et al.,
2006). Kpome Toro, BKJ1a/1 B TKAHECTIEU(UIHOCTD
9KCIIPECCUU TOTO MJIM MHOTO I'€Ha BHOCHUT U €ro
«JIOCTYITHOCTBY Il TPAHCKPUIILIUU B KOHTEKCTE
opranmuszanuun xpomaruna (Felsenfeld et al., 1996;
Wu, 1997; Narlikar et al., 2002). «JocTymHOCTb»
TeHOB IIUTOKHHOB, B yactHoctu WJI-2, ans Tpan-
CKPHIILMH JOCTUTACTCA B pe3ynbrare tuddepen-

LHUPOBKHU KJIETOK UMMYHHOM cucteMsl. [TokaszaHo,
410 B X0/1¢ U hepeHIIupoBKU T-KIETOK B TUMYCE
XpPOMAaTHH B pailoHe pacrnojiokeHusi reHa MJI-2
MTOJIBEPTAETCsl N3MEHEHHUSM, 00yCIOBIUBAIOIIIM
skcnpeccuto MJI-2 tonpko B 3penbix T-numdoru-
tax (Bunting et al., 2006).

Btopas BaxkHasi XxapakTepUCTHUKA IKCIPECCUU
FEHOB LUTOKMHOB — €€ PEryyisius ¢ y4acTHEM
CUTHaJIbHBIX NyTel. Kackag BHYTPHKIETOYHBIX
CUTHAJIBHBIX pEaKIMi, CIEAYIOMHI 3a B3aUMO-
JIEUCTBUEM ONPEJIETEHHBIX JIMTAH/OB C UX pellen-
TOpaMU Ha MOBEPXHOCTH JTMM(DOIUTA, 3aBEpIIIacT-
csi (GOpMHUPOBAHUEM KOMILIEKCOB PETYIISITOPHBIX
pailOHOB I€HOB LUTOKHMHOB C KOHCTUTYTHUBHBIMU
W/WY WHIYIHOSTHbHBIMA TPAaHCKPHUITIIHOHHBIMH
(hakTOpamm, 9TO B CBOIO OYEPEIb IPUBOIUT K MHH-
[AAlAN WJIA THTHOWPOBAHUIO DKCIIPECCUU TEHOB
(Holloway et al., 2002).

Takum 00pa3oM, ITUTOKHHBI MPEACTABISIIOT
c000ii TpyIITy OSIKOBBIX MEAMATOPOB, YYaCTBYIO-
X B (DOPMUPOBAHUHU U PETYISAIUU 3aIUTHBIX
peakmuii opraam3ma. K o0mmM riaBHEIM CBOMCT-
BaM ITUTOKHHOB OTHOCSTCS TUICHOTPONH3M U
B3aMMO3aMCHIEMOCTh OMOJIOTMUECKOTO JICHCTBUS,
WHIYIUOCTbHBIA XapaKTep CHHTE3a, OTCYTCTBHUE
AHTUTCHHOHN CHEIM(PUIHOCTH JICHCTBUS, CaMope-
ryjisiust npoayknuu. l{urokmHOBas ceth obec-
[IEYHUBAET KOONEPALUI0 UMMYHOKOMIIETEHTHBIX
KJIETOK 1 MOYKET PAacCMaTPUBATHCS KaK CaMOCTOSI-
TEJbHASI CUCTEMA PETYJISIIMH OCHOBHBIX (DYHKITHI
OpraHu3Ma, CyIECTBYIOIIas HApsIAy ¢ HEPBHOU U
SHAOKPUHHON CUCTEMaMU PETYJISILIUU U CBA3aHHAS,
B [IEPBYIO OYEPE/lb, C TOJACPHKAHUEM TOMEOCTA3a
[IpY BHEJIPEHUM [TaTOTEHHBIX ar€HTOB W HapyIlle-
HUM LIETOCTHOCTH TKaHEH.

Bbuojgornyeckue ceoiicrea NJI-5

Oxomno 30 et Ha3aa HECKOJIBKO HE3aBHCHMBIX
HCCIIEI0BATENIBCKUX I'PYII Hadajdu U3ydeHUe
CBOMCTB IUTOKMHA, 00JIaAIOIIETO0 i/ VitFo CBOMCT-
BOM aKTUBaTopa Tu(pepeHInpoBKu B-mumdoru-
TOB MBIIIIU. DTOT O€JIOK OBLT U3BECTEH Kak (hakTop,
samensromuii T-xitetku (T cell-replacing factor,
nimn TRF) (Takatsu et al., 1988), dhakrop pocra
B-mumdonmros I (B cell growth factor 11, nmu
BCGEFII) (Swain et al., 1988) u dhakrop muddepen-
uupoBkd B-nmumdonmtos 1 (B cell differentiation
factor-p, mnum BCDFp) (Vitetta et al., 1984). B
1985 r. rpynnoii Takatsu ObuTO MOKa3zaHo, YTO
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Ha3BaHHbIC (pakTopwl uaeHTHYHBI (Harada et al.,
1985). I[IpuOnu3uTenBLHO B 3TO ke Bpems ObUT 00Ha-
pyxeH Qaxrop nuhhepeHInPOBKH 303MHOPIIOB
M (eosinophil differentiation factor, wmu EDF)
(Sanderson et al., 1985; Warren, Sanderson, 1985).
B 1986 1. B pe3ynbTare aHaan3a aMUHOKHCIOTHOM
nocnenoBaresibHocTH EDF ObLI0 yCTaHOBIICHO, UTO
stoT 6enok uneHTnueH BCGFII (Sanderson ef al.,
1986). B Hacrosiiiee BpeMst IUTOKUH, HOCHBIIHA
paHee Bce BhINIENepeUrCIeHHbIE Ha3BaHUs, N3Be-
cren kak MJI-5 (Mordvinov, Sanderson, 2001).
NJI-5 KOHTpOIUPYET KOJIMYECTBO U AKTUBHOCTh
3peNbIX 303MHO(PUIOB B OPraHU3MaX >KHBOTHBIX
U 4YenoBeKa. DO3UHOMUIIBI — 3TO TPAHYJISPHBIC
JIEWKOIUTHI, KOTOPBIE TPOIAYIUPYIOTCS B KOCT-
HOM MO3T€ M IOCIie HEeJ0JTOro MpeObIBaHMs B
nepudepruueckoil KPOBU MHUIPHPYIOT B TKaHH.
[IpuHSATO CUMTATD, UTO 3TU KIICTKU MPEICTABIISIFOT
B CHCTEME MMMYHHTETa OCHOBHOE 3BEHO MPOTH-
BomapasuTapHoi 3amuTthl (Sanderson, 1992). B
HOpME co/iep)KaHHe Y03MHO(UIIOB B OpPTaHU3ME
4eloBeKa He MpeBhIaeT 6 % OT Bcex JISHKOIH-
TOB, OJIHAKO IPU OIPEJCIICHHBIX MATOJOTUSIX HX
KOJIMYECTBO MOXKET YBEJIMYMBATHCSH B HECKOJBKO
pa3. Tak, HaOIrOaeMBbIH TTPU Tapa3UTapHBIX 3200-
JICBAHUSAX POCT YK CIIa 303UHO(UIIOB, KaK MPaBUIIO,
CMOCOOCTBYET ANMUMHUHAINH 1Tapa3UTOB U SIBIISET-
Cs TIPU3HAKOM aJIeKBATHOW peaKIWH OpTaHu3Ma
(Voehringer, 2007). B mpOTHBOITOIOKHOCTH 3TOMY,
MPY TIATOJIOTHSX aJUICPrUIeCKON PUPOJIBL, B 4aCT-
HOCTH acTMe, POCT 4Hcia 303MHO(UIIOB aCCOLH-
upyercst ¢ odbocrpenuem 3abonesanus (Kiley et
al.,2007). Hammgaue 3TUX KISTOK B JITKHX acTMa-
THKOB CBS3aHO C TMOBPEXIECHHEM TKaHH, a UX
KOJIMYECTBO KOPPENUPYET CO CTENEHBIO MO3THEH
actMatuueckoi peakiuu (Bousquet et al., 1990;
Jacobsen et al., 2007). BrisiBieHa Takke HETaTHB-
Hasi pOJIb 303WHO(DHIIOB ITPH Pa3BUTHH Psijia ayTo-
MMMYHHBIX H 3JI0Ka4eCTBEHHBIX 3a0oneBanwmii (Di
Stefano, Amoroso, 2005). Takum oOpa3om, 3HaHHE
MEXaHU3MOB, peryaupyromux npoaykuuto NJI-5,
a CJIeI0BATENIbHO, U MPOAYKIIMIO 3PEIIBIX J03HHO-
(UIIOB B OpraHU3Me YEJIOBEKA SIBISICTCS KIFOUOM
K TIOHMMAaHHIO TIATOTeHe3a psfa CepPhe3HEUInX
3a00JIeBaHU U OCHOBOM TSl co3fanus (papmaxo-
JIOTHYECKUX TPEnapaToB I UX JCUCHHS.
OcHoBHBEIMU TipomyrieHTamMu WJI-5 sBistorcs
aKTUBUPOBaHHbIC TX2 KIETKH, KOTOPHIC CHUHTE-
3UPYIOT TAKXKE U Ipyrue TX2 MUTOKUHBI, IPEKIC
Bcero UJI-4. B GonpIIMHCTBE CilyyaeB aKTUBUPO-

BanHble Tx2 ogHOBpeMeHHO cekpetupyior NJI-5
u WI-4 (Zhu et al., 2006), omHAKO KOIKCIIPECCHS
renoB WJI-5 u UJI-4 He sBnsercs aOCONIOTHO
00s13aTeNbHON, W CYIIECTBYIOT MEXaHWU3MBbl HH-
TUBUTYaIEHOTO 3aITyCKa YKCIIPECCHH OTIEIHHBIX
reroB Tx2 nurokuHoB (Warren, Sanderson, 1985;
Bohjanen et al., 1990; Naora et al., 1994).

I[Tomumo T-xennepos, UJI-5 npu onpenenen-
HBIX YCIIOBUSIX MOTYT MPOAYIIUPOBATh U JIPYTHE
T-mamponuter — T-xwmepst (Erard et al., 1993;
Coyle et al., 1995; Erb, Le Gros, 1996). D1ot akr
yKa3bIBaeT Ha TO, YTO B 0OOCTPEHHUU acTMaTHye-
CKOTO COCTOSIHHSI, CBSI3aHHOT'O C 03MHOMUIHUCH,
3aMETHYIO pOJib, Hapsay ¢ T-Xenmepamu, MOTYT
urpate u T-xkumiepsl (Akdisa, 2006; Umetsua,
DeKruyftfa, 2006).

T-KJIETKU SIBJISIIOTCS OCHOBHBIM, HO HE €IUH-
ctBeHHEIM ucTouHukoMm WJI-5. Tak, ObL10 MOKa-
3aHo, uTo y Mblmiei SCID ¢ nedururom T-mum-
(hormroB Hapaborka MPHK WJI-5 mpoucxoaut B
kireTkax cenesenku (Castro et al., 1995). Jlononan-
TeJIbHBIM UCTOUHUKOM MJI-5 MOTYT CITy KUTh TaKxke
K-nmuM@onuTe! (€CTECTBEHHBIE KIIETKU-KUJIICPHI)
(Warren et al., 1995), tyunsie kietku (Okayama
et al., 1995; Ryan et al., 2007), B-knetku (Paul et
al., 1990; Kis et al., 2006) u camMmu 303MHOPUITBI
(Bao et al., 1996; Trivedi, Lloyd, 2007).

AxTHBanus skcnpeccun resa MJI-5

WNJI-5 npuHaIe:KUT K CEMEUCTBY UHIYKTOPOB
KPOBETBOPEHHSI 1 UIMMYHHOTO OTBETa, WICHAMH
KoTOporo sBisitoTes Takxke WJI-3, NI-4, NJI-9,
WJI-13 u 'M-KC® (Lampinen et al., 2004). ['eHsr,
KOJTUPYIOIIUE ITH OSITKH, PACTIONOKECHBI KITACTEPOM
Ha yugactke 31 xpomocomsl 5 (McKenzie ef al.,
1993; Willman et al., 1993). B cybnomynsiusix
T-mamdonmto Tx0 u TX2 3TH T€HBI MOTYT JKC-
IIPECCUPOBATHCS OTHOBPEMEHHO, U B JIUTEPATYpPE
4acTO BCTPEYAETCS! BHIPAKEHHE «AKTHBALIUS IKC-
npeccun Jokyca Tx2 mutokuHoB» (Mosmann,
Coffman, 1989; Abbas et al., 1996; Stranick et al.,
1997; Lavender et al., 2000; Ansel et al., 2006;
Dean, 2006). OngHako ecTb (akThl, YKa3blBaio-
M€ Ha TO, YTO, IOMHUMO CHCTEMbl MHHULUALUH
JKCIPECCUH BCEX HA3BAaHHBIX I'€HOB, CYLIECTBY-
IOT PETYISTOPHBIE MEXaHU3MBI, TTO3BOJISAIOIINE
aJIpeCHO MHAYIMPOBATh SKCIIPECCHIO OTIEIbHBIX
reHoB. Tak, Moka3zaHo, YTO B OTVINYHME OT MEXaHH3-
Ma aKTHBALUHU 3KCIIPECCUU OOJBLUIMHCTBA TEHOB
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JIOKyca, J1a U TeHOB IIUTOKUHOB B LIEJIOM, 3aITyCK
MEXaHM3Ma HHULMAUH TpaHncKkpunuuu resa NJI-5
3aBUCHT OT CHHTe3a Oerka de novo. IHTHOUTOpPEI
cuHTe3a 0enKka MUKIOTeKCUMHUA U aHW30MHIIHH
MOJTHOCTBIO OnokupyroT noseienne MPHK MJI-5
B aKTHBHPOBAHHBIX MEPBUUHBIX T-muMdonurax,
HE MPEensiTCTBYS, OJHAKO, aKTUBHOMY CHHTE3Yy
MPHK WJI-2, WJI-3, NJI-4, NJI-10 u IM-KC® (Van
Straaten et al., 1994; Naora, Young, 1995; Stranick
et al., 1997). Takum oOpa3omM, B aKTUBUPOBAHHBIX
T-nmumdornmrax HapabareiBaeTCs 10 KpaitHel mepe
OJTUH O€JIOK, HEOOXOAUMBIH JIJIsl MHUIIUAI[MH TPaH-
ckpunuuu reHa MJI-5, HO HECylIECTBEHHBIN I
WHIYKIIAU YKCTIPECCUH JIPYTHX T€HOB IIHTOKUHOB
(Schwenger et al., 2002).

AxrtuBarus T-TuMPOIUTOB in Vivo IPOUCXOIUT
B PE3yJIBTATE UX B3aUMOJICHCTBYS C aHTUTCH-TIPEI-
crapisitomumu kinetkamu (Davis, 2002; Boes,
Ploegh, 2004). dns nomHow aktuBanuu T-kieTka
JIOJDKHA TIOJYYHTh J[BA CUTHAJIA, HHUITUUPYIOIIAX
paboTy pa3mMUYHBIX CHTHANBHBIX myTed (Rincon,
Flavell, 1994; Lavender et al., 2000; Wetzel,
Parker, 2006).

OCHOBHOW CHTHaJBHBINA MyTh peayn3yeTcs C
yuactueM peuenropa T-mumponnta (TCR — anr.
T-cell Receptor). Manykuuns TCR-3aBucumMoro cur-
HAJBHOTO ITyTH MPOUCXOANT B PE3YIBTaTe B3aNMO-
neiictBus TCR ¢ aHTHTEHOM, CBS3aHHBIM C MOJICKY -
JIaMH TJIABHOTO KOMITJIEKCA THCTOCOBMECTHMOCTH
AHTUTEH-TIPEICTABIISIIOIIMX KIETOK. Bo30y kneHune
BTOPOTO, JOMOJHUTEIBHOTO CTUMYJIUPYIOIIETO
CUTHAJIA IPOUCXOAUT Npu B3aumoaencTauu CD28 —
MOBEPXHOCTHOTO perenTopa T-TuMQonnuToB — ¢
€ro JINTaH/I0M, TIOBEPXHOCTHBIM OEJIKOM aHTHUTeH-
npezAcTaBisonux Kietok (Jenkins, Johnson, 1993;
Ward, Kaufman, 2007).

T-1muM}OUUTEI, CTUMYJIUPOBAHHBIC aHTUTCH-
MPECTABISIONUMHI KIETKAMH, MPOIYLIHUPYIOT
MTUPOKUN JHANa30H PETYISITOPHBIX (HaKTOpPOB,
u NJI-5 yacto, HO He BCerlna, IKCIPEeCCUpyeTcs
omHOBpeMeHHO ¢ nuTokuHamu WJI-4 m WJI-13
(Sanderson et al., 1999). Hescho, nmouemy omHu
AHTUTEHBl CTUMYIUpPYIOT npoaykuuro WJI-5, a
npyrue Het. OHaKo 3TOT (DaKT elle pa3 yKa3blBaeT
Ha TO, 4TO 3Kcnpeccus reHa MJI-5 konTponupyercst
WHJIUBUAYAJIbHOW CUCTEMOM PETYIISALINH, U 3aITyCK
MEXaHH3MOB ATOU CHCTEMBI 3aBUCUT OT aHTUTCH-
crielurueCcKor akTUBAIMK T-KJIETOK.

B skcnepuMeHTax in vitro 1mOKa3aHoO, YTO B
perymsauuu skcripeccuu rena MJI-5 yuactpyer eie

OJIVH JIOTIOJTHUTEIIbHBIH CUTHAJIBHBIN Ty Th, CBS3aH-
Hblil ¢ cCAMP, npuyem oH, O-BUIUMOMY, SIBJISICTCS
cnermdraabM s UJI-5 (Hallet et al., 1992; Lee
et al., 1993; McCaffrey et al., 1993; Abbas et al.,
1996; Karlen et al., 1996; Kaminuma et al., 1999;
Kiefer et al., 2002; Klein-Hessling et al., 2003;
Quintana et al., 2005; Wu et al., 2005).

CocTaB TPaHCKPHUITIIMOHHBIX (haKTOPOB, TPUHU-
MAIOIINX y9acTHe B PETYJISINH SKCIIPECCHU TeHa
NJI-5, 3aBUCHUT OT yCJIOBUM KJIETOUHOM aKTUBALIUU
WJTU, MTHBIMU CJIOBaMH, OT y9aCTHUS TOTO I HHOTO
JIOTIOJTHUTEIBHOTO CUTHAJILHOTO ITYTH B UHTYKITUH
TpaHckpunuuu reHa (Mordvinov et al., 1999a). B
YaCTHOCTH, YCTAaHOBJICHO, YTO B KJIEeTKax JuMpo-
LUTAPHOU KyNIbTYphl KieTok yenoeka PER-117
(Kees et al., 1987) muknocmopud A, HHTHOUTOP
9KCIPECCUU MHOTHX T€HOB ITUTOKWHOB, CyIIECT-
BeHHO noHmkaeT PMA/aCD28- u PMA/Cal-un-
JyUHpOBaHHYI0 npoaykuuto MJI-5 u He Biuser
Ha PMA/cAMP-akTuBUpOBaHHBI CHHTE3 3TOTO
Oenka. B ocHOBe MexaHW3Ma ITOMABICHUS DKC-
MIPECCHH T€HOB ITUTOKMHOB IUKIOCIIOPHHOM A
JISKUT €T0 CITIOCOOHOCTH OIIOKMPOBATh aKTUBHOCTh
Ca?'/kanbpMoyMH-3aBUCUMO#l (ocharasbl Kajb-
uunepuym (Cho et al., 2003), HeoOXoauMOH ISt
MepeBo/ia MUTOIIa3MaTndeckoit popMel akTopa
tpanckpunuuu NF-AT B akTHMBHOE COCTOSIHUE U
TTOCIIe Y IOIIEH SIEPHOM TPAHCIOKAIIMH dTOTO OelT-
ka (McCaffrey et al., 1993; Kelly, 2006). NF-AT
SIBJISIETCS KITIOUEBBIM (haKTOPOM JUIsI 3aITyCKa TPpaHC-
KPUIIUY 3HAYUTEILHOTO YMCJIA TEHOB IIUTOKUHOB.
YCTOWYHBOCTB I 9yBCTBUTEIBHOCTD YKCIIPECCUH
WJI-5 x nedcTBUIO HUKIOCIOPUHA A yKa3bIBaeT
Ha TO, YTO B 3aBUCUMOCTH OT YCJIOBUH KJIETOUHON
CTUMYJISIIIUN TOMUHUPYIOIILYIO POJTh B AKTHBAITUU
skcrpeccuu rena MJI-5 moryT urpars pa3iaudHbie
perynsTopHbie (GakTopbl. Tak, IpH CTHMYJISIIUN
KyJbTYp ¢ nomolipsio PMA B komGunanmu ¢ aCD28
nmu Cal Bknag NF-AT B akTUBaLMIO 3KCIIPECCUU
rera NJI-5 Becbma 3amerer. OHAKO TIPH UCTIONh-
3o0Banrd PMA B xomOuHamuu ¢ cCAMP NF-AT ue
WTpaeT CyUIECTBEHHOH pOJIM B 3KCIIPECCHM I'eHa
(Mordvinov, Sanderson, 2001).

Crpykrypa rena UJI-5
U peryJsiiiisi ero 3KCIpeccuu

I'en UJI-5 genoBeka oOyiajjaeT CTaHIaPTHOU
CTPYKTypO#l TeHOB 3ykapuoT. Komupytromas 00-
JIACTh T'€HA MPeJICTaBlIeHa 4 IK30HAMU, pa3Mephl U
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MIEPBUYHAS TIOCIIEI0BATEIBHOCTH KOTOPBIX KOHCEP-
BatuBHBI. Pazmep 3penoit MPHK MJI-5 cocrapnser
900 m.o0. (Sanderson, 1990).

Perymsus sxcripeccuu rena MJI-5, kak u psga
JIPYTUX T€HOB IIUTOKMHOB, OCYIIECTBISETCS Ha
YPOBHE TPAHCKPUIIIMH, MHUAITUAIIUS U aKTUBHOCTh
KOTOPOM KOHTPOJIMPYIOTCS KJIACTEPOM CIS-PETryJisi-
TOPHBIX JIEMEHTOB, JIOKAIM30BAHHBIX B TIpeeiax
npokcuManbHOTO TipoMoTopa (Karlen et al., 1998;
Schwenger, Sanderson, 1998; Sanderson, Urwin,
2000; Mordvinov, Sanderson, 2001; Ngoc et al.,
2005).

Baxueiiiieil cocTaBisoUend 3TOro Kiactepa
apisiercs CLEQ (koHcepBaTHBHBIN TMM(OKHHOBBIH
snemeHT 0). OH pacroyioKeH HEeTOCPEICTBEHHO 3a
TATA-GOKCOM W TIPEICTABISAET COOOM KOMITO3HU-
LIMOHHBIM 3JIEMEHT, aKTUBUPYEMBII KOMILIEKCOM
peryistopabix 6enkoB (Thomas et al., 1999; Salerno
et al., 2001). ITokazaHo, 4TO 3TOT 3JEMEHT UIPaeT
[JIABHYIO POJIb B peasin3alliil MEXaHW3MOB, KOHT-
ponupyromux 3kcnpeccuro rena NJI-5, mockonbky
HE3aBUCUMO OT YCJIOBHUH KJIETOYHOH aKTHBaLlUU,
mo0bie HapymieHus mocienoareasaoctu CLEOQ
MOJIHOCTBIO OJIOKMPYIOT WHHUIIMALUIO TPAHCKPHII-
uuu (Sanderson et al., 1999; Thomas et al., 1999).

CLEOQ — xoHCepBaTUBHBINA PETYISTOPHBIN 3e-
MEHT, PHUCYTCTBYIOIINH B TPOKCUMAILHBIX OT/Ie-
J1aX TTPOMOTOPOB OOJIBITMHCTBA TEHOB JIMM(OIIH-
tapHbIx TUTOKUHOB (The Cytokine ..., 2003). Ero
BKJIaJl B PETYISLMIO TPAHCKPUIILIUN PA3TUYHBIX
TCHOB 3HAYMTEIBHO BaphUPYET, HO TOJIHKO B KOH-
tekcte nmpomortopa MJI-5 CLEO sBnsercs xpuru-
YECKUM JUTS akTUBaIuu skcrpeccun (Mordvinov,
Sanderson, 2001). OToT dakr emé pa3 yka3pBacT
Ha CYIIECTBOBAaHHE MHINBHUIYaJIbHOTO MEXaHU3Ma
peryisiuuu 3kcrpeccuu rena NJI-5.

[ocnenorarenprocTs CLEO rena MJI-5 (CLEO
NJI-5) obnamaeT 3HAYUTEIHHBIM CXOJCTBOM C
CLEO 1JI-3, NJI-4 u IM-KC®. Tak, ToM0I0THsA
CLEO 1JI-5 u I'M-KC® cocrasiser 94 %, ogHako
9TH HJIEMEHTHI B3aMMOJCHCTBYIOT C Pa3IUIHBIMH
PEeryasaTOpHBIMU KOMITJIEKCAMH. YCTaHOBIIEHO,
yto B ominure oTr CLEO I'M-KC®, cBs3biBaro-
miero (akropsl Tpanckpuniuun AP-1, NF-AT u
Ets (Masuda et al., 1993; Jenkins et al., 1995),
CLEO MJI-5 obpasyet komIutiekc ¢ Oenkamu AP-1
u Octamer (Takatsu et al., 1999; Thomas et al.,
1999; Salerno et al., 2001).

®daxrop Tparckpurnimu AP-1 npuaumaer yya-
CTHE B aKTUBAIMH TPAHCKPHUIIIMA MHOTHX T€HOB

LUTOKUHOB U IOBOJILHO YaCTO BXOJHT B COCTAB pe-
rynsitoproro kommiekca CLEO (Jenkins, Johnson,
1993; Karlen et al., 1996, 1998). DtoT dakrop
MpeACTaBIsAeT cOOON TreTepo- MU TOMOAHMMED,
CyObeIMHUIIAMHA KOTOPOTO SIBISIOTCS SIACPHBIC
Oerku, mpUHAJIeKAIUE K cemerictBam Jun u Fos.
Okxkaszanocs, uto cyobeaunuiiamMu AP-1, Bxozsiiero
B cocTaB peryastopHoro komruiekca CLEO MJI-5
yenoBeka, sBistores JunD u Fra-2 (Thomas et al.,
1999), cuHTE3 KOTOPBIX MOYKET OBITH HHIYITUPOBAH
B pe3yibTaTe aKTUBAIMK KaK MPOTeHHKUHA3Hl C,
Tak u nporenHkuHaszbl A (Mechta et al., 1989;
den Hertog et al., 1992; Gruda et al., 1994; Miller
et al., 1998). UHpIMU clIOBaMU, CTHMYJISIITUS H
TCR-3aBHCUMOTO CUTHAJBHOTO MYyTH, OOIIEr0
JUTST aKTUBAIMH SKCIIPECCUU T€HOB T-KIETOYHBIX
IIUTOKWHOB, 1 CAMP-3aBHCUMOro CHTHaJIBLHOTO
KacKajia, CEJIEKTHBHO aKTUBUPYIOLIETo 3KCIpec-
cuto rena MJI-5, mpuBoaut K GpopMUPOBAHHUIO
CLEO UJI-5-cBsaspiBaroniero AP-1. Ot maHHEBIE
YKa3bIBAIOT Ha YpE3BbIYANHYIO Ba)KHOCTh AP-1
KaK KOMIOHEHTa PeryasTOPHOTO KOMILIEKca,
00eCcnevnBaloIero aKTHBAIINIO0 YKCIIPECCUH TeHa
WJI-5. UccnenoBanue mexannzma (pOpMHUPOBAHHS
rxomutekca CLEO/AP-1, a Takxe poiu cyObearHuUI]
(bakropa AP-1 B akTHUBaMK M PETYISIIUNA aKTHB-
HOCTH TPaHCKPHIIIINA MTOKA3aj0, YTO aKTUBAIIH
skcmpeccuu rena MJI-5 3aBucut ot cuHTEe3a de
novo 6einka Fra-2 (Schwenger et al., 2002).

Kak y>xe ynmoMuHanocse, B COCTaB PETyIsITOPHO-
ro komiiekca CLEO WJI-5 BxomsT Takke O€NKH,
MIPUHAJUIeKAIINE K CeMEHCTBY (DaKTOpOB TpaHC-
kpuniuu Octamer. DKCIEPUMEHTAIBHO yCTa-
HOBJICHO, YTO B TIEPBUYHON MOCIEIOBATEIHHOCTH
CLEO MoTHBBI cBsi3bIBaHMS (PAKTOPOB TPAHCKPHII-
uuu Octamer 1 AP-1 4acTUYHO MEePEKPBIBAIOTCS
(Thomas et al., 1999). [logoOHbIE MPUMEPHI
B3aMMOJICUCTBUS TpeX (DAaKTOPOB TPAHCKPHUIIIIUH
C OJIHUM PETYISTOPHBIM DIIEMEHTOM OBLITH paHee
OITHCAHBI [TPU UCCIIEI0BAHUH CTPYKTYPHO-(PyHKITHO-
HaJBHON OpraHu3aIluy MpoMoTopoB reHoB MJI-2
u NJI-4 (Pfeuftfer et al., 1994). Bnonue BeposiTHO,
YTO TECHAas acCOIMAIIMsI SJICPHBIX OCIKOB B IIpe-
JIeJIaX OJTHOTO PETYISTOPHOTO AIIEMEHTA SBIISETCS
00s13aTeIbHBIM YCJIOBHEM HMX B3aMMOJICUCTBUS C
TPAHCKPHUIITHOHHBIM KOMIUTeKcoM 1emenTa TATA
U (paKTHYSCKH JTUMUTUPYET MHHUIMAIUIO TPaH-
cKkpuniuu. B 3ToM ciydae HE TOJNBKO CalThI CBS-
3BIBAHUS C PETYJIATOPHBIMU OCIIKaMU, BXOJISIIHE B
CLEO MUJI-5, HO 1 BCs TTOCIEA0BATEILHOCTE 3TOTO
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9IIEMEHTa JOJDKHBI ONpeaessaTh 3)(HEeKTUBHOCTD
KOOTIEPAaTUBHOTO B3aUMOJIEHCTBUS PETYISATOPHBIX
9JIEMEHTOB. JleMICTBUTENBHO, U3MEHEHNS B TIOCTIE-
noBarensHOCTH CLEQ Kak paspymaromuie 0erok-
CBSI3BIBAIONINE MOTHBBI, TAK U HE 3aTParmBaloIiye
uXx, pakruuecku OIOKUPYIOT paboTy MpOMOTOpA.
OTH NaHHBIE elle pa3 yKa3bIBaloT Ha TO, uto CLEO
SIBJISIETCSI OTHUM U3 KITIOUEBBIX PETYIISITOPHBIX JJ1e-
MEHTOB npomotopa resa MJI-5 yenoseka, ydact-
BYIOUIMX B HHULMALUN TPAHCKPUIILIKH.

Nutepecno, uto Oct-1 B komOuHaImMu ¢ (hakto-
poMm YY1 Bxonut B cocta JJHK-0enkoBbIx KOMII-
JIEKCOB PENPECCOPHOTO AEMEHTA, HaXO/SIIErocs Ha
paccrosiauu 20 nykneorunos ot CLEO (Mordvinov
et al., 1999b). Takum obOpazom, Oct-1 mpuHEMaET
y4acTHe B aKTUBALIUH JIBYX PETYJISTOPHBIX JJI€MEH-
TOB, BBIITOJTHSIONIMX TIPOTHBOTIONIOKHBIC (DYHKIIUH
B peryisiuuu Tpanckpunuuu NJI-5.

Kpome Octamer-cBsi3biBaroiero ¢pparmeHra,
B 5'-pnankupyromeit obmactu CLEO B paiione
no3uuuu —70 npomoTopa rena MJI-5 pacnonoxeH
MOTHB CBSI3bIBaHUS (PAKTOPOB TPAHCKPUIILIUH CE-
MmeiictBa GATA (Sanderson et al., 1999). M3BectHO,
yr0 GATA-3 nrpaer miaBHyIO pojib B aKTHBAIUH
nokyca TX2 HUTOKMHOB M TEOPETHYECKH BBINOJI-
HseT QYHKUHUU PETyasITOpa KOOPAMHUPOBAHHON
skcnpeccun reHoB WJI-4 u UJI-5 (Zheng et al.,
1997; Ouyang et al., 1998; Zhang et al., 1999;
Nakamura, Hoshino, 2005; Romagnani, 2006; Zhu
etal.,2006). ITpu nccienoBannu GyHKIMOHATIBHON
3HAYUMOCTH M O€JIOK-CBSI3bIBAIOILICH aKTHBHOCTH
caiita GATA, pacnojoXeHHOro B paiioHe MOo3H-
i —70 npomoropa rena UJI-5, Obuto mokazaHo,
YTO 3TOT MOTHUB B3aUMOJEHCTBYET ¢ (HPaKTOPOM
tpanckpuniuun GATA-3 1, 04eBHIHO, COBMECTHO
¢ CLEO xoHTpOnUpyeT aKTUBALIUIO IKCIIPECCUHU
rena (Schwenger et al., 2001).

ITpu GyHKIMOHATBLHOM KapTUPOBAHUU INPO-
MoTopa reHa WJI-5 Opu1 oOHapykeH emie OJuH
pation, B3anMonencTByrommii ¢ 6emkamu GATA.
YCTaHOBIEHO, YTO 3TOT PailoOH, OXBaThIBAIOLIUN
y4acTok Mexay nozuusamu —110 u —170, yuacr-
ByeT B aKTHBaUWHU TpaHckpunuuu rena (Prieschl
et al., 1995). IlpucyTcTBHE B cOCTaBe MPOMOTOPA
BTOPOTO caiiTa cBsi3piBaHus 0emkoB GATA MoxeT
yKa3bIBaTh Ha BBICOKYIO 3HAYMMOCTb 3TUX (haKTo-
POB TPAHCKPHUIIIIUH B PETYIISALINHN IKCTIPECCHH TeHa
NJI-5. JleHcTBUTENBHO, B PE3YJIbTAaTE Pa3BUTHL
padoT 10 BBISIBJICHUIO ¥ (DYHKIIMOHAJIBHOMY TECTH-
poBanuto 3nemMeHToB GATA, BXOASILIUX B COCTaB

ripoMoTopoB reHoB UJI-5 u NJI-4, Obuin mosydeHbt
JIAaHHBIE, MTOATBEPKIAIOLINE ATO MPEAIOI0KECHUE
(Schwenger et al., 2001; 1lIBenrep u np., 2005).

[IpemmeToM akTHBHOTO OOCYKIEHUS SABISITACH
poib paktopa NF-AT B perynsiuu TpaHCKPHUITIIUH
reaa WJI-5 (De Boer et al., 1999). duckyccus
MoJorpeBaiach OOMINEM MPOTUBOPEUUBBIX pe-
3yJIbTAaTOB KCIEPUMEHTAJIBbHBIX UCCIECIOBAHUI
CTPYKTYpHO-(DYHKIIMOHAJILHOW OpTaHN3aIluH TIPO-
Motopa rera MJI-5, o0ycitoBIeHHBIX pa3HOo0Opa3n-
€M KYJIbTYp KJIETOK U YCJIIOBUH KJIIETOYHOM aKTHUBa-
nun. Kak ynmommuHanocs Bbllie, Ipu ONpeAeIeHHBIX
YCIOBUAX KJIETOYHOW aKTHUBALUM IKCIPECCHUS
rera NJI-5 MoxxeT HHUIIMUpPOBATHCS 0€3 yJacTHsI
(baxropa Tparckpunmmu NF-AT (Mordvinov et al.,
1999a). OTOT PeHOMEH TONTOE BPEMS CIMTAJICS ap-
Te(aKToM, YTO, €CTECTBEHHO, HE CIIOCOOCTBOBAIIO
(hopMUPOBAHUIO OOIIETIPUHATOTO B3IVIS/1a HA POJIb
NF-AT. Kpome Toro, pa3Hble UCClIe0BaTEIbCKUE
CPYMIbl UCIOJB30BAIN B Kaue€CTBE KJIECTOUHOU
MOJIeNH 00 TIepeBUBaEMbIe KIIETKH MBITIIH, JTHO0
KYJABTYpPBl KJIETOK YE€JI0BEKAa, HE MPOAYLUPYIO-
me MJI-5 (Sanderson et al., 1999; Mordvinov,
Sanderson, 2001). [Toiy4eHHBIE C TOMOIIBIO TAKKX
MoJIeTiel JaHHBIE XapaKTepH30Bali, OUEBHU/THO, UH-
JMBHTyaJIbHbIE OCOOCHHOCTH KIICTOYHBIX JIMHUH, &
He 001I1e MEXaHW3MBI PETYIISIAN SKCIIPECCHU TeHa
NJI-5 B nepBuuHbIx T-KJI€TKax YesoBeKa.

B oot 13 mocaenHux padboT, BEITIOTHEHHOM C
HCTIOJIb30BaHUEM KyJbTyphbI kKiieTok HSB-2 yenose-
Ka, pe3y/bTaThl KOTOPOil OblIM Bepr(pUIUPOBaHBI
Ha nepBUYHBIX T-nmuMdoruTax yenoBeka, rmoka-
3aHo, 4To, moMuMo (haktopoB GATA-3 u AP-1, B
aKTUBAlMU TpaHcKpuniuu reda NJI-5 ydacTtByer
(akrop Etsl, mpuuem peiicTBrue 3THX (PaKTOpOB
cunepruyno (Wang, Young, 2007).

Takum 00pa3oM, Ha CETOAHSIIHUI I€Hb yCTa-
HOBJICHO, YTO B COCTaB TPAHCKPHUIILIUOHHOTO KOM-
mnekca WJI-5, kak npaBuiio, BXOAST TPAaHCKPUII-
nuoHHbIe (hakTopel AP-1, GATA-3, Octl/2, YY1
u Ets1, a mpu onpeeieHHBIX YCIOBHSIX KICTOTHOMN
aktuBanuu enie 1 NF-AT.

BiinsiHne riIl0KOKOPTUKOU/10B
Ha 303uHOGUINI0 U IKcnpeccuro reda NJI-5

Kak yromuHanocs Bblllie, y YeJIOBEKa U )KUBOT-
HBIX CJIEJICTBUEM NOBBIIEHHON npoaykunu NJI-5
siBIsieTCs so3uHOG M. Hakorienue 303uHodu-
JIOB B TepH(EepPUISCKON KPOBH M TKAHIX MOXKET
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MPUBOJIMTE K PA3BUTHIO 1IEJIOTO Psfa MATOIOTHIA.
K HUM OTHOCATCS, IPEXK/IC BCETO, acT™Ma U aliep-
THYECKHIA PUHUT — BOCHAJUTEIbHBIC 3a00JeBa-
HUSI JIBIXaTeNbHBIX MyTeH, OT KOTOPBIX CTpajact
3HAYUTENIbHAS YaCTh HACEJCHHS MH]YCTPHAIBLHO
pasButbix crpal (Foley, Hamid, 2007; Taylor et
al.,2007; Trivedi, Lloyd, 2007). Ha ceropnsiHmii
JIeHb OHUM W3 HanOosee 3(p(HEeKTUBHBIX CPEICTB
JiedeH st 3a00JICBAHUI, COMIPOBOMKIAFOIIIUXCS D03H-
Ho(MIHeH, SIBISIOTCSI TIperaparhl Ha OCHOBE TITIO-
KOKOpTHUKOUAHBIX TopMoHOB (Hall, 2006; Abdullah,
Khan, 2007; Spahn, Szefler, 2007).

B pesynbrarte mpUMEHEHHS 3THX MPENapaToB
COKparaercst o0Iee YUcao S03MHOPHUIOB H CEK-
pPETUPYEMBIX UMH TIPOAYKTOB, CHHIKACTCS COJICP-
YKaHUe HanOoJIee aKTUBHOM (PAKITHH TUX KIETOK,
obnamaronmx denorunom hypodense (Giembycz,
Lindsay, 1999). Kpome Toro, ycTaHOBJIECHO, YTO
TITFOKOKOPTUKOUBI TIOJABISIOT MUTPALHIO 30-
3MHO(MIIOB K OYaraM BOCHAJICHHS, BBI3BAHHOTO
ameprerom (Elwood et al., 1992; Underwood et
al., 1997; Birrell et al., 2003).

[IpakTuueckoe NpPUMEHEHUE B Ka4eCTBE Jie-
KapCTBEHHBIX CPEJCTB, MOMUMO KOPTH30HA W
THIPOKOPTHU30HA, HAIIIEI [ENbIA PS/ UX CUHTETH-
YeCKHUX 3aMCHUTEICH: MPETHU30H, MPESTHU30JIOH,
METHIITPEHU30I0H, JIEKCAMETa30H, TPUAMIIH-
HOJIOH, (QurymeTa3oH, 6eTamMeTa3oH W Ap. DTH
COCIMHCHHMSI, KaK MPaBUIIO, 00JICe aKTHBHBI, YeM
MPHUPOAHBIC TIIFOKOKOPTHKOUIBI, U JCHCTBYIOT B
menblux go3ax (Rogatsky, Ivashkiv, 2006). [1pu
MPOBEICHUH UCCIICI0BATEILCKUX padOT MO U3yde-
HUIO MECXaHU3MOB JICHCTBHUS TITFOKOKOPTUKOHIOB Ha
pa3InvHbIe KIETOUHBIE TIPOIIECCHI U DKCIPECCHIO
TeHOB YaCTO UCIIOJNIB3YeTCs JAekcameTa3oH (Smith,
Herschman, 2004). Cienyer OTMETHTB, YTO 3TOT
CHUHTETHYECKHI TITFOKOKOPTUKOHIT SBJISETCS TAKXKE
OJTHMM U3 CaMbIX PACIPOCTPAHCHHBIX MPEMAPATOBR
JUTSL JICUYCHUsT 3a00JICBaHHM, COMPOBOXKIAIOIINX-
cs so3uHopmmmert (Mygind, Andersson, 2006;
Jacobsen et al., 2007).

XapakTepHOl 0COOCHHOCTHIO TIIFOKOKOPTH-
KOUJIOB SIBIIICTCS UMMYHOJICTIPECCUBHAS aKTHB-
HOCTh, HE CBSI3aHHAsI, OJIHAKO, C MUTOCTATHYCCKUM
neiictBueM. B paHHnX paboTax 1o ucciae10BaH IO
JNEUCTBUS TIIOKOKOPTUKOUIOB HA CO3PEBAHHE
Pa3IMYHBIX KIIETOK TEMOIOATHYECKOTO Psijia ObLIO
00HaPYKEHO, UTO B KYJIBTYPE KOCTHOIO MO3Ta ATH
BEIIIECTBA HHTHOUPYIOT (POPMUPOBAHUE KOJTOHHIA,
oboraménubix 303uHO(punamu (Butterfield et al.,

1986). Oxazanoch, 4To 3TOT P PEKT BO3HUKAET B
pesyabrare nopasneHus cekpeunu NJI-5 kinerkamu
KyJIBTYpbl U He 00YCIIOBIIEH MPSIMBIM JIEHCTBUEM
DTFOKOKOPTUKOUIOB Ha KIIETKU-TIPE/IIIeCTBEHHUKH
s03uHOpuI0B (Buckingham, 2006). TouHo Tak xe
MOJJaBJICHNE HAKOIJICHHUS 303MHO(UIOB B odare
BOCTIAJICHHUSI IIPOMCXOIUT HE B PE3yJIbTaTe MPsIMO-
rO JICWCTBUS TIFOKOKOPTUKOW/IOB Ha are3WBHEIC
CBOICTBA 3TUX KIIETOK, a OMATH-TaKU BCIEJI-
ctBue nopamieHusa cekpeuuu MJI-5 T-kinetkamu
(Giembycz, Lindsay, 1999). Takum o0Opa3om, oc-
HOBHOU TeparneBTUIECKUi 3P PEKT IIIOKOKOPTUKO-
U/I0B B KOHTEKCTE MATONOT Ui, CONPOBOKAAIOIINXCS
203uHO(DMIIHEH, 00YCIIOBIICH UX HHTHOUPYIOIIUM
JercTBueM Ha npoaykuuo NJI-5.

YcTaHOBIIEHO, YTO TITFOKOKOPTUKOU B MHTHOH-
py1oT 3kcnpeccuto rena NJI-5 Ha TpaHCKPUITIIUOH-
HoM ypoBHe (Sanderson et al., 1999; Mordvinov,
Sanderson, 2001). [leficTBUTENBHO, 3TH COCIMHE-
HUS 4acTO BBICTYTAIOT B POITU MOYIIITOPOB TPaH-
cKkpunmuy reHoB nuTokrHOB (Adcock, Caramori,
2001; Arthaningtyas et al., 2005; MopaBuHOB U
np., 2005). IlogaBieHne TPAHCKPHUIIUU TIFOKO-
KOPTUKOUJAaMHU MOYKET OCYIIECTBISTHCS KaK C UC-
MOJIb30BaHMEM MEXaHU3Ma MPSMOTO BO3ACHCTBHS
Ha IPOMOTOPHYIO aKTUBHOCTH I'€Ha-MUIIICHH, TaK
1 OTIOCPE0BAHHO, Yepe3 aKTHBAIIUIO IKCIIPECCHH
Oenka, 001a1ar0IIero CBOMCTBAMH TPAHCKPHUIIITH-
OHHOTO pernpeccopa reHa-mumeHd. [Ipoucxoaut
9TO CIEIYIOUIMM 00pa30M: MOCIie MPOHUKHOBEHHS
B KJIETKY IIIOKOKOPTHKOHIBI 00Pa3yIOT KOMILJIEKC
C IMUTOIUIA3MAaTHUYECKUM TIIFOKOKOPTHKOUIHBIM
penenrropom (I'P). 3aTtem koMIUIEKC, KOTOPBIIT Yatie
Ha3bIBAIOT «aKTUBUPOBaHHBIN [ Py, mepemerniaercs
B SUIPO, I7Ie JIGUCTBYET yiKe KakK (JakTop TPAHCKPUII-
uH. [IpoMOTOpEI psiia FeHOB CoAepIKaT peryIsTop-
HBIE DJIEMEHTBI, [TPH B3aUMOJICHCTBUH C KOTOPBIMH
akTuBHpOBaHHBIA ['P criocobeH MHMIIMUPOBATE,
YCUIIMBATh WIW TOJABIATH UX TPAHCKPHUIIUIO
(Hayashi et al., 2004; Barnes, 2006).

AxTuBHpoBaHHbIN ['P MOXeT perymupoarb
TPaHCKPUIILIUIO U 0e3 npsimoro koHTakra ¢ JIHK. B
9TOM CJIydae OH BIMSET HAa aKTUBHOCTH (PAKTOPOB
TPAHCKPUIIIHK MOCPEJCTBOM OEII0K-0EIKOBBIX
B3aUMOJICHCTBUMN, YTO, KaK IPaBHIIO, TPUBOIUT
K CYIIECTBEHHOMY CHWXEHHUIO d(PPEKTUBHOCTHU
TPAHCKPHITIUK COOTBETCTBYIOUIMX T'€HOB-MHUIIIE-
Hell. Takoil MexaHU3M penpeccuu peannu3yeTcs
Yalie BCero JUIst 11~ U MyJIbTUMEPHBIX TPAHCKPHUII-
LIUOHHBIX (PAaKTOPOB, COCTOSAIINX M3 OTIEITHHBIX
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CyOBEIMHUIL, ¥ IKCIIEPUMEHTAIBHO TIOKa3aH IS
NF-«Bu AP-1 (Jonat et al., 1990; Yang-Yen et al.,
1990; Konig et al., 1992; Ponta et al., 1992; Ray,
Prefontaine, 1994).

N3ydyenune MexaHU3MOB JIEUCTBUSA TIIIOKOKOP-
TUKOWUJIOB Ha HKCIPECCUIO TEHOB LIUTOKMHOB U B
YaCTHOCTH Ha skcrpeccuto rea MJI-5, ocraercs
«ropsiuei» TeMOW MOJEKYISPHOW OWOJIOTHUU H
ummyHonoruu (Walter, Holtzman, 2005; Gibson,
2006; Roufosse et al., 2006). HegaBHO OBLI0 TIO-
Ka3aHo, YTO IEKCAMETAa30H MOAABIISIET IKCIIPECCUIO
reda NJI-5 B xnerkax PER-117 na Tpanckpumn-
LIMOHHOM YPOBHE, U €r0 MUIIEHBIO B KOHTEKCTE
peryiasTopHbIX anemMeHToB reHa WJI-5 saBnsercs
CLEO (MopnBunOB 1 ap., 2005; Arthaningtyas
et al., 2005). OmHako MHOTHE BOTIPOCHI, CBSI3aH-
HBIE C PEKOHCTPYKIUEH MeXaHW3Ma MO/IaBICHUS
Tpanckpunuuu resa NJI-5 stumMu coeAMHEHUAMU,
He BBISICHEHHI JI0 CUX Top. B yacTHOCTH, HE H/IeH-
TUQUIUPOBaHbl (HaKTOPBI, 00ECTICUNBAIONIUE B
OTIpE/ICTICHHBIX CHUTYalUsIX HEUyBCTBUTEIHHOCTH
akcripeccuu rena MJI-5 x ux metictuto (Inagaki
et al., 2006; Kocak et al., 2006). Pe3ynbrarsl,
MOJTyYeHHBIE TIPU UCCIIEIOBAHNN 3THX BOIPOCOB,
MOTYT OBITh MOJIE3HBI KAK JIJIs PEIICHUS 33]1a4 aKa-
JIEMUYECKOTO XapaKTepa, TaK U MPHU BHIMIOJIHEHUU
MPHUKJIATHBIX pa0OT MO CO3JJaHUIO HOBBIX (papma-
KOJIOTMYECKHX TPenaparoB [ JedeHNs 3a00IIeBa-
HUI, CONPOBOXKIAIONINXCS D03UHODUITHEH.
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CYTOKINES: BIOLOGICAL PROPERTIES AND REGULATION
OF HUMAN INTERLEUKIN-5 GENE EXPRESSION

V.A. Mordvinov, D.P. Furman

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia, e-mail: mordvin@bionet.nsc.ru

Summary

Interleukin-5 (IL-5) is a hormone in a large family of cytokines, signaling molecules produced by immune system
cells, basically mature T-lymphocytes. IL-5 has the central role in the development and regulation of pathological
conditions associated with eosinophilia, including allergic inflammation and parasitic infection. This effort provides
an input on cytokines in general, a review of research data on the biological role of IL-5, an overview of various
aspects of the structural and functional organization of the IL-5 gene and the regulation of its expression, and also
a discussion of the mechanisms by which glucocorticoids reduce eosinophilia and IL-5 gene expression.
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DNA - «cPROGRAMMING LANGUAGE OF LIFE»

R. Hofestidt

Bielefeld University, e-mail: hofestae@techfak.uni-bielefeld.de

During the last decades methods of molecular biology are able to identify and sequence different gene
functional units (DNA-units). Most of these functional units are analysed in syntax (sequence) and semantic
(metabolic function). This kind of information is represented by different molecular databases and information
systems, which are distributed across the world (internet). Based on this knowledge it is now possible to
discuss the old and still open question if DNA can be interpreted as a programming language. In this paper we
will show that the DNA can be interpreted as a programming language in the sense of computer science.

Key words: DNA functional units, formal language, programming language, data, control instruction, basic
instruction, operon, gene regulation, language of life and synthetic biology.

Introduction

Regarding cellular processes two different and
fundamental levels of genetic languages can be
identified. The polypeptide level is coded by 20
different amino acids, which represent the alphabet
of'this formal language, and the polynucleotide level
represented by different nucleic acids (A,T,G,C
{U}). The fundamental level is the polynucleotide
level with it’s DNA, which represents the functional
units of the metabolism. Therefore, the alphabet
of the fundamental language is given by X =
{A,T,G,C (U)} and the DNA is a word over this
alphabet. Furthermore, specific “programming
language of life” is L < X* (where * is the star
operator and defines all words over X). During
the 60ties Ratner (Ratner, 1977) presented the
idea of a genetic language that represents different
levels: codon, cistron, scripton, replicon, segregon
and genome. This paper will focus on the level of
functional units of the DNA, which is defined by
Ratners cistron level. The idea of our interpretation
will be based on two assumptions. The first is that
for bacteria and virus most of the DNA/RNA-units
are known today. The second is that most of the
known DNA-units are universal, which means
that besides the universality of the genetic code
the universality of DNA-units, which includes the
universality of the DNA language, can be suggested.
Additionally, this paper will show that analyzed

DNA-units can be interpreted as a programming
language. We will present this interpretation in
two steps: 1) the specification of the DNA-units
in syntax (nucleotide sequence) and semantic
(function) and 2) the proof that the DNA-units
represent fundamental mechanisms of a computer
programming language.

DNA-units

Atthe beginning we have to discuss the question
if most of the relevant DNA-units are already
analyzed. Regarding the sequenced and analyzed
genomes including latest molecular knowledge we
can assume:

1. Most of the DNA-units are known (Knippers,
2006).

2. For most of these units the function is known
and seems to be universal.

The syntax of the DNA-units can be specified
using specific Chomsky-type-2 grammars as shown
in (Hofestddt, 2007). Similar to the computer
programming languages the semantic is described
informal using the natural language. A list of the
most relevant DNA-units is shown in Table 1.

Basic features — programming language

Regarding the v. Neumann computer system
architecture (Burks et al., 1946), which is still the
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Table 1

Selection of relevant DNA-units (Knippers, 2006)

DNA-unit

Comment

Intron

Exon

Leader
Structure gene
Spacer
Palindrome
Terminator
Pribnow-Box
Promoter
Operator
Regulator
Operon
Telomer
Origin
Segregon
[S-Element
Transposon
Virus-DNA-RNA
Enhancer
Overlapping gene
Homeotic gene

sub-sequence of the structure gene
sub-sequence of the structure gene
sub-sequence of specific structure gene

input sequence for the protein synthesis process
separator sequence of genes

antidromic DNA sequence

end of the transcriptional unit

subsequence of the promoter to specify promoter affinity
start point of the transcriptional unit

sequence of the gene regulation process
specific structure gene

unit of the protein synthesis process

specific sequence of the end of the chromosome
startpoint of the DNA-Polymerase

heredity unit

dynamical structure of the genome

dynamical structure of the genome

dynamical structure of the genome

controls the promoter affinity

specific structure gene

operon, which shows the modularity of the genome

kernel of our computer, we are able to detect the
following fundamental features of a programming
language:

F1. Data type (at least one is sufficient):
Computer instructions can modify data so that
at least one data type (e. g. integer) must be
available.

F2. Instruction: Each computer/computer
language is offering a set of instructions, which can
modify data (e. g. add, multiply, and etc.).

F3. Control instruction: Specific instruction
which controls the order of the next executable
instruction of the program.

F4. Punctuation mark: Begin and end symbol
(word) is defined.

Besides the numeric/logical instructions,
which will modify the program data, the control
instructions are fundamental. Regarding all control
instructions we can differrentiate between three
fundamental classes:

C1: Composition  S1; S2;...; Sn

The semicolon denotes the following operator.
The semantic of this operator is that instruction (S;: )
will be executed after execution of instruction (S;).

C2: If-Instruction (If B then S)

Let S be an instruction and B a condition, which
can be true/false. Instruction S will be executed if
and only if condition B is true — otherwise S will
not be executed.

C3: While-instruction (While B do S)

Let S be an instruction and B a condition, which
can represent the value true/false. The meaning is
that the instruction S will be executed as long as
B is true.

The theoretical model of the v. Neumann
architecture is the so-called Turing machine
(Hopcroft, Ulman, 1979), which belongs to the
class of the universal computational concepts. That
means each problem, which is intuitive computable,
can be solved using the adequate Turing machine
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(v. Neumann computer). Regarding the DNA-
units, which are shown in Table 1, we can define
the basic instruction of the DNA language and the
activation of this instruction. A DNA-unit is called
basic instruction, if at least one promoter and one
terminator are included. If a basic instruction
will pass the biosynthetic process, this is called
activation of the basic instruction.

An operon can be interpreted as a basic instruction,
which includes structure genes, operator genes, one
or more promoter genes and a terminator gene. The
activation of a basic instruction includes fundamental
metabolic processes like transcription and translation
(Knippers, 2006). It is similar to the instruction
execution process of a computer system.

Interpretation

Assume that the DNA is the genetic program
of the cell. In that case the cytoplasm can be
interpreted as the data type which represents
metabolites. Metabolites can be modified by
different biochemical reactions. Therefore, we can
assume that the data type (metabolite) is available
(see F1). Enzymes can catalyze biochemical
substances so that a substrate will be modified
into a product catalysed by a specific enzyme.
Therefore, instructions are chemical reactions

caused by enzymes, which are presented by
structure genes (see F2). Furthermore, structure
genes are controlling the metabolism indirectly.
Regarding specific cells we can see specific genes,
which are active during specific time periods. This
behaviour shows that specific DNA-units control
the activity of genes, which can be interpreted as the
control instruction (see F3). Finally, the DNA-unit,
which is called telomer, can be interpreted as the
punctuation mark of this system (see F4). Defining
and regarding specific operons it is possible
to show that the control instructions C1 — C3
can be simulated by gene controlled regulatory
networks. Composition of basic instructions can
be interpreted as a sequence of basic instructions
represented by structure genes or operons separated
by spacer units (Fig. 1).

Furthermore, we can show that an operon can be
interpreted as an If-instruction (see C2). Therefore,
we focus on the operon L14 of E. coli, which
regulates its own synthesis. The mechanism of this
regulation process can be illustrated (Fig. 2).

Under this interpretation the boolean value of
condition B will be specified by the state of the
operator, which can be true (Operator X gene
is free) or false (Operator X is blocked by the
repressor). Under this interpretation the instruction
If B then S is simulated, because the operon will

Promoter S1 S» Sh Terminator
pob Al Ay,
Promoter S1 Terminator Spacer Promoter S, Terminator Spacer ...
Ag— ... An-1 = An

Fig. 1. Composition of basic instructions of the DNA language.

Promoter Operator X  Regulator_X

Structure gene S Terminator

Ag — An

Fig. 2. Abstract representation of the operon L14 (Knippers, 2006), which can be interpreted as the If-instruction.
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be blocked by itself after activation of this basic
instruction (operon). The synthesis of Structure
gene S will realise the instruction S and the
synthesis of Regulator X will block the synthesis
of operon L14. Regarding the example of the
illustrated operon L14 the theoretical extension to
the While instruction can be realised. Deleting the
Regulator X gene, which is inside of the operon
L14, will produce this effect. Therefore, we will
discuss the structure and function of the Tryptophan
operon, which shows this effect (Fig. 3).

Regarding the Tryptophan operon, we can see a
composition of structure genes (S) and the boolean
value of condition B can be true (Operator is free)
or false (Operator is blocked).

As long as the operon represents the state true the
basic instruction is activated. It will be activated until
the operator gene will be blocked. This interpretation
shows the «While operator» (see C3). Furthermore,
the telomere sequence (chromosome) and the
terminator/promoter sequence (cistron level) can be
interpreted as the begin- and end-mark (F4).

Features of DNA-languages

Regarding the semantic of the analyzed DNA-
units we can identify the following features of
this language. First of all the genome is modular
organized like most of the programming languages.
The modular organization can be shown regarding
the semantic of the homeotic genes (Watson et al.,
1985). These genes are controlling a battery of genes
and can be interpreted as a function, procedure or
module in the sense of programming languages.
Regarding the semantic of the promoter we can see
that the basic element will be activated based on a
probability value, which is defined by the specific
sequence of the promoter sequence. These sequences
specify the so-called promoter affinity of the operon
(Knippers, 2006). One more interesting and complex

feature is the dynamic behavior of DNA-units,
which is shown for example by transposons and
IS-elements (Watson et al., 1985). The semantic of
transposons and IS-elements is that DNA sequences
can change their localization inside the chromosome
(program). Furthermore, changing the localization
other DNA-units can be destroyed or modified.
Until now the semantic of these dynamic DNA-units
is not known exactly. Parallelization is one more
feature of molecular processing. The opposite to
von Neumann computer basic molecular instructions
can be activated in parallel. This concept is called
dataflow concept and the semantic is that each basic
instruction will be executed if all biochemical
conditions are satisfied (operator genes are free
and RNA-polymerase is available etc.). Regarding
these features we can say the programming language
of life is much more complex than a v. Neumann
computer language. Regarding theoretical models
of computation discussed in theoretical computer
science we can see parallel machines (Fortune,
Wyllie, 1978), probabilistic Turing machines (Gill,
1977), and hardware modification machines (Cook,
1980). However, there is no discussion about a
dynamic-parallel-probabilistic-modular Turing
machine model.

Summary

The key idea of this paper is to show that the
DNA can be interpreted as a programming language
based on the level of analyzed functional DNA-
units. Therefore, we presented a subset of well-
known DNA-units and extracted the main features
of a von Neumann programming language. Our
paper shows that DNA-units can be interpreted
as a programming language based on the level
of DNA-units, which was called cistron level
by the fundamental definition of Ratner (Ratner,
1977). Therefore, metabolites can be interpreted

Promoter  Operator

Structure genes

Terminator

A—> B

Fig. 3. The Tryptophan operon (Knippers, 2006) represents: Promoter, terminator, operator and a composition of

structure genes: trpE, trpD, trpC, trpB, trpA.
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as the fundamental data type and operons which
synthesize enzymes that can be interpreted as
data modifying instructions. Specific operons can
also be interpreted to simulate the fundamental
computer instructions as: composition, If- and
While-statements. Overall section 4 showed that the
fundamental structures of a programming language
are represented by basic DNA-units. Therefore, the
DNA-units represent the fundamental language of
life. Further discussions showed that this language
is representing complex language structures as
features of parallel, probabilistic, dynamic and
modular computing. Regarding computational
models of theoretical computer science we can
see no model, which represents such a complex
computational mechanism today.

Thinking about the post-genome era it is the
main idea of this work to study and understand
this kind of complex languages (computational
methods), which we could identify in this paper.
Based on this work and the understanding of such
methods and concepts it will be possible to specify
the language of life in detail, which will represent
the framework for the realization of the ideas of
synthetic biology.
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DOMAIN — WIDE LANDSCAPE OF HUMAN GENOME
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Two facts are currently inferred in the course of eukaryotic genome investigations. The first finding is that
the highly expressed genes in eukaryotes maintain short introns (Petrov et al., 1998; Castillo-Davis et al.,
2002). The second observation is that there is domain-wide regulation of gene expression in human, which
comprises regions of ~80-90 genes per domain on average, exhibiting a particular level of integral expres-
sion (Gierman et al., 2007; Huvet et al., 2007). In this work we analyzed the features of genes in regard to

the domains identified in the papers mentioned above.

We have found that there are 2 distinct groups of genes in low expressed domains. One contains extremely
long genes. We observed expression preference in the brain tissue for them. Another group comprises short
genes featured as cluster-structured gene loci with various activities, including testis specific and liver-specific

genes.

Key words: human, chromatin, replication start, gene structure, gene length, testis-specific genes.

Introduction

It’s long appreciated that there is a higher order
transcriptome regulation on the level of chromatin
state and its exploration is going on (Schiibeler,
2007). The range of authors currently incline that
the transcriptional domains are regulated to a
large extent by histone modification. There is an
extensive volume of papers devoted to the subject
(Schiibeler, 2007), but the locations and roles of
histone modifications elsewhere in the genome
remain unclear (Heintzman et al., 2007).

Analysis of recent experimental timing data
(Woodfine et al., 2005) confirmed that, in a
number of cases, domain borders coincide with
replication initiation zones active in the early S
phase (Yurov, Liapunova, 1977), whereas the
center regions replicate in the late S phase (Huvet
et al., 2007). Around the putative replication ori-
gins, genes are abundant and broadly expressed.
These features weaken progressively with the
distance from putative replication origins. At the
center of domains, genes are rare and expressed
in few tissues.

682 successive N-shaped nucleotide composi-
tional skew domains were identified in Huvet et al.,
2007. We explored the features of the genes located
within the N-shaped regions (N-domains) and

gained some insights on the specific structural traits
for them. The genes located within domain center
maintain significantly longer intergenic length.
There is an abundance of very short and extra long
genes which usually implies their intron length.
We checked GNF atlas expression resource (Su
et al., 2002) to define gene expression in various
parts of the domains and found that tissue-specific
genes, placenta genes and liver-specific genes are
presented in significant abundance in the center
of the domains. Flanking genes corresponded to
housekeeping genes which is consistent with the
previous observations (Huvet et al., 2007). It is
worth noting that overall the tissue-specific genes
in the center area are considered low expressed
(Castillo-Davis et al., 2002) compared with their
flank counterparts, but they are quite intense in
the terms of timing, e.g. they are highly expressed
within short period of time (Huang, Niu, 2008).
Genes containing long introns were specifically
expressed in the nervous tissue.

We extensively explored testis-specific genes
since they exhibit vivid positive selection evolu-
tion mode (Kouprina ef al., 2004, 2007). The intron
length features of the center domain genes sought
to be under neutral/disruption selection mode what
makes them either extremely long or quite short
(Hughes et al., 2008).
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Materials and Methods

Oligonucleotide microarray data were extracted
from the Gene Expression Atlas [http://expression.
gnf.org, (Su et al., 2002)] that contains 25 human
and 45 mouse non-tumoral tissues. The sample
replicates corresponding to the same tissue were
averaged. The signals of probes corresponding to
the same gene were averaged. In total, 7735 dif-
ferent human mRNAs and 5297 mouse mRNAs
are represented in the resulting data set. As rec-
ommended by the authors (Su et al., 2002), genes
whose expression level exceeded 200 arbitrary units
were noted as expressed. Microarray data were
available for 1276 genes in 22 normal tissues be-
longing to N-domains. Testis specific, liver specific
and placenta specific genes were defined by 3-times
larger than average log normalized expression in
the corresponding tissue with at most one alternate
tissue expression instance.

Gene and intron length profiles were built along
the human chromosomes with overlapping window
of 1 Mb in size and shift of 10 kb. The number of
gene (intron) starts per window was calculated for
the gene (intron) profile plot. Each gene was rep-
resented by the longest transcript unless mentioned
otherwise.

Results and Discussion

We binned the genes of the 682 N-domain regions
into «Late replication (LR)» gene sample as those
located within 50 % of domain length in the center
of the regions, and the genes comprised in 50 %
of the domain territory flanking the center region
(«Early replication (ER)» gene sample).

Overall gene abundance (gene density) in LR set
was significantly lower than in the ER gene set (2184
vs 3274 genes, p < 1e-31 with binomial test).

Next we compared the distribution of genes length
within and between the bins (Fig. 1). It was revealed
that the genes less than 5 kb in length were abundant
in LR sample in comparison with ER sample (Fig. 1,
p < 0.0001 with X’ 2x2 table test). While overall
genes’ deficiency in LR region over the lengths of
7-24 kb had been observed, the extra long genes
were also abundant in LR set (Fig. 1). Nearly half
of the short genes were single exon genes, the abun-
dance was also very high (Table 1). The number of
merged genes was preferred in the ER genes.

Testis-specific genes are fast evolving genes
possessing several tissue-specific features, namely:
a) the vast majority of them are short (Su et al.,
2008), e.g. less than 10kb in length; b) they are
organized in small clusters containing 1-5 genes
which are dispersed along chromosomes (Su et al.,
2008). They evolved rapidly (Kouprina et al., 2004,
2007; Thurman et al., 2008), and usually possess
rather strong tissue-specific expression level (Su
et al., 2008).

It has been shown that chromatin remodeling
is a specific epigenetic feature of spermatogenesis
(Pradeepa, Rao, 2007; Tachiwana et al., 2008) as
well as other tissue specific expression (Thurman et
al.,2008). They are present in eukaryotic genomes

1000

— ER genes
—— LR genes

100 1

Number of genes

8 12 16 20 24 28 32 36 40 44 48 52 56
intron length >x, kb

Fig. 1. Comparison of Late replication and Early repli-
cation gene sets. The maximal transcript was taken for
each gene. Each point represents number of transcripts
possessing the length greater than the abscissa value.

Table 1
Comparison of specific gene numbers
for a range of features

Number
Number
of merged of Number
Replication genes sinele- of
timing comprised ex%)n genes
within total
. genes

gene loci

ER genes 199 128 3274

LR genes 82 211 2184

Given the total number of ER genes and LR genes we assess
the X* 2x2 tables test value equal to 12,8, p < 0,0002 to reject
equal distribution null hypothesis for merged genes against
total gene number. The single exon genes are represented
skewed towards abundance in the LR regions as well with
X*=65,0,p<le-7.
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from mammals down to insects (Spellman, Rubin,
2002). While relatively constant gene number, the
gene content evolves rapidly in Drosophila group
(Spellman, Rubin et al., 2002).

We calculated the number of testis-specific
genes in the LR regions and found it significantly
abundant compared to their number in the flanking
regions with the p-value 1e-8 (785 vs 324 testis-
specific genes). Thus we can say that testis-specific
genes are attributable to the LR region.

Conclusion

We sought that the late replication origins are
the key regulation units that are responsible for tis-
sue-specific expression. We found the key structural
end expression gene features are similar within ER
and LR domains. Therefore we may say the domain
wide chromatin structural features we observe are
quite widespread phenomenon in humans and prob-
ably, in all eukaryotic species that modulate stage
and tissue expression. We believe that the future
studies will gain much more insight on the stage-
specific mechanics of such structures.
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HORIZONTAL TRANSFER OF NON-LTR RETROTRANSPOSONS
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Horizontal transfer is a complex phenomenon usually used as explanation of phylogenetic inconsistence
which can not be interpreted in terms of vertical evolution. Most examples of horizontal transfer of eukaryotic
genes involve transposable elements. An intriguing feature of horizontal transfer is that its frequency differs
among transposable elements’ classes. Although horizontal transfer is well known for DNA transposons
and LTR retrotransposons, majority of previously described cases of horizontal transfer for non-LTR
retrotransposons were dismissed based on the analysis of non-LTR retrotransposon sequence change rates.
Nevertheless, recent findings suggest that non-LTR retrotransposons can be horizontally transmitted. Thus,
one cannot completely exclude the possibility of horizontal transfer for this group of transposable elements.
We review the occurrence of horizontal transfer of non-LTR retrotransposons and examine the criteria used

to infer such transfers.

Key words: non-LTR retrotransposons, horizontal transfer, evolution, Fungi, Maculinea

Introduction

Eukaryotic transposable elements (TEs) have
the ability to replicate and spread in genome. They
have been found virtually in all investigated eu-
karyotes and represent the ubiquitous components
of eukaryotic genomes. For example, at least 46 %
of the human genome is represented by TE-derived
sequences (Bannert, Kurth, 2004) and more than
90 % of the plants’ genomes can be composed by
TEs (Vitte, Panaud, 2005). The relative abundance
and diversity of TEs have contributed to the dif-
ferences in the structure and size of eukaryotic
genomes, especially in plant kingdom (Vitte, Pan-
aud, 2005). Recent evidence suggests that TEs may
provide the genome with potent agents to generate
genetic and genomic plasticity (Kidwell, Lisch,
1997). TEs may have reshaped the human genome
by ectopic rearrangements, by creating new genes,
and by modifying and shuffling existing genes
(Lander et al., 2001). In some cases, TEs perform
critical biological functions in their host (Kidwell,
Lisch, 1997). For example, the preferential inser-
tion of some retrotransposons in Drosophila at
telomeric locations has removed the need for a
telomerase function (Pardue et al., 2005).

Two major classes of TEs are recognized
(Wicker et al., 2007). Class I elements use RNA-
mediated mechanisms for their transposition and
are called retrotransposons. Class Il elements
transpose through DNA-mediated mechanisms
and are called DNA transposons (Feschotte,
Pritham, 2007). Eukaryotic DNA transposons can
be divided into three major subclasses. Elements
from the first, the best-known subclass, are the
classic “cut-and-paste” transposons that excise as
double-stranded DNA and reinsert elsewhere in
the genome. Elements from the second subclass,
Helitrons, utilize a mechanism probably related
to rolling-circle replication (Kapitonov, Jurka,
2007). For the last subclass, Mavericks, mecha-
nism of transposition is not yet well understood,
but that likely replicate using a self-encoded DNA
polymerase (Pritham et al., 2007). Both Helitrons
and Mavericks most likely rely on distinct trans-
position mechanisms involving displacement and
replication of a single-stranded DNA intermediate,
respectively.

Retrotransposons transpose by the process in-
volving transcription, reverse transcription, and in-
tegration of cDNA. Five orders of retrotransposons
are recognized: LTR retrotransposons, which have
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long terminal repeats (LTRs); non-LTR retrotrans-
posons, which lack LTRs; DIRS retro-transposons;
Penelope-like retrotransposons; and short inter-
spersed nuclear elements (SINEs) (Wicker et al.,
2007). Non-LTR retrotransposons contain 5’ and

@  Non-LTR retrotransposon

3’-untranslated regions (UTR), two or one open
reading frame (ORF), preceded by the promoter
for RNA polymerase II, and are usually terminated
by poly(A) tail (Fig. 1, a). All intact non-LTR ret-
rotransposons encode a reverse transcriptase (RT),
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Fig. 1. Structure (a) and evolution of non-LTR retrotransposons (b).

Abbreviations: 5’'UTR and 3'UTR — 5" and 3’ untranslated regions; ORF — open reading frame; RT — reverse transcriptase;
REL — restriction-enzyme-like endonuclease; APE — apurinic/apyrimidinic endonuclease; RNH — ribonuclease H.
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which provides for their reverse transcription. Ad-
ditionally, their ORFs encode a restriction-enzyme-
like apurinic/apyrimidinic endonuclease, as well as
aribonuclease H (Malik et al., 1999; Wicker et al.,
2007; Novikova et al., 2008).

Malik et al. (1999) first used the term «clade»
for groups of non-LTR retrotransposons, which
have high phylogenetic support, share the same
structural features, and are estimated to date back to
the Precambrian time (older than ~570 Myr). Based
on the phylogenetic analysis of RT domains, 23
diverse clades of non-LTR retrotransposons have
been described (e.g. Malik et al., 1999; Volff et al.,
2000; Biedler, Tu, 2003; Novikova et al., 2008)
(Fig. 1, b). The most ancestral clades of non-LTR
retrotransposons (GENIE, CRE, R2, NeSL-1, and
R4) contain only one ORF and show site-specific
distribution in the genomes (Malik et al., 1999;
Malik, Eickbush, 2000). They have a restriction-
enzyme-like endonuclease (REL-endo) domain.
During further evolution of mobile elements, the
REL-endo domain is suggested to have been substi-
tuted with an apurinic/apyrimidinic (APE) endonu-
clease acquired from host cells. All younger clades
(L1, RTE, Tad, R1, LOA, I, Jockey, CR1, Rexl1,
and L2) possess the APE endonuclease domain
and are called APE retrotransposons (Zingler et al.,
2005). The acquisition of the APE endonuclease
resulted in a loss of target site specificity for all
the elements (except R1 clade and some elements
from L1 clade), and coincided with the origin of a
second ORF in front of the RT-encoding ORF. Our
knowledge of non-LTR retrotransposon diversity
is likely to increase further: almost all studies of
the entire genomic sequences detect new phyloge-
netic groups, especially those which have a limited
distribution and/or are represented by a few copies
per genome (e.g. Biedler, Tu, 2003; Novikova et
al., 2008).

Horizontal transfer of TEs

Horizontal transfer (HT) can be defined as
the process by which genes can move between
reproductively isolated species. It is not surpris-
ing that most examples of horizontal transfer of
eukaryotic genes involve TEs (Kidwell, 1992;
Hartl et al., 1997). Three criteria could be used
for HT event recognition. The first criterion is the
inconsistence between the phylogenies of TEs

and host species. Traditionally, horizontal transfer
was implied when highly similar transposable
elements had been found in distantly related taxa
accompanied by their discontinuous distribution,
and such phenomenon could not be explained
in terms of vertical inheritance (Kidwell, 1992;
Hartl et al., 1997). There are potential problems
with application of this criterion for HT detection.
Multiple TEs lineages can be present within ge-
nomes. Moreover, TEs are multicopy components
of genomes. Comparisons of paralogous TE cop-
ies instead of orthologs along with varying rates
of their sequence evolution are the main sources
for incongruence in phylogenetic analysis, which
could be misidentified as HT.

The second criterion, which seems to offer the
strongest evidence, is a higher degree of observed
sequence similarity for TEs than for functional
genes, so-called ‘slowdown effect on evolutionary
rates’. Once inserted, a new copy of transposable
element is presumed to evolve without functional
constrains. Thus, all types of mutations should
have an equal chance to be fixed. This means that
the rates of synonymous and nonsynonymous
nucleotide substitutions are identical, and cod-
ing regions in the sequence are disrupted by stop
codons and indels (Volff et al., 2000; Bensasson
et al., 2001). The lower than expected sequence
divergence of TEs in comparison with non-mobile
nuclear genes of the host species can be explained
either by strong selective constraints in TE se-
quence coupled with a strict vertical transmission,
or by horizontal transfer (Kordis, Gubensek, 1998;
Novikova et al., 2007; Novikova et al., 2008). It
is known that the insertion of a transposable ele-
ment can alter gene expression and be selectively
advantageous. However, only some of such trans-
posable elements evolve under selective pressure
(Ono et al., 2001).

The third criterion of inferring HT is the discon-
tinuous distribution of TEs among closely related
taxa, i.e., presence of a TE in one lineage and its
absence in a sister lineage. Such discontinuous
distribution could be due to random loss of TEs, an-
cestral polymorphism, and independent sorting of
copies into descendant species. By itself, this kind
of evidence provides only weak support for HT
since TE can be lost through population dynamics
or ecological forces that are difficult to reconstruct
(Kaplan et al., 1985; Lohe et al., 1995).
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Horizontal transfer of non-LTR
retrotransposons

While HT is well known for DNA transposons
and LTR retrotransposons (Robertson, 1993; Silva,
Kidwell, 2004), non-LTR retrotransposons rarely
undergo HT, and their phylogenies are largely
congruent to those of their hosts (Malik et al.,
1999). Moreover, the analysis of TEs sequence
change rates led Malik et al. (1999) to dismiss
majority of previously described HT cases. It has
been suggested that non-LTR retrotransposons are
rarely, if at all, horizontally transferred and their
mode of transposition might be sufficient to explain
this rarity since the RNA intermediate of non-LTR
retrotransposons is reverse-transcribed directly into
the chromosomal target site (Malik ef al., 1999).
Nevertheless, there are a few cases of putative HT
for non-LTR retrotransposons (Table 1).

One of the most reliable cases of HT for non-
LTR retrotransposons was described for CRIB
elements from CR1 clade (Novikova et al., 2007).
Initially, TE sequences with extremely high similar-
ity were identified in genomes of silkworm Bombyx
mori (family Bombycidae) and Maculinea large
blue butterflies (family Lycaenidae). Further com-
parative and phylogenetic analysis provided more
evidence for possible HT. Analysis of closely re-
lated species showed that CR 1B element presented
only in Maculinea butterflies and in both studied
Bombycidae moths (Bombyx mori and Oberthueria

caeca) (Fig. 2, a). All three criteria were satisfied
including unexpectedly high similarity between
elements, phylogenetic inconsistence, and discon-
tinuous distribution.

Along with three listed criteria, the ‘divergence-
versus-age’ analysis can be used for HT inference
(Kordis, Gubensek, 1998; Malik et al., 1999). It in-
cludes the comparison of divergence rates between
the enzymatic domains of the TEs with the host
divergence time estimates. This method is widely
used for non-LTR retrotransposon analysis (Kordis,
Gubensek, 1998; Malik et al., 1999; Novikova et
al., 2007; Novikova et al., 2008). Amino acid se-
quence distances between the reverse transcriptase
(RT) domains of various non-LTR retrotransposon
clades (R1, R2, Jockey, I, CR1, RTE, Tad and L1)
are plotted against estimates of host divergence time
(Fig. 3). The last common ancestor of lepidopteran
superfamilies Papilionoidea (Maculinea spp.) and
Bombycoidea (Bombyx mori) has been estimated
to exist 140 million years ago (Mya) (Gaunt, Miles,
2002). The point for BmCR1B (from B. mori) ver-
sus MteCR1B (from Maculinea teleius) fell mark-
edly below all other comparisons. It means that the
rate of evolution is much lower than expected for
BmCRI1B and MteCRIB elements. The slowdown
effect on evolutionary rates can be explained by
HT event (Kordis, Gubensek, 1998; Malik et al.,
1999; Zupunski etal.,2001; Novikova et al., 2007,
Novikova et al., 2008). The HT of CRIB elements
between lepidopteran taxa is an example of the

Table 1
Putative cases of horizontal transfer of non-LTR retrotransposons
L Time estimate
Clade: elements Direction of transfer References
(Mya*)
Jockey: diverse elements | Insects: between Drosophilidae ~5-12 Sanchez-Gracia et al., 2005
RTE: Bta/Vma Vertebrates: from an ancestral snake ~40-50 Kordis, Gubensek, 1998
lineage (Boidae) to the ancestor of Zupunski et al., 2001
ruminant mammals
Rex1: Vertebrates: from Percomorpha less than 90 | Volff ez al., 2000
Bab/Ana & Bab/Anj fishes to eels (Anguilla)
CR1: Insects: from Bombycidae moths to ~5-10 Novikova et al., 2007
BmCRI1B/MteCRIB Maculinea butterflies (Lycaenidae)
Tad: Fungi: from Sordaryomycetes less than 10 | Novikova et al., 2008
AorNLR2& (Chetomium globosum and Fusarium
AniNLR2/FoNLR5& oxysporum) to Eurotiomycetes
CgNLR3 (Aspergillus oryzae and A. niger)

* Mya — million years ago.
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Fig. 2. Horizontal transfers of non-LTR retrotransposons HT of CR1 elements between Maculinea butterflies and
Bombyx moths, dated 5-10 Mya (a), and HT of Tad elements between Sordaryomycetes (Chetomium globosum
and Fusarium oxysporum) to Eurotiomycetes (Aspergillus oryzae and A. niger) probably occurred 10 Mya (b).
Phylogeny of superfamilies and families of butterfly suborder Ditrysia based on Tree of Life (http://tolweb.org/).
Evolutionary tree sequenced fungal genomes is represented according to Fitzpatrick et al. (2006) with minor
modifications.



Becmuux BO['uC, 2009. Tom 13, Ne 1 81
A HT events *Tad _
* Fungi _ - Ta *
0,60 F O +O Invertebrate Tad - Tad
W Vertebrate Tad & ~¥ Tad R CR 1
Tad e
- ARTE: Bta/Vma
0,30 m A
Q@ CR1  ARex1: Bab/Ana
@ Tad: AniNLR2/CgNLR3
g Tad: AniNLR2/FoNLR5
P ATad: AorNLR2/CgNLR3
c 010 Tad: AorNLR2/FONLR5
(]
o
© 0,06
i)
o
©
2 003
IS
< ACR?: BnCR1B/MteCR1B
0,01
0,006 |
| | 1 | | | | | | | |
1 3 6 10 30 60 100 300 600 1000 1200
Time (My)

Fig. 3. Divergence-versus-age analysis of non-LTR retrotransposons.

Amino acid sequence distances were calculated from the sequences of the complete reverse transcriptase (RT) domain. The
curves for arthropods and vertebrates are reproduced from Malik et al. (1999); the curve for fungi is reproduced based on

Novikova et al. (2008). Putative HT events are shown.

most recently occurred transmission of non-LTR
retrotransposons between reproductively isolated
species that belong to the taxa separated more than
100 million years ago.

Horizontal transfer is a complex phenomenon
which has only indirect evidence. Moreover, it is
impossible to investigate HT directly in a labora-
tory; all known HT cases between eukaryotes
were discovered accidentally during phylogenetic
studies (e.g. Kordis, Gubensek, 1998; Volff et al.,
2000; Novikova et al., 2007; Novikova et al.,
2008). For example, HT of CRIB elements was
identified along with the analysis of non-LTR
retrotransposons diversity in Maculinea genomes.
Bioinformatic approaches can greatly expand
opportunities to observe the distribution and evo-
lutionary history of non-LTR retrotransposons in
various eukaryotic taxa and to identify novel cases
of HT. The most suitable eukaryotic group for such
investigations proved to be Fungi. More than 100
fungal genomes are available for analysis in various
genomic databases and the number of projects is

constantly increasing (e.g. Galagan et al., 2005).
Fungi have small genomes, usually with limited
amounts of repetitive DNA (including non-LTR
retrotransposons) that makes the genomic analysis
faster and easier.

Indeed, the genomic analysis of large set of
fungal genomes revealed a possible case of HT of
Tad-like non-LTR retroelements between Eurotio-
mycetes and Sordariomycetes, which is estimated
to have taken place less than 10 Mya (Fig. 2, b).
The time since divergence of Eurotiomycetes and
Sordariomycetes is estimated between 310 Myr
and 670 Myr (Berbee, Taylor, 1993; Heckman et
al.,2001). The oldest well-documented ascomycete
fossils are found in the 400-Myr-old Rhynie chert
(Taylor et al., 1999). Based on this finding, it was
suggested that 400 Myr for the Eurotiomycetes
and Sordariomycetes divergence would seem to
provide a conservative date estimate; even earlier
dates could be expected (Kasuga et al., 2002). Ele-
ments from Eurotiomycetes Aspergillus niger and
A. oryzae (AniNLR2 and AorNLR?2) shared higher
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similarity with elements from Sordariomycetes
Chaetomium globosum and Fusarium oxysporum
(CgNLR3 and FoNLR5) than with other non-LTR
retrotransposons from Aspergillus; this cannot be
explained solely by vertical evolution (Novikova et
al., 2008). Divergence-versus-age analysis as well
as comparative analysis of evolutionary rates for
functional genes and described elements confirmed
the presence of slowdown effect on evolutionary
rates, which always accompanies possible HTs
(Fig. 3).

The criterion of discontinuous distribution can-
not be applied in this case since all investigated
fungal species differ in number and diversity of
non-LTR retrotransposon clades presented in their
genome (Novikova et al., 2008). There are sev-
eral main processes which could affect the copy
number and diversity of non-LTR retrotransposons
in fungal genomes: stochastic loss of non-LTR
retrotransposons; burst of retrotransposition; the
limitation of copy number increase by natural
selection, which removes deleterious insertions;
horizontal transfer; passive and active inactiva-
tion of repetitive sequences; self-regulation of
transposition (decrease of transposition rate when
the copy number increases) (e.g. Hua-Van ef al.,
2005; Le Rouzic, Capy, 2005). Complex interac-
tions between these processes lead to the formation
of aunique repertoire of non-LTR retrotransposons
in each fungal species. Although the criterion of
“patchy” distribution does not work for fungi, the
two strongest criteria were satisfied; therefore, the
demonstrated inconsistence can be due to a pos-
sible HT.

Conclusions

Horizontal transfer (HT) of non-LTR retrotrans-
posons appears to be not just an artifact of analysis
as suggested earlier (Malik et al., 1999). Non-
LTR retrotransposons, in fact, can be horizontally
transmitted, although it is a very rare event in
comparison to other types of transposable elements.
The actual mechanisms of horizontal transfer are
still unknown for eukaryotic TEs since it is not
possible to show experimentally how the HT can
occur. Parasites, symbionts, bacteria, or viruses
all could be suggested as potential vectors for
horizontal transfer.
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KOPPEJISAALIUU OITEPOHHOM CTPYKTYPHI C JIJINHOM TEHOMA
Y 14 BUJ10OB MUKOIIJIAZM

C.A. Jlammu 2, FO.I. Marymkuu !, T.M. Xae6oaaposa ', B.A. JIuxomsBaii -2

' Vupexnenue Poccuniickoit akajeMunt HayK MIHCTUTYT IIUTOJOTUU H TEHETUKA
Cubupckoro ortnenennst PAH, HoBocubupck, Poccust, e-mail: lashin@bionet.nsc.ru;
2 HoBoCHOHMPCKHIi TOCYIapCTBEHHBIN yHUBepcHuTeT, HoBOCHOUpCK, Poccus

B pabote ananusupyrorcst reHoMbI 14 BHIOB Mycoplasma cyliecTBEHHO pa3inyarolInXcs pa3MepaMy CBOUX
reHoMoB. [Toka3aHo, YTo IPH YMEHBLICHUH JUTMHBI TeHOMa Y Mycoplasma yMeHbIIaloTCs INIOTHOCTb MPeJi-
CKa3aHHBIX CAMTOB TEPMHUHALUH TPAHCKPUIILUH (KOJIMYECTBO CAHTOB, HOPMHUPOBAHHOE HA YHCIIO TCHOB),
IUIOTHOCTb IIPEJICKa3aHHBIX SIMHUI TPAHCKPHIILMU M BO3PACTACT CPeHEe KOJIMYECTBO TCHOB, BXOISIINX
B IIPEJICKa3aHHBIC SMHHIBI TPAHCKPUIILUH. 1 MpeicKa3aHus CaiTOB TePMUHALNK TPAHCKPHIIINY (Tep-
MOTHBHI) pa3paboTaH HOBBII MeToa. B pabote popmymnupyercs 1 000CHOBBIBACTCS THIIOTE3a O CYIIECTBOBA-
HHU DBOJFOLMOHHON TEHICHIIMH K YKPYITHEHHIO OIIEPOHHBIX CTPYKTYP B IPOLIECCE YMEHBIICHUS pa3MEpOB
reHOMa B XOJie JIeTeHEepaTUBHON 3BOMOMHN y Mycoplasma.

Karouesrble ciioBa: Mycoplasma, TepMUHAINS TPAHCKPHUIIIIMHI, OTIEPOHBI, SBOJIIOIIHSI.

BBenenue

Bakrepuu pona Mycoplasma — dpe3BbIYaiiHO
HOJIUMOP(HBIE MUKPOOPTaHU3MBI, KOTOpPbIE 00-
JIaJIal0T MPUMUTUBHON OpraHu3aliei U caMbIMU
MaJIbIMH TeHOMaMH Cpei POKapHoT. B mporiecce
JIeTeHepaTUBHOI HBOJIOLUU OHM TOTEPSIIN Kile-
TOYHYIO CTCHKY M NPEBPATHIUCh B HACTOSILIUX
napasuToB, KOTopsle 99 % BpemMeHU NpPOBOAST
BHYTPH KJIETOK X0351Ha. Pa3mepsl nux renoma Ba-
peupytoT ot 580 T.1L.H. W1t Mycoplasma genitalium
o 1380 T.m.H. s M. mycoides subsp. mycoides
LC, T. e. paznuyarorcst 6onee yeM B 2 paza (Razin
et al., 1998). CpaBHUTEIbHBIN aHAIIN3 TEHOMOB
JIByX TECHO CBSI3aHHBIX BUIOB M. genitalium n
M. pneumoniae (pa3mep reHoma 816 T.I1.H.) TOKa-
3aJ1, 4YTO CTPYKTypa ITHX F€HOMOB CYILIECTBEHHO
paznmaaetcs. 209 reHoB (TouHee, OTKPBITHIX PAMOK
CUMTHIBaHUS ) HE BLISBICHO Y M. genitalium B cpaB-
HEeHUH ¢ reHoMoM M. pneumoniae (Himmelreich et
al., 1997). AHanu3 NoJIHOCTHIO CEKBEHUPOBAHHBIX
TEeHOMOB MUKOIUIA3M IT0Ka3aJl, YTO 3TH OPTaHU3MBI
HE TOJIBKO IIOJHOCTHIO WJIM YAaCTUYHO YTEpsUIH
TeHBI, KOHTPOIUPYIOIUE META0O0INYEeCKHE MyTH
CHHTE3a aMHUHOKHCIIOT U CTPYKTYp KJIETOUHOM
CTEHKH, HO U MIPEeTepIeNu 3HAYUTEIbHYIO IIOTEPIO

I€HOB, YYaCTBYIOIIHUX B TaKUX Ipoleccax, Kak
penapanus u pexombunarnus JIHK n kmetounoe
nenenne (Razin et al., 1998).

Mycoplasma otHocsiTest k Firmicutes, 171s KOToO-
PBIX XapaKTepeH p-HEe3aBHUCHMBIM MEXaHU3M Tep-
MUHaLuu TpaHckpunuuy. [Touck caiitoB repmuHa-
LMY TPAHCKPUIILINH U aHAJIU3 UX PACTIPeIeTICHNs B
reHoMax Mycoplasma no3BossieT IPOSICHUTD HEKO-
TOpPBIE aCHEKThI (POPMHUPOBAHMSI TPAHCKPUIITOHOB
y 9TUX OPTaHMW3MOB, YTO OCOOCHHO WHTEPECHO B
CBETE CTOJIb 3HAYUTENbHBIX U3MEHEHUH CTPYKTYpBI
HX TEHOMOB, TPUOOPETEHHBIX B XOAE DBOJIOIHH.
[lon TepMuHOM «ITIpeCKa3aHHBIE TPAHCKPUIITOHBD)
(IIT) nnmu «mpencka3aHHble TPAHCKPUIILIUOHHBIE
equaUIe (IITE) MBI mMOHMMaeM Kak OTIEPOHEI,
COCTOSIIIME U3 INCTPOHOB, T. €. OTJEIBHBIX KOANPY-
IOIUX TTOJIUTIENTH/IBI TIOCTIeIOBATENbHOCTEH, TaKk
n koMiuiekebl reHoB TPHK win pPHK, xoTopeie He
TPAHCIUPYIOTCS, HO TPAHCKPHOUPYIOTCS €AMHON
PHK, a 3arem mpoueccupyrorcsa. B koHTekcTe
pabotsl nocnenosarensHocTH JIHK, Komupyromme
nomunentus, TPHK u pPHK, Gynem naswiBath
TEPMUHOM «TEH».

JaHHas cTarbs MOCBSLIEHA U3YYEHUIO OCO-
OeHHOCTeH (HOPMHUPOBAHUS TPAHCKPUIIIIMOHHBIX
eIuHUL B mpenenax poxa Mycoplasma. Ilpoana-
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JIU3UPOBAHBI MMOJHOTEHOMHBIE HYKJICOTHIHBIC
nocienosarenbHOCTH 14 BUnOB Mycoplasma. B
pabote opmynupyeTcss ¥ 0OOCHOBBIBAETCS TH-
I0Te3a O HAJIMYHUH 3BOJIOLUOHHONW TEHICHIIMHU K
YBEIIUYCHHIO CPEIHEH JITTMHBI TPAHCKPHUIIIIMOHHBIX
€/IMHUI] MUKOTLJIA3M IIPU YMEHBIIICHUH Pa3MEPOB UX
TeHOMOB. /{7151 TOATBEPKICHUSI TUIIOTE3bI B paboTe
MIPOBE/ICH aHAJIN3 PACIIPEACIICHHUS TOTCHIIUATLHBIX
CaTOB TEPMHUHAIMY TPAHCKPHITIIUH (TEP-MOTHBOB)
C UCTIOJIH30BaHNEM HOBOTO OPUTHHAITBHOTO METOIA
HX OIPE/ICIICHNUS.

MarepuaJjibl H METOAbI

B pabote ucrnons30BaHbl HYKICOTHTHBIC OCIIe-
JoBaTeIHbHOCTH TeHOMOB 14 BUuI0B Mycoplasma, xa-
paKTepHuCTHKa KOTOPBIX ipuBeneHa B Taom. 1. Iloc-
JIEJIOBATENILHOCTH B3SThI M3 0a3bl 1aHHbX GenBank
(ftp://ftp.ncbi.nih.gov/genbank/genomes/Bacteria).

Jlnst mpeyicka3anust CalToB TePMUHAIIUK TPAHC-
KPHITIIUH UCTIONT30BaHbI iporpamma FindTerm, ma-
paMeTphl KOTOPOH OBLITH BEIOPAHBI ITO YMOTUYAHUIO
(http://linux1.softberry.com/berry.phtml), u npo-
rpamma TermPred. B nporpamme TermPred peasnu-
30BaH OPUTHHAIBHBIA METO]T [IOMCKA TEP-MOTHBOB,
OMNMCAHHBIA B 1aHHOU cTarbe. [lapameTprl MmeTona

TermPred nogoOpanbl Takum 00pa3oM, YTOOBI MU-
HUMHU3UPOBATh OTHOLIEHHE TEP-MOTHUBOB JIOKHBIX
I10 TIOJIOKEHHIO K TeP-MOTUBAM UCTUHHBIM IO TI0-
JIO’KEeHUI0. ICTHHHBIMH 110 IIOJIOKEHUEO CUUTAIOTCS
TEpP-MOTHUBBI, PACIIOJIOKECHHBIC 1 OPHEHTUPOBAHHbIC
OTHOCHTEITLHO TEHOB TaKUM 00pa3oM, YTO OHH HE
BCTYNAIOT B CMBICJIOBOH KOH(JIHMKT C MEPBUYHOM
OINIEPOHHOM pa3mMeTkol reHoma. OOBIYHO MCTHH-
HBIMH I10 [IOJIOKEHHIO TeP-MOTHUBAMH SIBJISIOTCA T€,
KOTOPBIE JIEXKAT B MEKICHHBIX Y4aCTKaX, a JIO’KHbI-
MH — PacIoJIOKeHHbIE BHYTpHU reHoB. [lepBuuHas
OTIepOHHAsI pa3MeTKa MPOBEACHA C HCIIOIb30Ba-
nueM nporpamm FGenesB (http://linux1.softberry.
com/berry.phtml) u OperonSet (Matushkin et al.,
2007). dnst moncka Tep-MOTHBOB HCIIOTBb30BAITUCH
MTOCIIEIOBATEIFHOCTH IITHHONW 660 HYKJICOTHIOB,
nexamue B 3'-007acTIX TEHOB, ¢ KOOPAMHATAMHU
(—60,600) oTHOCHTENHFHO MOCEHETO HYKIEOTHA
reHa. CrarucTuieckast 00padoTka pe3ynsTraroB Mpo-
BOJAMJIACH C HCHIONIb30BaHUEM Kputepusi CThroIeHTa
1t Koaddurtmenta xkoppersiiyu [Inpcona.

Pe3y.]'II)TaTbl u oﬁcymue}me

MuxkomnJja3Mbl OpeaACTaBJIAOT pOA OAHOKIIC-
TOYHBIX OPraHU3MOB, B KOTOpLIﬁ BXOZAT KaK CBO-

Tabauna 1
l'enernueckas crarucruka i 14 BunoB pona Mycoplasma
Hassarme sua Konw{ec:Bo Jnuna Cpennsist KomnuecTtBo
IFCHOB reHOMa, I.H. | JajauHa reda | redoB Ha 1000 m.H.
M. genitalium 519 580086 1117,70 0,89
M. arthritidis _158L3 1 666 820453 1231,91 0,81
M. mobile 163K 667 777079 1165,04 0,86
M. hyopneumoniae 7448 696 920079 1321,95 0,76
M. hyopneumoniae J 698 897405 1285,68 0,78
M. synoviae_53 713 799476 1121,28 0,89
M. hyopneumoniae 232 727 892758 1228,00 0,81
M. pneumoniae 732 816394 1115,29 0,90
M. gallisepticum 765 996422 1302,51 0,77
M. agalactiae PG2 792 877438 1107,88 0,90
M. pulmonis 814 963879 1184,13 0,84
M. capricolum ATCC 27343 854 1010023 1182,70 0,85
M. mycoides _subsp_mycoides SC_str PGl 1052 1211703 1151,81 0,87
M. penetrans 1069 1358633 1270,94 0,79

* B KOHTEKCTE M3JI0KEHUs 1oJ] TeHOM rmoHnMaetcst yaactok JJHK, kogupyrommii 6enok, pPHK nmm TPHK.
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OOHOXKMBYIIUE, TaK U MAPA3UTUPYIONINE BHJIBIL.
B Hacrosiee BpeMsi CeKBEHUPOBAHBI TeHOMBI 14
BHUJIOB MuKomiasM. x renomsl coxepxkar ot 0,5
1o 1,4 mera6a3 u ot 500 mo 1100 reros (Tadm. 1).
CuuTaercs, 9T0 YMEHBIIICHUE TeHOMa MUKOTLIa3M
CBSI3aHO C MEPEXOIOM K Tapa3UTHIECKOMY 00pazy
JKU3HU. DTOT MPOIECC COMPOBOXKIACTCS yTepen
TeHOB U yIPOIEHUEM OpPraHU3aI[K METa00I13Ma
1 MOP(OJIOTHH MUKOIIIIa3M-TIapa3uToB. B cBs3u ¢
TEM, YTO HaKOIHMJIIOCH JOCTATOYHOE KOIMYECTBO
CEKBECHUPOBAHHBIX T€HOMOB, MOSBUIIACH BO3MOXK-
HOCTb IIPOAHAIM3UPOBATH IJIOTHOCTh YIMAKOBKHU
WH(POPMALIMU B TEHOMAaX MUKOILIa3M B 3aBUCHMOC-
TH OT UX JUTMHBL. ECTECTBEHHO MPE/IONI0KUTh, YTO
M0 Mepe YMEHBIIICHHUS JUIMHBI TeHOMa OyzieT Tpo-
WCXOANTH YBEIMYCHNE TUIOTHOCTH T€HOB Ha TEHOM
(KonmuecTBa TCHOB HA UHUITY JUTHHBI, HAIIPUMEP
Ha 1000 n.1.). Kak BumHO U3 puc. 1, momoOHas
TEHJICHIIUS, ICHCTBUTEIBHO, BBISBISCTCS, OJHAKO
OHa He3HauuTe bHas. [1o muHEtHOMY TpeH/Iy TUTOT-
HOCTh T€HOB BO3pacTaeT PY YMEHBIICHUHN JUTHHBI
TeHoMa MpUMepHO Ha 3 %, HO KOPPENsus 3THX
BEIIMYUH SABISICTCS HemocToBepHoit: » = —0,095,
p=0,373.

B T0 e Bpemsi u3 puc. 2 BUIHO, UTO TUNIOTHOCTD
MpelcKa3aHHbIX TPAHCKPHUIIIUOHHBIX €IMHUIIL
MajaeT NPy YMEHBIICHW! JUIMHBI TeHOMa MOYTH
Ha 50 %. KoadpuumeHT Koppensmuu Mexmay
KOJIMYECTBOM T'€HOB B T€HOMAaX U IUIOTHOCTBHIO
MPEe/ICKa3aHHbIX TPAHCKPHUITIIUOHHBIX SIUHHUII, HAH-
JeHHbIX nporpammoit OperonSet, paseH r = 0,68
u nocroBeped, p = 0,004. {ns IITE, BbIsiBIeHHBIX
nporpammoii FGenesB, koadhdurmenT koppernsimm
r= 0,63 u Takxe nocroepex, p = 0,007.

Ha puc. 3 mpuBeneHsl pe3yiabTaThl aHATH3A
CpeHero KOJIWYECTBAa TEHOB B MPEACKa3aHHOM
TPAHCKPUIIIIUOHHOW €MHUIIC B 3aBHCUMOCTH OT
JUTHBI TeHoMa Mycoplasma. BugHo, 4To cpenHee
konnyecTBO reHoB B IITE yBennuuBaeTcst mpak-
TUYECKH B 2 pasza NP YMEHBIICHNH KOJIWYEeCTBa
TCHOB B T€HOMax B 2 pa3a. DTO CBUICTEIHCTBYET
0 TOM, 4TO B cpeaHeM IoTHOCTh IITE B reHome
YMEHBIIIACTCS ¢ YMEHBIICHUEM JUJIMHBI FeHOMa
(KonMUecTBa reHOB).

Takum 00pa3zoM, Ha OCHOBE IpeEJCTaBIICH-
HBIX PE3YJIbTaTOB MBI (hOPMYIHPYEM THIIOTE3Y O
CYIIECTBOBAHUY JBOJIIONMOHHON TEHICHIIUMH K
YKPYIHEHUIO OMEPOHHBIX CTPYKTYp B IpoIlecce
YMEHBIIICHHS Pa3MEPOB FreHOMa B XOZ€ JereHepa-
THUBHOU ABOITIOIIUU Y MUKOTLTa3M.

092
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086 | .
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Puc. 1. /luramuka n3MeHEHUS ITIOTHOCTH T€HOB (YUCIIO
renos/1000 H.11.) B reHoMax Mycoplasma B 3aBUCUMO-
CTH OT UX Pa3MEpOB.

Yucno MTE Ha 1000 H.n.
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Puc. 2. [luHaMuka U3MEHEHUs INIOTHOCTH IpeJCKa-
3aHHBIX TpaHcKpunuuoHHbIX exuaul (ITTE/1000 H.11.)
B reHOMax Mycoplasma B 3aBUCUMOCTH OT UX pa3Me-
pa. UepHble KPYr'u M JIMHHUS TPEHJIA COOTBETCTBYIOT
pacueram nporpammsel OperonSet, cepsie — FGenesB.
3aBHCHMOCTH MOJHOCTBIO COXPAHSIOTCS IIPU PA3HBIX
rapameTpax COOTBETCTBYIOLIHUX ITPOTPAMM.
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Puc. 3. 3aBUCHMOCTB CpEIHET0 YHCIa TCHOB B IIPE/ICKa-
3anHO# OperonSet TpanckpunmmonHoi exuaniie (I1TE)
oT pasmepa renoma Mycoplasma.



Becmnux BOI'uC, 2009, Tom 13, Ne

87

J1ist 000CHOBaHMSI TUIIOTE3bI MBI IPEIPUHSIIH
JIOTIOJTHUTENBHBIN aHAJIN3 paclpeaesIeHus Tep-
MOTHBOB B reHOMax Oaxrepuii pona Mycoplasma.
JI1s1 aHaM3a MBI MCTIONIB30BANIN 1Ba METOZA TOUCKA
Tep-MOTUBOB. [IepBbiii MeTO peaiu3oBaH B MH-
TEpHET-I0CTYITHOM Bepcut mporpammbl Find Term.
Bropoii, TermPred, pazpaboran B HacTosmen
CTaTbe U OIUCBIBAETCS HIIKE.

Merton pacno3HaBaHHA
Tep-MoTHBOB TermPred

Ha puc. 4 npuBenena cxema TUITMYHOTO MOTHBA,
KOTOPBIH ONpeieNsieT TePMUHAIIAIO TPAHCKPHITITIH
y Mycoplasma n npyrux Firmicutes. OcoOeHHO-
CTHIO JaHHOTO MOTHBa siBisgercs Hamuune GC-
00raToro MHBEPTUPOBAHHOTO MOBTOPA, KOTOPBIN
B nporuiecce cunte3a PHK dpopmupyer Broprunyto
CTPYKTYPY B BHJE LIITHIIBKH, ¥ CIICAYIOLIETO 32 HUM
T-0oratoro yuactka (puc. 4). [losiBienue Takoii
CcTpyKTypbl Ha 3'-koH1e pactyeid PHK npuBoaut
K 3aITyCKy p-HE3aBHCHMOTO MEXaHW3Ma TepMUHA-
nuu Tpanckpumnuu (Farnham, Platt, 1981; Lynn
et al., 1988; Wilson, von Hippel, 1995; Wang et
al., 1997, Yarnell, Roberts, 1999). /lajiee B cTaThe
TaKyI0 MOCIIEI0BATEIBHOCTH Oy/IeM Ha3bIBaTh TEP-
MOTHBOM.

Ha ocHoBaHNM NMEFOIINXCS TaHHBIX O CTPYKTY-
pe p-HE3aBUCUMOTO TEPMUHATOPA TPAHCKPHITIIUH
HaMu ObUT pa3paboTaH OPUTHHAIILHBIA KOMIIBIOTEP-
He1ii MeTos] TermPred npecka3anus Tep-MOTHBOB
B TeéHOMaX MPOKapuoT. [[jist 3TOTO Onpenensrorcs
YEeTBIPE XapaKTEPUCTUKN (DUKCUPOBAHHON B OKHE
HYKJICOTUTHOM ITOCIICIOBATEIFHOCTH: 1) SHEPTHs
I'n66ca popmupoBanus mmmwibku (G, ); 2) HACkI-

score

Metns . G . \

IIEHHOCTh TUMUHOM T-6oraroro yyactka (7 );
3) BelMYuHA OTKIOHEHHS OT ONTUMAIIEHON JUTHHBI
wnuibku (C ) 1 (4) JvHa WHTEpBaia MeXIy
mmmibkoit m T-6orateiM yuactkoMm (P ). Ha
score
OCHOBE 3THX XapaKTEPUCTHK BBIYUCIISCTCS HHICKC
noTeHruana repmunanuu (7Pl) ananuzupyeMmoit

ITI0OCJICA0OBATCIIBHOCTHU.
TPI=G.,. +T _+C. +P

IIpeBbiienue 3HaueHuss 7P HEKOTOPOTO
(PMKCUPOBAHHOI'O MMOPOTOBOTO 3HAYCHUS CIIYKHT
OCHOBaHHUEM ]IS UACHTH(DUKAIIUK aHATU3UPYEMO
[OCJICZI0BATEIILHOCTH KaK TEP-MOTHBA.

3nauenne G (9ueprus ['mb66ca mwmnumnb-
KH) paccunThiBajock mporpammoir UNAFold
(Markham, Zuker, 2008).

Hns pacuera Bennununl I’ T-6oraroro
ydacTKa JJIMHOW 15 HYKJIEOTHJIOB UCIOJIb3YeTCs
(dhopmya, npemioxkenHas B padorax (d’Aubenton
Carafa et al., 1990; de Hoon et al., 2005):

14
Teore =Ty 2By eXp(=A0),  (2)
i=0
rje wWieH exp(—Ai) ONMUCHIBACT BKJIAJ MO3UIIHU
HyKJIEOTH/Ia B 3HaueHue T, mapameTp Si — BKJIQJI
THUIIA HyKJICOTUIa, PACTIONIOKEHHOTO B i-H TIO3UIIUU
o popmyne
1 nuc (i) =t
-1 nuc (iy=a
-2 nuc(i)=g wm ¢

5 =

3navenns napametpo 6, A = 0,144 u T, = 2
onoOpaHbl TaKUM 00pa3oM, YTOOBI MAKCHMH3HU-
poBaTh U MUHUMU3UPOBATH MpEICKa3aHUE Tep-
MOTHBOB, HCTUHHBIX U JIOKHBIX I10 IOJIOXKEHHIO
COOTBETCTBEHHO.

]
«
}%

(b

e 8 20

—| © s
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5 Puc. 4. Ctpykrypa p-HE3aBUCHUMO-
_ - TO TEPMHUHATOPA TPAHCKPHITILUH:
Il mmuibka U T-060TaThlid y9acTok

T-6oraTbii y4acTok

(Kingsford et al., 2007).
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Hnst pacyera Bennuunbl C = MCIOIB3YETCs
dopmyma:

hll h21

_ 1+ [%11] [%12]
score <0 h,

) )"

T7e 7 — JUTMHA UCCIICIyeMOU IIMIIBKH, a mapa-
metpbl C =5, k,,=20,5,k,=10,k, =43, k,=43,
h,,=4, h,=6, h, =h,,= 10 onuCHIBAIOT 3HAYMMOCTb
OTKJIOHEHUS €€ JUTMHBI OT HEKOTOPOIi OITUMAaJIbHOM
JUTSE TEPMUHAIIAN TPAHCKPUTIIIIH. 3HAYSHHS TIapa-
METPOB ITOJOOPaHBI ¢ y‘{eTf)M munummzamun C
JUTSI IITTHJIEK ONITUMAJIbHOM JITHHBI.

st pacdera BenU4YMHBL P HCIIONIB3YETCs
dopmymna:

P, =Py (exp(nl) — 1), (4)
rjae [ — qiMHa MHTEpBalia MEXAY INMHIBKOH |
T-Gorareim y4actkom, an = 2,5 u P, =1 — ma-
pameTphbl CKOPOCTU pocTa P TIPH yBEIUICHUH
3TOTO pa3pbiBa. 3HAUEHUS MApPaMeTPOB (POPMYIIBI
(4) 6pLTH IOTOOPAHBI TAKKM 00Pa30M, YTOOBI B Ka-
YEeCTBE TEP-MOTHBA TPUHUMAIICH ITOCIIET0BATEIh-
HOCTH, Y KOTOPBIX PACCTOSIHUE MEK]TY IITUIIBKOM
1 T-TIOBTOPOM HE MPEBBIIIACT JIBYX HYKJICOTUIOB.
[Ipu 3TOM TOCIIENOBATEIIHBHOCTH C Pa3phIBOM B
JIBA HYKJICOTH]Ia TPUHUMAIOTCSI B Ka4eCTBE Tep-
MOTHBOB TOJIBKO TP OYE€Hb OONBIINX 3HAYEHUSX

)

score score”

AHanusupyemas MmocJjie/0BaTeIbHOCTh PH-
HUMAETCS B KAYECTBE TEP-MOTUBA, €CIIM YHEPTHS
I'n60ca menbme 1 kkaja/Moab U BeauuuHa 1P/
0oJIBIIIE HYIIS.

Ipeacka3zanue Tep-MOTHBOB B reHOMAaX
dakTepuii poga Mycoplasma

Ha puc. 5 npejicraBinena 3aBUCUMOCTb IIOTHOC-
TH TeP-MOTHBOB OT JUTMHBI TeHOMOB. OTYETIINBO
BBIBIISIETCST O0Jiee OBICTPOE TaJCHHE TIIOTHOCTH
TEP-MOTHBOB I10 CPABHEHHIO CO CKOPOCTHIO YMEHbB-
IIICHUS KOJIMYECTBA TeHOB B reHoMe. Koppersiius
MEXJly 3TUMHU TIapaMeTpaMu ObUIa JJOCTOBEPHOM
MIPH UCIIOJIb30BaHUM 00eux mporpamm. [list po-
rpammMbl TermPred koaddumnuent koppensmunu
paBusercs » = 0,46, p = 0,049, a nnga FindTerm —
r=0,53, p=10,03.

Takum 00pa3om, MOJYUYEHHBIC pacueThl MOJ-
TBEPXkKJAAIOT BBICKA3aHHYIO THIIOTE3y 00 YKpyII-

0,55
0,50
045 1
0,40

0,35

0,30

0,25

[MnoTHOCTbL Tep-MOTMBOB

0.20 | °

0'15 1 1 1 1 1 ]
1100 1000 900 800 700 600 500

Yucno reHoB B reHoMe

Puc. 5. 3aBUCUMOCTD IUIOTHOCTH TE€P-MOTHBOB ({HC-
JI0 Tep-MOTHBOB/YHUCIO T€HOB) OT JUIMHBI FeHOMA
(B renax).

JlaHHble, TOMyYeHHBIE C MOMOIIBIO mporpammsl TermPred,
0003HaueHBI YepHBIMU Kpykkamu, a FindTerm — cepeiMu
KBaJiparaMu.

HEHUH CTPYKTYPbl TPAHCKPUIILMOHHBIX €IUHHIL
reHOMa IIPY YMEHBIIEHUH ero 1nHbL. Kak cinenyer
13 puc. 5, HabmroaeMast TeHICHINA K YKPYTTHEHHIO
JIOCTATOYHO XOPOIIO BBIpa)keHa: MJIOTHOCTh Tep-
MOTHBOB OTHOCHTEIILHO YHCJIa FEHOB MaJaeT BJIOJIb
TpeHaa NpuMepHo Ha 36 % npu pacueTax oOeuMH
IIPOrpaMMaMH.

Pe3ynbrars! Ka4eCTBEHHO HE MEHSIIOTCS U B CIIy-
Yyae OIIEHKH TJTIOTHOCTH TePM-MOTHBOB B ITepecyeTe
Ha JJIMHY T€HOMa B Mapax HYKJIEOTH/IOB (JaHHbIE
HE MPHUBOJIATCS).

3akjoueHue

B pabote dopmynupyeTrcs rumoresa o Cy-
L[€CTBOBAHMUH IBOJIIOIIMOHHON TEHJEHLHHU K
YKPYITHEHUIO ONEPOHHBIX CTPYKTYp B Ipoliecce
YMEHBIIICHHS pa3MepOB T€HOMa B XOJIe JeTeHepa-
THUBHOW 9BOIIOLIMK y MHUKOTIIa3M. /{151 o6ocHOBa-
HUS TUIIOTE36I B paboTe pa3padoTaH HOBBIN METOT
MPeJICKa3aHus CAlTOB TEPMUHALIMY TPAHCKPUIILIUU
(Tep-MOTHBOB) U C €T0 MOMOIIBIO MPOAHATUIUPO-
BaHbI FeHOMBI 14 BHIOB MUKOIIIa3M, CYILIECTBEHHO
pa3nuyYarnuXxcs pasMepaMu CBOMX I'€HOMOB.
AJbTepHATUBHBIN MOUCK CAWTOB TEPMHUHAIIUU
TPAHCKPUIIIUH OCYIIECTBIIICS TaKKe Mporpam-
moit FindTerm. [lepBuuHnast oniepoHHas pa3MeTKa
TeHOMOB ObLTa MPOBEICHA C HCTIOJIL30BAHUEM JIBYX
nporpamm FGenesB n OperonSet. [Tokazano, uro
C YMCHBIIIEHUEM pa3Mepa TeHOMa Y MHUKOILIA3M
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YMEHBLIAETCS M TNIOTHOCTH MPEACKa3aHHbIX CAHTOB
TEepPMUHALUH TPAHCKPUIILIUH, U TUIOTHOCTD TIPE-
CKa3aHHBIX TPAHCKPUIIMOHHBEIX eanHHI. Ciemo-
BATEJIbHO, CPEHEE KOJIMIECTBO T€HOB, BXOMSIINX
B TpEJICKa3aHHbIe TPAHCKPUTIIIMOHHBIC CIMHUIIBL,
BO3pacTaeT. DT JaHHbBIC CBHJIETEILCTBYIOT O TOM,
YTO B IPOLECCE JETeHEPATUBHON IBOJIIOLHUH Y
MHKOILJIa3M ITPOUCXOANIIN HE TOJIBKO YMEHbBILICHHE
pa3MepoB reHOMa B CBSI3U C MOTEPEH esoro psaa
T€HOB, KOHTPOJIMPYIOLINX YTEPSHHBIE UMH (DyHKIIIH
Y CTPYKTYPBI, HO TAKXKE U UBMEHEHHUE CTPYKTYPhI UX
TEHOMOB B I€JIOM, BBIpayKaroieecsl B yMEeHbIICHHN
YHCIIa TPAHCKPUIILMOHHBIX CTPYKTYD 3@ CYET I10-
TEpPH YacTH CAfTOB TEPMHHALMN TPAHCKPHIIIUH U
CUsHYS UX B OoJiee KpyIHbIe 00pa3oBaHusI.
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CORRELATION BETWEEN THE OPERON STRUCTURE
AND THE GENOME LENGTH IN 14 MYCOPLASM SPECIES

S.A. Lashin "2, Yu.G. Matushkin 2, T.M. Khlebodarova', V.A. Likhoshvai -2

'nstitute of Cytology and Genetics, SB RAS, Novosibirsk, Russia, e-mail: lashin@bionet.nsc.ru;
2Novosibirsk State University, Novosibirsk, Russia

Summary

We have analyzed 14 genomes of various mycoplasm species with quite different size. Both density of predicted
transcription termination sites (number of sites scaled with number of genes) and density of predicted transcription
units have been shown to decrease in view of genome length reduction. Thereafter an average number of genes in
a transcription unit increases. Transcription termination sites (ter-motifs) were predicted with the use of a novel
method developed. The hypothesis is formulated and proved that there is an evolutionary tendency of operon
structures to increase during degenerative evolution (genome length reduction) of mycoplasms.
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INTRON-EXON PATTERNS AS A POTENTIAL TOOL
IN STUDYING GENE EVOLUTION

A. Ruvinsky

University of New England, Armidale NSW 2350, Australia, e-mail: aruvinsk@une.edu.au

The majority of introns are ancient elements and their phases and positions in genes were preserved for a long
time. A string of intron phases represents a structure which carries essential information about organization
and evolution of genes, which is usually ignored. Numerous observed strings have non-random intron phase
patterns caused by intragenic repeats. Correlation between the lengths of CDS and the number of introns
per human gene is high. Lengths of exons often remain constant in homologous and even paralogous genes
belonging to distant species. Alignment of exon-intron strings provides useful visualization and generates
new knowledge about evolution of gene families. It unravels intragenic duplications, intron gains and
losses as well as extensions and contractions of exons. This additional information seems to be useful for

studying gene evolution.

Key words: intron, exon, alignment, intragenic duplications, gene families

Introduction

Positions and phases of the majority of introns
show a great deal of conservation (Rogozin et al.,
2003; Roy, Gilbert, 2005). There are 3 phases, in
which introns can be inserted: between codons
(phase 0) and after the first or second nucleotides
of a codon (phases 1 & 2). Shifts of intron—exon
boundaries changing intron phases are rare events
and have limited effect on the overall picture
(Rogozin et al., 2000). Intron gains and losses are
more frequent and they certainly affect exon-intron
structures of genes but do not necessarily influence
corresponding proteins. Intragenic duplications
likely played an important role in evolution of
some genes (Jacob, 1983; Li, 1983; Patthy, 1987).
According to available estimates the proportion of
duplicated exons in long human genes is at least
6 % (Fedorov et al., 1998) and duplicated sequences
occur in about 14 % of all proteins (Marcotte et al.,
1999). There are hundreds of highly redundant
genes in the human genome (Ruvinsky, Watson,
2007) and frequency of internal duplications has
been increasing during metazoan evolution (Chen
et al., 2007). Intron-exon patterns allow tracing
past events and could be helpful in evolutionary

reconstructions. For example, a string of intron
phases, like 01121211111112112112111121112111,
representing a structure of human GTF2I gene,
coding for general transcription factor 21, contains
valuable data. Three genes were identified in this
family (Makeyev et al., 2004). Lengths of exons
which in some cases remains stable for lengthy
evolutionary periods is another useful source of
information. More detailed analysis of GTF2I gene
confirms presence of several intragenic duplications
and sheds light on the evolution of the gene. Those
genes, which are prone to internal duplications,
eventually became lengthy and their evolutionary
pathways could be affected. Duplications involving
an exon and sections of surrounding introns or
several exon-intron pairs, if they framed by introns
in the same phase, do not affect reading frame as
well as exon lengths. Alignments of exon-intron
structures of several genes from different species
belonging to the same gene family could provide
valuable information. This approach may help
discriminate orthologs and paralogs and show the
differences in evolutionary pathways of genes,
including losses and gains of exons and introns and
other intragenic rearrangements. The challenge is to
understand the reasons behind these changes.
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Materials and Methods

The data was extracted from the exon-intron
database (Saxonov et al., 2000), which was ex-
tensively purged. The longest of the duplicate
genes were left in the database and considered the
constitutive form. The total numbers of studied
genes were: Hs-11,315, Dm-8,497, Ce-10,312 and
At-9,914. Some information was also obtained from
genome browser Ensembl (http://www.ensembl.
org/index.html) Statistical analysis was performed
using methods described in our recent publication
(Ruvinsky, Watson, 2007).

Results

Comparisons of entropy values between ob-
served intron strings and randomly simulated in
Bernoulli schemes revealed that numerous observed
strings have non-random intron phase patterns. The
frequency of outliers among human genes which
are beyond Z, sg threshold (0,01 of the normal dis-
tribution) is 3,2 times higher than expected and is
getting much higher for stricter Z thresholds (Ru-
vinsky, Watson, 2007). Many of such outliers have
intragenic repeats. Correlation between the lengths
of CDS and the number of introns per human gene
is high (»=0,83) and getting stronger as number of
introns increases. A possible interpretation of this
fact is that intragenic duplications are more frequent
in the genes with numerous introns and, because
exons are also parts of the duplications, the length
of coding sequence stronger correlates with introns
number. Recently Chen et al. (2007) came to a
comparable conclusion studying repeats in proteins.
GTF2I is an example of a human gene with several
intragenic repeats (Fig. 1).

Highly conservative exons located in the middle
of these 6 repeats show significant DNA sequence
similarity and hence the origin from a common
ancestral sequence. All these 6 repeated exons have
exactly the same length, there is no sequence gap
in any of them and there are many conservative
positions. The level of sequence identity varies
from 66 % to ~ 40 % in 184 nucleotides. The total
number of duplication events is likely to be 5.
Identity of amino acid sequences coded by the
conservative exons varies from 66.7 to 38,3 %
and they belong to a highly conserved domain
(pfam02946.12.) with DNA binding function (Vull-

horst, Buonanno, 2005). Alignment of exon-intron
structures of genes from GTF2/ family from several
vertebrate species (Table 1) shows a great deal of
conservation particularly between GTF 21 orthologs
from Homo sapiens, Gallus gallus and Xenopus
tropicalis. Three other orthologs (GTF2IRDI) from
fish species Danio rerio and Oryzias latipes and
Takifugu rubripes, being paralogs to the tetrapod
genes, show both similarities and differences in
exon-intron structure. Intron insertions are likely
the cause of the steadily increasing number of exons
between the first and the second repeats. The fish
species have only one lengthy exon following the
first GTF2I repeat, while in frogs there are 5 exons,
in birds 6 and in mammals 7, all of which are rather
short. Intron loss, on the contrary, is a plausible
explanation for the existence 268 nucleotides
exons in fish species. The corresponding position
of the gene in other compared vertebrate species
contain two exons of 68 and 184 nucleotides, total
of which is equal to 268. Taking into consideration
that the 184-nucleotide exon is an ancient element
in this gene family and surrounding introns are in
the same phases, more parsimonious assumption
is loss of the intron in the common ancestor of fish
species. An alternative explanation based on inser-
tion of phase 1 intron in higher vertebrates seems
unlikely. Comparisons of exon-intron structures
also show shifts of reading frames. For instance,
shifting exon-intron boundary can be observed in
Xenopus tropicalis 33 nucleotides exon (Table 1,
underlined exon). It differs from the correspond-
ing exons in other species by 4 extra nucleotides,
such addition must change phase of the following
intron from 1 to 2. This expectation is matched by
the observation. The GTF2IRDI genes from fish
species also contain modified repeat at the 3 end,
which has length of 193 nucleotides (184 + 9) and
thus has 3 extra codons. This is another example
of exon expansion. The tetrapod species also have
GTF2IRDI genes (not shown at Table 1), which are
very similar to the fish species. However, GTF2/
orthologs are not known for the fish species.

Discussion

Intragenic duplications can, at least in some
degree, explain creation of introns and exons. Studies
of protein families revealed distinct duplication
patterns and improved current understanding of
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the process. Tandem repeats of certain domains
can be observed in many proteins (Bjorklund et
al., 2006). A model of gene formation based on
essential role of introns in the duplication proc-
ess was recently suggested (Street et al., 2006).
Similar observation relevant to MHC-linked te-
nascin-X gene has been earlier made by Hughes
(1999). Our data support the view that intragenic
duplications were used extensively during evolu-
tion of lengthy genes. Symmetric exons or clusters
of neighbouring exons framed by introns in the
same phase are preferable for duplication process
(Long et al., 1998). If the breaks occur in the sur-
rounding introns, which are inserted in the same
phase, this does not shift the reading frame and
might not cause negative consequences. As we
observed, several consecutive duplications cre-
ate highly repetitive intron strings detectable by
measuring their entropy.

A combined search for exons of the equal length
framed by introns in the same phase suggested
here is the efficient approach for finding intragenic
duplications. Finally such intragenic duplications,
involving a single exon-intron pair or more com-
plex grouping, can be confirmed by the alignments
of DNA and protein sequences. Long genes resulted
from numerous internal duplications are not very
common, but could become important if their
proteins became «hubsy» of proteome interactions
(Dosztanyi et al., 2006). In some cases considered
in this paper, intragenic repeats have a tandem
structure, which might be a product of unequal re-
combination. In other situations intragenic repeats
are dispersed. The basic point, however, remains
unchanged, intragenic repeats regardless of their
lengths or positions have to be framed by introns
in the same phase. This is an essential condition for
successful unequal recombination; otherwise shift
of reading frame is inevitable.

Alignments of exon-intron structures from the
same gene family may provide useful information,
which can add to classical methods of DNA and
protein sequences comparisons. Easy visualization
of very lengthy alignments is the obvious advan-
tage. It also can be helpful in distinction between
orthologous and paralogous genes from the same
family, because it utilises information about intron
phase distribution and exon length never used by
the standard methodology. Lastly, the alignments
of exon-intron structures provide a wealth of new

knowledge about all kinds of intragenic rearrange-
ments, including intron gains and losses, exon ex-
pansions and contractions as well as other changes,
which should bring additional opportunities for
reconstruction of gene evolution.
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GENETIC LINKAGE ANALYSIS CHALLENGES
ON A DISTRIBUTED GRID ENVIRONMENT

A. Calabria, D. Di Pasquale, A. Orro, G. Trombetti, M. Gnocchi, L. Milanesi

Institute of Biomedical Technologies ITB-CNR, Milano, Italy, e-mail: luciano.milanesi@jitb.cnr.it

The aim of the present work is to enable the use of high performance computing infrastructures, such as the
EGEE-III Grid platform for the execution of genetic linkage analysis on very large SNPs (Single Nucleotide
Polymorphism) markers data sets. The linkage analysis of SNPs has recently become a very popular approach
for genetic epidemiology and population studies, aiming to discover the genetic correlation in complex
diseases. It is a statistical method for detecting genetic linkage between disease loci and markers of known
locations by following their inheritance in families through the generations. This is a NP-hard problem
and the computational cost and memory requirements of the major algorithms proposed in literature grow
exponentially with either pedigree size or number of markers. Implementations of the mentioned algorithms
reflect these limits making analyses of medium/large data sets very hard on a single CPU. A web-based facility
has been set up upon a high performance infrastructure, the EGEE Grid, in order to enable a tool for achieving
a whole-genome linkage analysis. Test cases have been performed with 10.000 to 1 million SNPs per Chip.

Key words: linkage analysis, grid, distributed computing.

Introduction

The haploid human genome is a sequence of
over 3 billion DNA base pairs and contains an
estimated twenty to twenty five thousand protein-
coding genes, therefore finding the relationships
between the expression of a particular gene or
genes and the outbreak of human diseases is a hard
task. A common approach to this challenge starts
with the Genetic Linkage Analysis, which is a
statistical method used to identify the location on a
chromosome of a given gene involved in a disease,
relative to a known location of chromosome
markers. This is obtained by comparing genetic
data with information on pedigree structure, and
following the inheritance of phenotypic alterations
in families through the generations, exploiting
the tendency for genes and genetic markers to be
inherited together due to their location near one
another on the same chromosome.

Markers used in this analysis are Microsatellites
(polymorphic loci that consist of repeating units of
1-6 base pairs in length) and, recently, also Single
Nucleotide Polymorphisms (SNPs, DNA sequence
variations involving a single nucleotide). Two major

algorithms (Lander, Green, 1987; Kruglyak et al.,
1996; Elston, Stewart, 1997) have been proposed for
the assessment of the genetic linkage, with several
implementations (Schaffer, 1996; Markianos et
al., 2001; Fishelson, Geiger, 2002); the problem
is NP-hard and the computational cost of both
algorithms grows exponentially for one of the two
variables of the LOD Score equation, pedigree size
and number of markers (Table 1). Implementations
of the mentioned algorithms reflect these limits
and the computational time for a medium size
problem can require several CPU hours and huge
RAM memory allocation. Therefore the role of high
performance computing is getting more and more
relevant in this field and more in general in the field
of biological and medical scientific research, also
due to the increasing quantity of data produced by
the high throughput analysis techniques emerging
nowadays. In this scenario, the use of distributed
architecture environments can be an appropriate
solution both from the computational point of view
and for the data management, but submitting jobs,
monitoring their status and retrieving the results can
be challenging when working on a huge quantity
of data.



Becmnux BOI'uC, 2009, Tom 13, Ne

97

Table 1

Main algorithms characteristics

. o Computational Increasing computational time by
Algorithms Applications — - -
bounds individuals loci time
Elston-Stewart L1.nkage, SLink, Fastlink, n® loci: ~8 linear exponential | O((m2n)p)
Vitesse
Lander-Green GeneHunter, Allegro, Merlin | n°loci: >20 | exponential linear O(m24p)
Bayesian Networks | Superlink n° loci: nr linear linear nr
Objectives them suffer of hardware limitations. For example

Actual technologies for chips (for example
[llumina) provide SNP genotyping arrays, from
10.000 SNPs to more than 1 million; pedigree files,
that collect the information of the family structure,
are often large, counting more then 30 individuals.
Computational time and space on a single CPU is
unreasonable with these preconditions, therefore
stands the need for a distributed and high perform-
ance computation infrastructure and a system that
enables linkage analysis with large datasets.

The aim of the present work is to enable the use
of the EGEE Grid Infrastructure for the execution
of linkage analysis on very large SNPs data sets,
creating a pipeline for the linkage process. These
large calculation challenges are launched into
the Grid infrastructure, distributing the needed
processes among different computing elements. In
this context, a user friendly web based access to
grid resources is provided. This proposed facility
has been tested with challenges performed with
markers data collected using the largest chips
currently available (up to IM SNPs).

The computational problem

The Genetic Linkage Analysis method is
based on the calculation of the LOD score, a test
parameter defined as the Logarithm Of Odds
ratio between hypothesis of linkage versus the
null one. Its computation belongs to the class
of NP-Hard problems (Piccolboni, Gusfiled,
1999), thus it has a complexity at least equal to
the class NP-complete but it could also fall into
the NP set. So far, approaches and algorithms
proposed to solve the linkage analysis problem
(quantitative and qualitative) (Table 1), are very
computer intensive and the implementations of

the Elston-Stewart algorithm, which has been
adopted by applications such as Linkage, SLink,
Faslink, Vitesse, grows exponentially for markers
and linearly for individuals’ parameters, whereas
the Lander-Green one has an opposite behavior.
Since we deal with SNP chips and thus with a very
large number of markers, we adopt the algorithm
proposed by Lander and Green: in this way we can
handle a set of about 100 markers each time, but we
have to monitor the pedigree size variable.

The computational infrastructure

The computational infrastructure used to imple-
ment this work is the Grid operated by the European
Project EGEE (Enabling Grids for E-sciencE,
Phase III) for the European scientific and research
communities with more than 240 sites worldwide,
providing access to more than 50.000 CPUs. It
consists of a collection of computers, storages,
special devices and services that are heterogene-
ous in every aspect, geographically distributed and
dynamically linked by a wide-area network which
can be accessed on-demand by a set of users with
appropriate authentication and authorization. The
Grid was originally invented as a practical solution
to the problems of storing and processing the large
quantities of data that are going to be produced
by CERN’s Large Hadron Collider (LHC). This
computational facility can be seen as a service for
sharing computer power and data storage capacity
over the Internet, going beyond simple communica-
tion between computers, and aiming ultimately to
turn the global network of computers into one vast
computational resource. In this scenario, this infra-
structure enables data sharing between thousands
of scientists with multiple interests, tries to ensures
that all data is accessible anywhere, anytime and
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copes with different computer centers access poli-
cies, ensuring data security.

The EGEE Grid infrastructure runs upon a
set of middleware services called gLite, which
is integrated, certified and distributed by the
project itself and world-widely deployed on the
computational resources. The services available
in the gLite distribution can be broadly classified
into two categories: the Grid Foundation Mid-
dleware, covering the security of the infrastruc-
ture, the information, monitoring and accounting
systems and the access to computing and storage
resources; the other is a higher-level Grid Mid-
dleware, including services for job management,
data catalogs and data replication, providing ap-
plications with end-to-end solutions. In order to
use this infrastructure a personal authentication
certificate is required. The certificate is released
by a Certification Authority and associated to a
Virtual Organization, a geographically independ-
ent group of collaborating scientists; the access
to computational resources is executed through
dedicated User Interfaces running the gLite mid-
dleware and its CLI commands.

User Interface

E;rtal Access @‘Fi
_ .

Grid

Submission
Monitoring

Fig. 1. Diagram of system’s design.

o T~ VNas

The tests for the correctness of the linkage analy-
sis algorithm and for the evaluation of its perform-
ances were performed on the computation cluster
Michelangelo provided by the LITBIO project and
is composed of 70 nodes, and 18.5TB of redundant
storage. Each node is composed of two 275 dual-core
AMD Opteron CPUs (total of 4 cores) and 8GB ram;
all the nodes are connected via 10 Gbit/sec Infini-
band for maximum scalability of the algorithms.

Methods

The system is designed in 3 different layers,
as schematized in Fig. 1. The presentation layer
shows a web based user interface which has been
created to aid users to setup linkage challenges and
to mask the complexity of low level interactions
with the Grid middleware. The web page makes
use of javascript as client side scripting language
to increase interactivity and user friendliness, us-
ing asynchronous communications with back end
PHP server pages to manage information exchange
with the application layer and input file uploads.
Through the web interface users can:

Linkage Pipeline

Jobs

/ Results

In the presentation layer users interact with the application which produces an XML file; the application layer parses the XML
file to extract the logics of execution and linkage parameters; in the final step the HPC layer interacts with the Grid middleware

submitting jobs and monitoring their execution.
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— Create the data pipeline using draggable
modules that represent each operative step: the
arrangement of logical blocks, managed by cli-
ent-side scripting, makes building the data flow,
from the input files to the outputs retrieving, a
visual matter.

— Customize each step: choose and upload the
input files, define optional data pre-processing to
adapt inputs to different algorithms requirements,
select one of the available algorithms and set the
proper parameters.

— Launch the analysis and monitor the jobs’
state, retrieve and download the results once the
challenge is complete.

The communication between the Presentation and
the Application Layers is obtained through the crea-
tion of an XML file that describes the data pipeline
and all its parameters: this file provides a complete
description of the challenge characteristics making
possible successive quick resubmissions; the choice
of XML language reflects the future possibility of the
system to drift to web services technology, adapting
the Application Layer to this protocol with a minor
effort. The communication in the opposite direction,
between the Application and the Presentation Layer,
is obtained with asynchronous data exchanges polled
by client scripts that request information to the server
backend and display the available ones without the
need of page reloads.

In the application layer the system first parses
the XML file created by the presentation layer, then
executes pre-processing operations (error detec-
tion, etc) and finally runs the workflow on the HPC
layer, monitoring its status: real time information
on jobs status is returned through the interface to
the user. Preprocessing operations are related to
select the correct SNPs from our genotype database,
then formatting files splitting SNP markers on the
basis of the parameters reported in the XML file,
such as distance between two consecutive mark-
ers or interval in kilo-bases (nucleotides, DNA
measure), and so forth. The last activity in this
phase is the creation of execution files for the HPC
infrastructure according to the setting specified by
user. Once files have been created the challenge
execution can begin and the monitoring process,
which is demanded to the VNAS component of the
HPC Layer, is activated. When each single job has
finished its computation, all results are merged into
a single CSV file, that is easily readable by biolo-

gists or domain experts, and a final global plot for
each chromosome is created.

In the HPC layer, the submission engine splits
the workload into small jobs and distributes analysis
tasks over the available resources. This is achieved
by a software layer, called VNAS (Trombetti, 2007),
built on top of the grid middleware which monitors
each single grid process and ensures the success of its
computation by managing the resubmission of failed
jobs automatically. When all tasks are computed the
results are retrieved, merged and made available for
downloading through the web interface.

The VNAS framework is an advanced system
for the submission and monitoring of jobs onto the
Grid environment. VNAS has integrated strategies
for the detection of failures and hang-ups of Grid
jobs and can perform automatic resubmission for
jobs detected in such conditions. VNAS hence
provides an abstraction with reliability over the
Grid platform which significantly eases the task of
developing new applications for the Grid. VNAS
also significantly simplifies the development of
certain complex Grid workflows by providing a
callback system that eases the creation of arbitrarily
complex multi-stage computational applications.
In addition, VNAS provides an abstracted virtual
sandbox which bypasses certain Grid limitations
such as the maximum sandbox size, while simul-
taneously reducing the usage of Grid bandwidth
and storage resources. The latter is achieved by
transparently detecting equality of virtual sandbox
files based on content, across different submissions,
even when performed by different users, and by
performing automatic garbage collection of files
after N days of no-use.

The VNAS framework has been used in various
projects including the present one, to raise the reli-
ability and reduce the development time for new
Grid applications and pipelines being developed.

Results

Tests were run to evaluate both efficiency on
computational time and functionality of the pro-
posed approach, obtaining an estimate of the Grid
performances in comparison to a single 2 GHz
CPU workstation and to the Michelangelo cluster
composed by 280 CPU cores. The test, run us-
ing the Genehunter software, involved analysis
of pedigrees composed by 25 subjects, including
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individuals genotyped with different genotyping
chips of markers from 10k up to 1 million of SNPs
each. Considering the trade off between CPU load
and memory requirements, a data subset of 50
SNPs was evaluated as the optimal workload for a
Grid node and was assigned to each program run;
the total number of runs needed to process all SNP
data produced by each genotyping chip was split
into jobs with an estimated duration of around 6
hours on a mid-range multicore CPU. Test results
are summarized as follows: Table 2 shows the dura-
tion of the challenges in hours and Fig. 2 displays
the relative plot.

Comparing the results of different computa-
tion infrastructures we can see that distributed
analysis pipelines with number of data (linkage
variables) close to the computational limits for a
mid-range workstation achieved improvements of
about 65-70 % in computational time compared to
dual-core 2 GHz CPU execution and considering
markers chips greater than 100 k, the advantage
of the distributed architecture gets proportion-
ally bigger, due to the difference between linear
increase of computational time for the sequential
run on the single CPU and the saturation trend of
the parallelized data flow obtained distributing the
workload on the Grid’s computing elements. It must
also be highlighted that computations with a higher
number of individuals in the pedigree tree, were
still performed on the distributed infrastructure,
but resulted infeasible on the desktop workstation

due to memory overflow. The tests also show that
the average performance of the proposed system
can’t compete with a cluster environment in terms
of pure computing time, even if it shows a compa-
rable trend due to the similar workload distribution
technique adopted (not MPI).

Conclusions
This application enables the user to launch

genetic linkage analysis computations for medium
to large challenges over a distributed computa-

Performances
350
- Cluster
300 & Single CPU
® Grid

500 600

0 100 200 300 400
Jobs

Fig. 2. Graph of the test results.

The computation efficiency of the distributed approach of
our Grid-based system grows with the size of the challenge,
being lower than a dedicated Cluster’s but much higher than
a sequential run on a single processor unit.

Table 2
Duration of the challenges. Test results
Genotyping chip Computational cost (hours)
(# of SNPs) Runs (50 SNP) Jobs (6 h) single cluster (70 nodes rid
2GHz CPU 280 CPU Cores)

10k 200 6 33 8 53

66 k 1320 35 220 9.5 64
100 k 2000 60 333 10 75
317k 6340 172 1056 13 115
370 k 7400 206 1233 15 120
500 k 10000 278 1665 16 122
670 k 13400 373 2233 18 122
IM 20000 556 3332 20 170

Notes. Data derived from different genotyping chips were analyzed with the Genehunter software using 3 computational
infrastructures: our Grid-based system, a 280 cores Cluster and a single 2GHz CPU Workstation. The left side columns show
the challenges characteristics, on the right the challenges durations expressed in hours as resulted for different environments.
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tional infrastructure such as the EGEE Grid. The
application offers an interface to customize the
data pipeline and achieve, through the submission
engine, the parallel processing of the pipeline
tasks on the distributed resources. The low-level
interactions with the Grid environment are man-
aged with a reliable software layer that hides any
complexity for the final user, allowing monitoring
and results retrieving to be easily managed with
the web interface. Tests made on the proposed
system showed that this approach is mostly useful
in high-end challenges, where Grid overheads are
affecting overall execution times less compared to
single CPU performances; only very small chal-
lenges may show higher efficiency when run in a
single CPU workstation, while very large analyses
are made accessible even without a dedicated
cluster, resulting as a good and affordable solution
when considering the cost-benefit ratio of the two
infrastructures.
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HNPUMEHEHUME HEMETPUYECKOI'O MHOI'OMEPHOTI'O
IKAJTUPOBAHUSI J1JISI MYJIBbTUILIAT®OPMEHHON
OBPABOTKHN MUKPOYHITIOBbBIX OKCITPECCUOHHBIX JTAHHBIX
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Pazpaboran MHOTOMEpHBII METO/ COTIIACOBAHHOTO MYNIBTHILIAT(OPMEHHOTO TTOHMCKa An(depeHIInaIbHO
IKCHPECCUPYIOLIMXCS TeHOB-MAapKEPOB B MACCHBAX MUKPOYHUIIOBBIX SKCIPECCHOHHBIX JaHHBIX JUISl OTHOTO
M TOTO k¢ Habopa 00pa3oB. MeTox pUMEHEH JUTs COBMECTHOTO aHAIM3a JIBYX MaCCHBOB MHKPOUYHITOBBIX
AKCTIPECCHOHHBIX TAaHHBIX, TOTYYCHHBIX ¢ mpuMeHeHneM miatdgopm CodeLink u Affymetrix (Borovecki et
al., 2005). IToctpoens! cucku quQQepeHInaIbEHO SKCIPECCHPYIONTIXCS TCHOB-MapKePOB, COOTBETCTBYIO-
MIUX KQXKIOW U3 9eTBIPEX TPYI 00pa3oB neprupepuIecKkoil KpoBH (TTAIMEHTHI C 00Ie3HBI0 XaHTHHITOHA,
C TIPEICUMITITOMATHKON 3TOH Ooie3HH, CyOHOpMa, HOPMA).

KoaroueBble ciioBa: npoQuiy SKCIPECCUH TeHOB, HEMETPHUYECKOE MIKAITUPOBAHUE, 00JIE3Hb XaHTHHI TOHA.

BBenenue

K uncny mHorooOemaronux HanpaBlIeHUN
COBPEMEHHON OMOJIOTHH OTHOCHTCSI aHaJU3 IKC-
MIPECCHH T€HOB C MOMOIIIbIO MUKPOYHUIIOB. MUKpO-
YHITBI — YIOPSI0YCHHbIE KOMIUIEKTHI (hparMeHTOB
JHK wmu PHK (30H710B), ”IMMOOUIH30BaHHBIC HA
CHEIMAFHBIX HOCUTEISX (TNTACTHHKAX U3 CTEKJIA,
TUTACTUKA WIIM KPEMHHUS, KaIlIsaX Telis), Ha3bIBae-
MBIX TTaT(hopMaMu (BMECTE C COMYTCTBYIOLTIMH
TEXHOJIOTHSIMH, KaK MPaBUJIO, Pa3HBIX MPOU3BO-
nuteneit). TeXHOIOrus MUKPOUYUIIOB MTO3BOJISIET
OJTHOBPEMEHHO aHAJIN3HPOBATH JKCIIPECCHUIO Jie-
CSATKOB THICSIY TEHOB B HECKOJIBKUX JIECATKAX P00
(06pas1oB), 0OBIYHO MPEICTABIIIEMYIO B BUJIE MaT-
PHIIBI YPOBHEH HKCIIPECCUH, B KOTOPOH CTOIOIAM
OTBEYAIOT 00pa3iibl, a CTPOKaM — reHbl. CToIOIIbI
W CTPOKHU 3TOW MaTpUIbl HAa3bIBAIOTCS TPOQUIIsi-
MU IKCIIPECCHUH COOTBETCTBEHHO 0Opa3LOB WIIH
reHoB. (MHOTIa BO3HHMKAET TEPMUHOJIOTHYECKAs
MyTaHUTA: TEPMUH «ITPODUITH IKCITPECCUN TEHOBY
B HEKOTOPBIX paboTax MOXKET 03HA4YaTh «IPOpUITH
9KCIIPECCUU 00pasiia Mo BCEM IeHam». ).

OmHOM U3 CYIIECTBEHHBIX MPOOJIeM, BO3HUKA-
IOLUX NP aHAJIN3€ MUKPOYMIIOBBIX IKCIIPECCH-
OHHBIX JJAaHHBIX, SBJSIETCS HECOTIIACOBAHHOCTD pe-
3yJBTATOB, TIOTYYaeMbIX ITPH aHATHM3€E OTHUX U TEX

e 00pa3uoB Ha pa3HbIX mwiardopmax. OCHOBHAS
TPYAHOCTH 3aKJIIOYAETCSI B TOM, YTO BCIEICTBHE
pa3IMuus TEXHOJIOTHH HE YyIaeTcs HApPSIMYIO
CpaBHHBATH MPOQUIIN IKCIIPECCHH TeHOB. Bo-1iep-
BBIX, HAOOPBI TE€HOB PAa3HBIX MJIATGOPM COBIMAIAIOT
JIUILIb YaCTHYHO. BO-BTOPBIX, ke OAHU U TE Ke
TeHbl Pa3HbIX IUIAT(GOPM MOXHO JIMIIb YCIOBHO
OTOXKIECTBUTH APYT C APYIOM M3-3a TOTO, YTO Ha
pasHbIX MmIarGopMax UMMOOHIIM3YIOTCS, BOOOIIE
TOBOPSI, HECKOJIBKO pa3HbIe 30H/bI, XOTSI U OTHO-
csIIUecs] K OTHOMY M TOMY ke TeHY (M30(opMBbl,
KJIOHBI), YTO €CTECTBEHHO MPUBOIUT K PA3IHUHIM
B poduiIsix sKcnpeccuu. Mmeercs u pan npyrux
MeXIIaTGOPMEHHBIX pPa3JIMUMN, HAIpUMED, B
WHTEHCUBHOCTH THOPUIN3AINH, YPOBHE «IIIyMa),
xapakrepe ciydaiiHpix ommook u T. 1. (Cheadle
et al., 2007; Bemmo et al., 2008). Tem He MeHee
HEOOXOAMMOCTh OOBETUHEHHS PE3YIbTATOB, OMY-
YaeMbIX Ha pa3HbIX IU1aTopMax, 0CTaeTcs KpaiHe
aKTyaJbHOM.

CymiecTByeT HECKOIBKO MOAXOIOB K PEIICHUIO
9TO# mpodnemsl. [Ipocreiimmii n Hanbonee yacto
MpUMEHsIEMBIN coco0 — 310 ee oboiitu. [lo kax-
JIOMY MaCCHUBY MHUKPOIKCIPECCHOHHBIX TaHHBIX
OT/ICJIBHO PELIAETCs OJlHA U Ta )KE 3a/1a4a, Harpu-
Mep, IOUCK I'€HOB-KaHIUIATOB, KOTOPBIE MOXKHO
HCIIOJh30BaTh B KAaYECTBE MapKEPOB OHKOJIOTH-
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YEeCKMX WJIM MHBIX 3abosieBaHuii. [lanee crnimcku
TeHOB-KaH/IUAaTOB CPABHUBAIOTCS M BBIOMPAIOTCS
T€, KOTOPBIE IIPUCYTCTBYIOT B HECKOJIBKUX CIIMCKAX.
bonpInM HeI0CTaTKOM TAaKOI'O ITOIX0A SIBIISIETCS
TO, YTO TIPH JHOOBIX YPOBHSX 3HAYMMOCTH T'CHBI,
MpeJICTaBICHHbIC TOJIBKO Ha OJHOHW IUIaThopme,
HE MMEIOT HUKAKOTO IIaHCa MONAacTh B OOIINHA CITH-
cok. Hanpumep, B padote P. Pedotti ef al. (2008)
ypoBeHb dKcrpeccuu TeHoB B 10 oOpasmax (5 —
TPAHCTCHHBIE MBIITH M 5 — TUKUNA THIT) H3MEPEH C
MOMOIIIBIO 5 pa3HbIX iatdopm, u Ha 10 %-M ypoB-
He 3HaunMocTH 1o kpureputo FDR (Benjamini,
Hochberg, 1995) oto6pansl renst ¢ auddepeHm-
aJIbHOM SKCHpeccrel Ha pa3HbIX IPYIINax MbIIIECH.
Bapeep npeogonenu 4, 130, 3071, 54 u 13 renon
OT KaXXI01 TIaThOpMbl COOTBETCTBEHHO. TOJIEKO
JIBA T€Ha OKA3aJIMCh OOIIUMHU ISl BCEX 5 CIMCKOB
1 4 BCTpeTwiIMCh 1o 4 pasa.

Jpyroii cnoco0 — OrpaHUYUTHCS TOIBKO OIHU-
MH ¥ TEMH € 30HJaMHU OAHUX M TeX K€ TeHOB U
COCTBIKOBAaTh UX MPOQHIIH 110 BceM IuaT(opmam.
Henocrarku: npuxomurcs yAesTh CIELUAIBHOE
BHHUMAaHHE OTOXKIECTBIECHUIO 30H/OB 10 UX OMU-
CaHUsIM, KOTOpBIE HE BCET/Ia UMEIOTCS MIIH J10CTa-
TouHbl Juist 3Toro (Barnes et al., 2005). Onnako
3Ty MoJ3aJady MOXKHO pellars 3MIUpUYecKu. B
pabote H.K. Lee et al. (2004), marmpumep, mpo-
aHanmu3upoBaHo 60 MacCHBOB M BBHIOPAHBI IMapbl
30H/I0B, KOPPEJSINI MEXIy KOTOPHIMH 3HAaYUMa
B Tpex U Oonee cruckax (Makcumym 31). Takue
30H/IbI CUMTAIOTCS COBHAJAIOIIMMU. Pa3nuuus B
TEXHOJIOTUSX TOXE OCTAIOTCS, YTO BIICYET HEOO-
XOIUMOCTb Pa3IMYHOIO POJa MperBapPUTEIIbHBIX
Tpancpopmanmii. Kpome Toro, Tak e, Kak U B
MpebIAYIIEM Cllydae, CEphe3HBIM HEJOCTATKOM
SIBJISIETCS TO, YTO TIPH STOM TEPSIETCS 3HAUUTEIbHAS
YacTh YHUKAJIbHON HH(POPMALHIH.

Mg nipeniaraeM HOBBIH crioco6. [ kakaon
1aTGOPMbI BBIYUCIISETCS MaTpHULa pasInuni
MEX Iy PO IIIMH KCTIPECCUU 00pa3IIoB IT0 BCe-
My Habopy reHoB. [lanee KOHCTpyHpyeTcst O0be 1~
HEHHAasl MaTpula pa3jIudmii, 10 HEU METOAOM He-
METPUYECKOTO IIKAJUPOBAHUS CTPOUTCS oOIiee
JULS BCeX I1aT(opM EBKIIMI0BO IIPOCTPAHCTBO MPO-
¢urteit sxcipeccny 00pasIoB MaIoi pa3MEPHOCTH,
BBISIBIISIFOTCSL MHTEPECYIOIME HAC HAIIPABJICHUS B
ATOM MIPOCTPAHCTBE (HAITPUMED MEKTY OOTHHBIMU
U KOHTPOJIEM) M U3 BCEX TUIaTGOPM BBIOUPAIOTCS
OPOQHIN HKCIPECCUN TeHOB, MAaKCUMAJILHO KOP-
PENUPYIOLIKE C STUMU HAIIPABICHUSMH.

MaTepHaJ'lbl U ME€TObI

AHaJIU3UPOBAJICS MAacCUB MHUKPOUYUIIOBBIX
AKCIIPECCUOHHBIX JaHHBIX, MOJTYYEHHBIX C IMPH-
menenneM 1utargopmbel CodeLink. Maccus mocie
MIPOTIEAY Pl PHIBTPOBAHMUS (CTPOKH C OTCYTCTBYIO-
IIUMH 3HAYCHUSAMH YIASUIUCH) coaepskan 17525
MOJIHBIX Mpoduiieli SKCIpeccuu reHOB (CTPOKH)
o 31 oOpasiy nepudeprueckoil KpoBU. ITH Ke
00pas3Iibl aHATU3UPOBAIIUCH C IPUMEHEHNEM TLIaT-
dhopmer Affymetrix — 22282 moaHBIX TPOQUIS.
@ainpl ¢ TaHHBIMU 3TUX SKCIIEPUMEHTOB U3BJIE-
yenbl U3 0a3bl ganHbix GEO (Barrett et al., 2005;
http://www.ncbi.nlm.nih.gov/geo/). O6pa3isl
nepugepruueckoil KpoBH B3STHI y 12 manueHToB ¢
0oe3Hbp0 XaHTUHTTOHA, 5 — C TIPEICUMITTOMATH-
KO# »TOM OoJye3HU (NpenpacnoioKEHHBIX), 14 —
3710pOBbIX. boje3Hb BhI3bIBAETCS MyTalMeil mo
reHy, KOAUPYIoIeMy OelI0K XaHTHHI'THH, U ITPOSIB-
JsieTcsl ¢ BO3pacToM. bonbHbIe XapakTepusyrorcs
HaJIMYHEM MYTalluH U KITIMHAYECKUMHU [TPOSIBIICHUS-
MU O0Je3HN XaHTHHITOHA, TIPEPACTIOIOKEHHBIE —
HaJM4YMeM MYTalliH, HO OTCYTCTBHEM KJIMHHYE-
CKUX TIPOSIBIIGHUH, 37I0POBBIE — OTCYTCTBUEM U
MyTalUH, U KINHUYECKUX NPOSIBIICHUNA. YPOBEHb
KIMHUYECKHUX MPOSBICHUN ONMPEEIISICS OIbIT-
HBIM HEBPOJIOTOM 1O YHHU(HUIIMPOBAHHOH ILIKaje
Oone3Hn XaHTUHTTOHA, HAJTMYUE MYTAIllUU — Te-
HeTHYeCcKuM TecTupoBanueM (Borovecki et al.,
2005). MaccrBbI HEOJJHOKPATHO aHATU3UPOBAITUCH
JPYTUMH aBTOPaMH U AKTHYECKU CTAJIN TECTOBBIM
MHOYKECTBOM JIJIsl TIPOBEPKH Pa3IMYHBIX METOJOB
aHallu3a MHKPOYHUIIOBBIX NaHHBIX (http://www.
genesifter.net/web/webinars.php). O6a mMaccuBa
norapu(pMHpPOBAINCH, 3aT€M IIEHTPUPOBAIHCH U
HOPMHUPOBAJINCH CHayaia 1Mo CTONOIaM sl yCT-
paHeHUsI HEOJHOPOIHOCTH 10 00pa3iiam, 3aTeM 110
CTpOKaM /sl ycTpaneHust 9 GeKToB MaciuTada.

[Tocne sToro s Kaka0H miaatopMbl BEIUKC-
JSUTach MaTpUIla MOMAPHBIX €BKJIHIOBBIX PACCTO-
STHIH MEXKIY TPOMOUIIMA IKCIIPECCHH 00pasIoB.
(CnenmyeT mog4epKHYTh, 9TO METO paboTaeT st
JT00BIX MEp CXOJICTBa—pa3inyus, a HE TOIBKO
JUISL PACCTOSIHHUM, YIOBJIETBOPSIIOIINX aKCHOMaM
MeTpuku. [losTomy nanee B 1r000M ciaydae Oyaem
MMEHOBATh UX Pa3IMYUSMH, YTOOBI OTIMYATh OT
eBKJIMJIOBBIX PACCTOSTHHUIN, TEHEPUPYEMBIX METOIOM
HEMETPUYECKOTO MHOTOMEPHOTO HIKATHPOBAHHSL. ).
MexmiathopMeHHbIH KOd()OUIHEHT KOoppes-
LMK MEXAYy MaTpuuaMmu pasnuuuid pasex 0,61, a
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3aBUCHUMOCTb Pa3JIMuuil IpyT OT Apyra okaszajach
sBHO HenmmHerHas (puc. 1). [lomy4yeHHbIe MaTpHIIbI
PaHXUPOBAIKCh U ycpenHsuinch. CpeaHuil paHr
pa3iIuyuuil JOCTaTOYHO XOPOLIO BOCIIPOU3BOAUT
WCXOJIHBIC PA3JINYMs MEXKTy 00pa3liamMu 1O KayKIo1
riardopme (koppemsauus ¢ Affymetrix — 0,89, ¢
CodeLink — 0,88).

Marpuua cpelHUX PaHroB paziHuuil MEKIY
mpoMIIsIMHA KCIIpeccHy 00pasIoB oOpadarbiBa-
Jach METOIOM HEMETPHUYECKOTO MHOIOMEPHOTO
mkanupoBanus (Taguchi, Oono, 2005). B atom
METOJIe KaXKJIOMy OOBEKTY UCXOJHOTO MHOKECTBA
CTaBUTCSl B COOTBETCTBHE TOYKA B €BKIMIO0BOM
NPOCTPAHCTBE MaJOM Pa3MEPHOCTH, Yalle BCETo
Ha IUIOCKOCTH. J{asiee TOUKU B 3TOM IPOCTPAHCTBE
MIEPEIBUTAIOTCS TAKUM 00pa3oM, YTOOBI MaTpHIla
PacCTOSIHUI MEXTy HIMHU KaK MO>KHO JIyYIIIe COOT-
BETCTBOBAJIA MATPHIIE PA3TNYNI MEKITY OObEKTaMU
MCXOIHOTO MHOXKECTBA. 33 KPUTEPUI COOTBETCTBHS
OPUHAT KOA(POUIMEHT PaHTOBON KOppesiuuu
MEKAY PAaCCTOSHHUSAMH M Pa3IUuUsIMU, YTO HKBH-
BaJICHTHO KPUTEPHIO, IPUBEIEHHOMY B pabote
Taguchi, Oono (2005).

55
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[MonapHble pa3nuumsa Mexay Npodunammn akcnpeccum
obpasuos B nnatcdopme Codelink

Pe3yabTarsl

Bce mpodwunu skcnpeccun 00pasios pacma-
JIUCh Ha TPYIIbI, COOTBETCTBYIOIIUE MAIEHTaM,
CTpajaromuM 00JIe3HbI0 XaHTHHITOHA, TIpeIpac-
MTOJIO’KEHHBIM K 9TOH O0JI€3HH 1 3I0POBBIM (pHC. 2).
Hano nomyepkHyTh, uT0 MMeroIasicss iHQopMarus
00 M3HAYaIbHOW MPUHAJICKHOCTH MAMEHTOB K
TEM WM UHBIM TPYIIIaM MpH 00paboTKe METOAOM
HEMETPHUUYECKOTO IKAIMPOBAHUS HUKAK HE WC-
MOJTb30BaNIach. TeM He MeHee YeTBEPO MAIMEeHTOB
W3 YHciIa 37I0POBBIX 00pa30Bajyl IPyYIITy, KOTOpast
JIOCTATOYHO JJAJIEKO OTCTOUT OT JIPYTHX 3/I0POBBIX
1 MPUMBIKAET K TPYIIE IPeapacloiokKEeHHbIX.
OTO MOCIYKUII0O OCHOBAHUEM IS BBIJIEIEHUS UX
B OTJIENTLHYO TPYIIITY, KOTopasi Oblila Ha3BaHa HAMHU
«cyOHOpMaITEHOIY. Bee geThIpe TpyITbl 3aHIMAr0T
OTAENbHBIE O0JIACTH Ha TUIOCKOCTH.

J1J1s1 K@K T0W TPYIIITBI BEIYUCIICHBI IICHTPOUIBI U
HarpaBJeHUs HAa HUX OT OOIIEro NEHTPa TSHKECTH.
st Bcex mpodusield 3KCrpeccu FeHOB 00erX Iuiar-
(hopM BBIYHCIIEHBI M OTIIOXKEHBI Ha TNTOCKOCTH KOA(-
(DPUTIEHTHI KOPPEISAIIUH C OCIMU HEMETPHUIECKOTO

r=0,6101, p = 00,0000

26 28 30 32 34 36 38

40 42 44 46 48 50 52 54 56

MonapHble pasnuuus Mexay npodunsMmn akcnpeccum
obpasuos B nnatcopme Affymetrix

Puc. 1. CooTBeTCTBHE MOMAPHBIX PA3THYNN MEXKIY MPOGUIIAMHU SKCIIPECCHA 00pa3IoB i matdopm Affymetrix

n CodeLink (yuams — lowess-perpeccus).
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O — 300pOBblE; A — CyGHOPMarbHbIE;
A — NPEapacronoXeHHble; m — 60MbHbIE

Puc. 2. Pacnionoxxenue npoduiieid 3KCIpeccuu 00-
pa3loB Ha MIOCKOCTH HEMETPUYECKOTO TBYMEPHOTO
LIKAJIUPOBAHUS.

JBYMepHOro mkanupoBanus (puc. 3). Kaxnomy
HaIpaBIEHUIO Ha TUIOCKOCTH DKCIIpeccuu o0pas-
1oB (pucC. 2), B YaCTHOCTH Ha IEHTPOU] JIF000i
IPYIIbI, B3aUMHO OJIHO3HAYHO COOTBETCTBYET
HaTpaBJeHUE HA MIIOCKOCTH HKCIPECCHU T'CHOB
(puc. 3). [Ipodunu sKcripeccun TeHOB, HanboIee
OTCTOSILIIME OT LEHTPA BAOJIb ATOTO HAIIPABICHHUS,
XapaKTepU3yIOTCS CAMBIMHU BBICOKUMH 3HAUCHUSIMHU
Ha 00BEKTaX ITOH TPYIIIIHL.

[Mpodwu, pacronoxeHHbIe Ha IIPOTUBOIIONIOK-
HOM CTOpOHE pUCYHKa (He TMOKa3aHo), Ha000pOT
XapaKkTepU3yIOTCs CAMBIMU HU3KUMH 3HAYCHUSIMH.
[TosToMy ISt KaxJI0W TPyHIbl 00pa3oB MOKHO
BBIJICJIUTH COOTBETCTBYIOIIYIO TPYIIY Mpoduiei
SKCIIPECCHU TEHOB. [ paHMIly MOXKHO TPOBOIWTH
U3 pasHbIX cooOpakenuid. Ha puc. 3 rpanuna
MPOBE/ICHA TaKUM 00pa3oM, 4TOObI BEPOSTHOCTH
€€ TMPEBbILEHHUS A MaKCUMaJbHOTO 10 MOIY-
JIO CllydailHOTO KO3 (UIMEHTa KOPPESILIUH 13
39807 (22282+17525) oputa mHe 6onee 0,05. Cre-
JTyeT 3aMEeTHUTb, YTO 3TO AOCTATOUHO JKECTKUH Oa-
pbep, NPAKTHYECKU TapaHTUPYIOLUI OTCYTCTBUE
CITy4aiHbIX MPOQUIIEH SKCIPECCHN TCHOB B BBIJIC-
JIeHHOH 00nactu. TeM He MEHee ero mpeooneu

3670 renoB (750 — Affymetrix, 2920 — CodeLink),
YTO SIBJISICTCS JIOBOJIBHO HEOXKHIAaHHBIM. OOIIUMH
st obenx tuatgopm sBigrores 8600 reHoB, w3
HHUX COBMECTHO Tipeomoienu 6aprep 241. Kpec-
THKaAaMH B pOMOMKaMu 0003HAYCHBI MPOGIIN
OKCIPCCCUU I'CHOB-KaHAUJATOB, BBIJICJICHHBIX B
pabote (Borovecki et al., 2005), xoTopble, Kak
U CIEIOBANO OXKHUAATh, MOYTH BCE MOMATAIOT B
BBIJICJICHHYIO 00nacTh. YacTh FeHOB IIATPOPMBI
Affymetrix mpencTaBiIeHbl HECKOJIHBKUMH HU30-
(hopmamu, TOATOMY HEKOTOPBIE U3 HUX OKA3aJIHCh
pa3dpocaHbl IO BCel TIOCKOCTH.

Pacnonoxenue rpynn mo3BoJIsieT BbICKAa3aTb
TUTIOTE3Y O BO3MOXKHOCTH TOCIEA0BATEIHHOTO
nepexo/ia 1Mo KPyroBoil TPaeKTOPUH: 30POBBIC —
cyOHOpMaJbHBIE — TMPEAPACIOIOKEHHBIE —
OO0JIbHBIE, IPUYEM KaXKIOHW TPYIIE COOTBETCTBYET
CBOI Habop npoduieit sxcnpeccun reHoB. Meton
HEMETPUYECKOr0 MHOTOMEPHOTO IIKAIWPOBAHHUS
MO3BOJISICT BBIICTUTH 3TH HAOOPBI JIIs TATbHEHIIIErO
aHaJM3a CpeiCTBAMH TeHHOH OHTOJIOTHH.

1271

1,0

Cy6HopMarnbHble

0,81

0,6

04r

021

Dim2

-0,2 +
+
0,4 ;
+3
-0,6
» L

BonbHble

1,0 A A A A A \ \ \ A \ )
-1,0 -0,8 -0,6 -0,4 -0,2 0,0 0,2 04 06 08 10 12

Dim1
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# Affymetix: M3ocpopmbl

Puc. 3. Pacnionoxenune rpoduieii 5KCrpeccuu reHoB Ha
IJIOCKOCTH KOA(P(PUIIMEHTOB KOPPEISIIIUU C OCSIMU He-
METPHYECKOTO IBYMEPHOTO IkanupoBanus (A ffymetrix
+ CodeLink).
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Obcy:xnenue

B yem cocrout uzaes mpeasaraeMoro crnocooa
00pabotku? Cxema pacCyXIeHUH TOBOIBHO TPO-
cta. EcTb otHM 1 Te ke 00pas1bl, U A7l HUX Ha pa3-
HBIX TJ1aT(OopMax MMOIyYEeHBI MTPOHUITN SKCITPECCHH
Mo BceM reHaM. Eciu 3T o0pasisl OTINYaoTcs
JIpyT OT ApyTa MO KCIPECCUH T€HOB, TO ITH OTJIU-
YHs1 JOJKHBI TPOSIBIISITHCS Ha KaX 101 ruiaTopme.
W HaGOpbI OTIAMYUH JOIKHBI OBITH XOTh B YEM-TO
NOA00HBI APYT IPYTY, MHAUE IPONaIaeT camMa uaes
npuUMeHeHHsT MUKpounnioB. C Apyrod CTOPOHBI,
MOCKOJIBKY Kaskast ratdopma, 6e3yclioBHO, HMe-
eT CBOIO cnenn(uKy, OHM HE 00s13aHbl COBIAIATh.
[epBas 3aga4a COCTOUT B TOM, YTOOBI BBISIBUTH TO
o01ee, 4To €CTh B HA0Opax OINYUN MEXKIY Ipo-
¢dbusaMu 00pas3IoB AT pa3HBIX IIATGOPM.

MeTon HeMeTPUIeCKOTO MHOTOMEPHOTO IIKa-
JMPOBAaHUSA OKa3aJiCsl MCKJIIOYUTEIBHO MOAXO-
JAIIUM JJIs pellieHus 3Tol 3aaauu. B stom me-
TOJE BXOAHOU MH(pOpMAIHMEH CIYy)KUT MaTpHla
PAHKUPOBAHHBIX Pa3IMUUil MEXIy NpoduiIsiMu
00pa31oB. Ml 100bIM y10OHBIM 117151 cebst 0Opa-
30M OMpeeNsieM Pa3audust MEXAY MpOPIIIMH
00pa3oB Mo OAHON W3 MIATPOPM, BBIYUCIIIEM
MAaTpHILy 3THX pa3InyHii, yIOPsI0UUBaEM U 3aMe-
HsIEM Ka)/10€ pa3IM4yue ero paHrom. To ecTh Hac
MHTEpECYeT He KOHKPETHOE 3HAYCHHE PA3IUs
MEXTy TByMs TPO(HIIsiMHA 00pa3IoB, a TOJIBKO €T0
PaHT Cpeiy BCeX APYrux pasianduil. ECcTecTBeHHO
MPEATONIOKHUTD, YTO ITOT PAHT JOJKEH OBIThH OJIH-
30K K PaHTy pa3iuuus MKy NPOQUISIMU ITUX Ke
00pa31oB, BEIYUCICHHOTO 110 IPYToi miartdopme,
T. €. JOJDKHA HAOMIONATHCSI KOPPEISILMS MEXKIY
paHTaMH pa3Iudui B pasHbIX miardopmax. U
JIEHCTBUTENHHO, B PACCMATPUBAEMOM CITydae Kop-
PEISIUS U MEXKTY PAa3THUUSIMK, H MKy UX paH-
ramu coctaBmia 0,61. Koppemnsiuust He cauikoM
BBICOKA, YTO YKa3bIBACT Ha 3HAYMTEIIHHYIO Pa3HH-
Iy MeXIy 00eMMH HM3ydaeMbIMH IJIaT()OpMaMH.
Ho 06a xorddumuenTa Koppeasiiuu OTHHAKOBEI,
Y 9TO O3HAYAET, YTO MEePEX0 K paHTaM He MPUBEI
K 3aMETHOH 1moTepe nHpOopMaInu.

Pa3BuBas 3Ty uzero qanpiie, Mbl MOYKEM IPOCTO
BBIUMCIIUTE CPETHUM paHT pa3inuuuil s KaxJ10u
napbsl 00pasnoB 1o o0euM rargopMaM U CHOBA
€ro yIOpsJ04NTh, B35IB €ro paHr. Tem caMbIM Mbl
YCHIIUM TO 00IIee, YTO €CTh B 00EMX MaTpHIIax
paHXUPOBAHHBIX Pa3IHMUuil, U 0CIIa0UM crienupu-
Ky KaXJIOW OTACIbHOU TUIaT(hOPMBI.

O4eBHIHO, YTO YUCIIO IAT(HOPM COBEPIICH-
HO HENMPHHIIMITHAIBLHO, TaK K€, KaK U CIOCOOBI
W3MEpeHHs pasnuuus. PamkupoBaHue, U B 3TOM
€ro HECOMHEHHBIH IIJII0C, BCE IPUBOJUT K €IMHOMN
IIKaJIe C PABHOMEPHBIM pacrpeieicHueM, n3oan-
Jisis OT MPOOJIEM, CBSI3aHHBIX C HEJIUHEHHOCTBIO,
Pa3HOMACIITA0HOCTBIO M HEOJTHOPOJAHOCTHIO pac-
npeaeacHu.

Jlanee x MaTpwile HOBBIX PAHTOB NPHUMEHHUM
COOCTBEHHO CaM METOJ HEMETPHUYECKOTO MHOTO-
MEpHOIo HIKajaupoBaHus B Bapuante lllenapma-
Taryun-Oono (Taguchi, Oono, 2005). B sTom
METOJIE C KaXK]IbIM 00pa3iioM CHavYalla CIy4YaiiHbIM
00pazoM COMOCTAaBISETCS TOYKA B €BKIIHJOBOM
MIPOCTPAHCTBE MaJOl pa3MepHOCTH, HallpUMep Ha
IJIOCKOCTH. MeX Ty BCEMH TOYKaMHU BBIYHCIISETCS
[orapHasi MaTpuiia PacCTOSHUM, KOTOPbIC PaHIKH-
pytorcs. Eciu paHr pasiauuus MexIy KakoH-TO
napoi o0pas3ioB MEHbINE, YeM PAHT PACCTOSHHS
MEXJTy COOTBETCTBYFOIIIUMH TOYKAMH, TO ITH TOU-
KH HECKOJIBKO MPUOIIKAIOTCS IPYT K IPYTY, €CIN
OoIpIe — TO yHansroTcs Apyr oT apyra. llpore-
Jlypa MOBTOPSIETCS 10 TEX TOP, TIOKa HE COMIETCSI.
Ecnu koadpunneHT Koppemsinum Mex, 1y paHraMmu
pa3nuuMi ¥ PacCTOSIHUN HE CIIHUIIKOM BBICOK, TO
Pa3MEpHOCTh €BKIIN0BA IPOCTPAHCTBA YBEIUYH-
BaeTCs Ha €IMHUILY U BECh MPOIECC TTOBTOPSIETCS
cHavana. [lomyunBmmecss Ha MpenbIIymeM Iare
KOOPIMHATHI KCITIOJIB3YIOTCSI B KAU€CTBE HAYaIbHOM
KOH(UTYpaIuu Il HOBOTO Iiara. B koHeuHOM
WUTOTe TOYKH PACIIONIaralOTCs TaK, YTO MaTpHIlA
paccTosHUN MeXAy HUMU MaKCHUMAallbHO COOT-
BETCTBYET MATPHIIEC Pa3IHIUil MEXIY 0OBEKTaMH
HCXOJTHOTO MHOKECTBA. MBI TTOJTy4aeM Ipe/icTaB-
JICHUE COBOKYIHOCTH 00pa3lOB MHOXECTBOM
TOYEK B MHOTOMEPHOM €BKJIMI0BOM ITPOCTPAHCTBE
Y MOXKEM aHaJIM3UPOBATh MX B3aUMHOE PaCIIOJO-
YKEHHE OTHOCHUTENBHO JIPYT ApyTra KaK BH3YyaJbHO,
TaK M C IIOMOIIBIO CTAaHIAPTHOW TEXHUKH MHOTO-
MEpHOTO aHaJH3a.

To, 4TO B pe3ynbTare MPUMEHEHHUS 3TOr0 METO/IA
Bce 00pasiibl paciaaiiuch Ha TPYIIbI, COOTBETCTRY-
FOIIME PA3JIMYHBIM CTA/IUSM 3a00JICBaHNUS, TOBOPUT
0 TOM, 4TO IpeajaraeMas npoleaypa JAeicCTBH-
TENBHO TI03BOJIMJIA YIIOBUTH CYIIECTBEHHBIC pa3-
THans MeXIy oOpasmamu (puc. 2). Ho amamms
B3aUMHOTO PACIOJIOKEHHUSI COOTBETCTBYIOIIMX
UM TOUEK Ha rpaduke TOBOPHUT TOpa3o OOJIBIIIE.
Touku, COOTBETCTBYIOIINE TPEAPACTIONOKEHHBIM
Y 4aCTH HOPMaJIbHBIX, KOTOPBIX Mbl Ha3BaJIH CyO-
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HOPMaJILHBIMU, 3aMETHO CIBUHYIIUCH BBEPX OT
TOYEK, COOTBETCTBYIOIIHNX 3I0POBBIM M OOJIHHBIM.
[TockonmbKy KaskIOMy HalpaBJICHUIO Ha TNTIOCKOCTH
nipoduIIei 06pasIoB (puc. 2) B3aUMHO OJHO3HATHO
OTBEUAET HaIlpaBJICHUE Ha TUIOCKOCTH Npoduie
TeHOB (puC. 3), 3TO 0O3HAYACT, UTO Yy CyOHOPMAIIb-
HBIX U MPEIPACIOIOKEHHBIX YKCIPECCUPYIOTCS
COBCEM HE T€ I'€HbI, YTO y 370POBBIX U OOJHHBIX.
Mex 1y 310pOBBIMH U OOTBHBIMH OOJIBIIIE OOIIIETO,
4eM MEXK]Ty 3J0POBBIMH U MPENPACTIONIOKEHHBIMHU
Wi cyOHOpPMaJbHBIMH M OoNbHBIMH. M3 puc. 2
OYEBHJIHO, UTO 33J1a4y IIOMCKA TeHOB-KaHAUIATOB,
MEPCICKTUBHBIX ISl BBISBICHUS Oojie3Hn XaH-
TUHTTOHA, MOYXHO CTaBUTh IO-pa3zHOMy. MOXXHO
WCKaTh TeHBI, KCIIPECCHSI KOTOPBIX pa3inyaeTcs
y OOJBHBIX M 3JI0POBBIX, UTO OOBITHO U JEIIaeTCA.
Ho oveBuaHO, 4TO NIpH 3TOM B TPYIIY OOJBHBIX
MOTA/IET ¥ KaKasi-TO YacTbh MPEAPACIIONOKECHHBIX.
A MOYXHO HUCKAaTh IT'€HBI, SKCTIPECCHUsI KOTOPBIX Clie-
nu(pUIHa UMEHHO JIJIsi OOJBHBIX M BBIJCISACT UX
CpeIy BCEX OCTAIIbHBIX, BKIIIOUAs U CYOHOPMailh-
HBIX, U TIPEIPACIIONIOKEHHBIX, YTO, COOCTBEHHO,
W cienaHo B Hamiedd pabore. Hamum pesynbrarst
MOJTBEPAWIIN BBIBOJIBI paboThl F. Borovecki et al.
(2005), HecMoTpst Ha pa3HHIy B MeToAax oOpa-
6otku. OnHako B padore H. Runne ef al. (2007) Ha
JIpYroii rpynme Jroaeid CTaTUCTUYECKOW pa3HUILIbI
MEX Iy OOTBHBIMH F KOHTPOJIEM 110 3TUM 12 reHam
HalIeHO He ObUT0. BO3MOXKHBIC TPUYHUHEI PACXOXK-
nenus ¢ pegynsratamu H. Runne ez al. (2007), na
HAIIl B3TJISA]], MOT'YT 3aKJIFOUAThCS WJIH B PA3ITUUMSIX
KPUTEPUEB OTHECEHUs IMAalMEHTOB K OOJIbHBIM H
KOHTPOJIIO, FJTH B HECKOJIBKO MHON TeHETHIECKOM
MPUPOE aHATU3UPYEMBIX TPyHI. DTOT BOIPOC
TpeOyeT AagbHEHIINX UCCIICIOBAHHH.

ITpupona BHOBB BBISIBICHHOM I'PYIIIIbI, HA3BAH-
HOU HaMu CyOHOPMaJIbHOM, JOCTATOYHO 3arai04u-
Ha. Bo-miepBhIX, TpeOyeT TIIaTenbHOTO CoaepKa-
TEIHHOTO aHAJIN3a TO OOCTOSTENLCTBO, YTO TOUYKH,
COOTBETCTBYIOIINE TPYIIE MPEAPACTIONOKEHHBIX
BMECTE C TpyNIod cyOHOpPMalbHBIX, JIEXKAT HE
MEK/Ty TOYKaMH, COOTBETCTBYIOIINM IPYIIIaM 3/10-
POBBIX ¥ OOJIBHBIX, KaK JIOTUYHO OBLIO ObI 0XKUJIATH,
a 3aMETHO CJIBUHYTHI 10 OTHOIIIEHHUIO K HUM (pHC.
2). Bo-BTOpBIX, 1O KpUTEpHsIM O0TOOpa B TPYIITY
3JIOPOBBIX YeTHIpe CyOHOPMANIbHBIX WHIUBUITY-
yMa He JIOJDKHBI OBITh HOCHUTENSIMA MYTAaIlUH I10
reHy, KOAUpYyIoleMy OellOK XaHTHHTTHH. VIMeHHO
yBeJIM4YeHHOE uncio noBTopoB CAG B 3TOM IeHe,
nepeAaHHoe M0 HACIEACTBY U MPOJIOJDKAOIIEEe

YBEIMUUBATHCSI B HEMPOHAX y MOTOMKOB, ITPOSIB-
asiercst 00bruHO mocine 50 et B BUae Oone3HH
XaHTUHITOHA — CUJILHOTO HEUPOJIEr€HEPaTUBHOTO
paccTpoiicTBa, IPOrpeCCUPYIOILEr0 ¢ BO3PACTOM
(Landles, Bates, 2004). OqHako HeJJaBHO CTaJ0
HU3BECTHO, YTO KOJHUYCCTBO IIOBTOPOB B 3TOM I'CHE
MOXET YBEIMYHBATHCS C BO3PACTOM U B COMATHYe-
CKHUX TKaHSX, B YaCTHOCTH B HEHPOHAX T'OJIOBHOTO
Mo3ra y ()OpMaIbHO 3A0POBBIX JIHOJCH, U MPEBbI-
11aTh IOPOT B 35 MOBTOPOB, IIOCJIE KOTOPOTO OHO
cuuraercs myranuei (Shelbourne er al., 2007).
Takum 00pa3oM, aHaIHM3 PA3IUUYHUNA B SKCIIPECCUU
TCHOB MEXJy HOPMaJbHBIMH OCOOSIMH M MHJIH-
BHUJaMH U3 BBIACICHHONW HAaMU CyOHOPMalbHOM
IPYIIBI MOT ObI IPOJIUTH CBET HA NPUPOAY (ak-
TOPOB (TTO-BUANMOMY, OOIIHX TSI COMAaTHICCKUX
Y TEHEPAaTUBHBIX TKaHEW), MPUBOAIMINX K MYTH-
pPOBaHUIO B pe3ysbTaTe HapyUICHWH B MpoIecce
perukanuu nim penapanuu JIHK yyacTikoB reHoB,
coziep KaIlrX TPUHYKICOTHIHBIE TOBTOPHL. [103T0-
My ITpobIiiemMa ¢ To00POM JFOZIEH TSl KOHTPOJIBHOM
IPyHIbl CTAHOBUTCSI OYEHb CYLIECTBEHHOH IS
aJIeKBaTHBIX CpaBHEHUH MpoQuiel 3KcIpeccuu
TeHOB M HaJyIeKallero Bbi0opa OnoMapkepoB Ta-
KOTO CJIO)KHOTO METa0OJIMUYECKOro 3a00JieBaHMs,
Kak 0oJsie3Hb XaHTHHITOHA.

PaGora momaepxkana rpantamu HIII-2447.
2008.4, PODU 07-04-00441-a m mporpammoii PAH
«MonexynsipHas ¥ KJIeTouHasi OM0JIOTHsD» (TIPOEKT
Ne 10.7).
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APPLICATION OF NONMETRIC MULTIDIMENSIONAL SCALING
FOR ANALYSIS OF CROSS-PLATFORM GENE EXPRESSION
MICROARRAY DATA

V.M. Efimov, A.V. Katokhin

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia, e-mail: efimov@bionet.nsc.ru

Summary

The multidimensional method of the conformed multiplatform search of genes-markers with differential
expression in the microarray data for the same set of samples is developed. The method is applied to the joint analysis
of two different microarray platforms, CodeLink and Affymetrix (Borovecki et al., 2005). Lists of genes-markers
with differential expression corresponding to each of four groups of samples of peripheral blood (symptomatic
Huntington disease patients, presymptomatic, subnorm, norm) are built.
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A COMBINATORICS-BASED DATA-MINING APPROACH
TO TIME-SERIES MICROARRAY ALIGNMENT

N. Turenne', I. Hue?

"INRA, Unité Mathématique Informatique et Génome UR1077, F-78350 Jouy-en-Josas, France,
e-mail: turenne@jouy.inra.fr; > INRA, UMR 1198 Biologie du Développement et Reproduction,
F-78350 Jouy-en-Josas, France, e-mail: isabelle.hue@jouy.inra.fr

One of the biological issues aiming at understanding bovine embryo development implies the analysis
of proliferation and differentiation processes. Using published data from model species (mouse, human)
we used a double-step classical clustering approach. First step runs a k-mean clustering for each chip
individually. Second step runs a fuzzy consensus clustering to merge a few clusters (i.e. megaclusters)
between microarrays. Hence we make temporal gene profiles using the symbolic time property of simultaneity
and precedence according expression in ensemble of clusters. Finally with the help of a Jaccard coefficient
between temporal gene profiles across species, we extract a list of genes revealing a similarity with a target
gene of interest. Depending on the species and on the target gene, this list of genes differed in size and
content, thus highlighting the interest of such cross-species comparisons to gain insights from different
literature contexts.

Key words: microarray alignment, cross-species comparison, clustering, consensus, time series.
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Motivation and Aim

Large-scale biological experiments such as
microarrays are now available and require data
analysis to process huge amounts of results (Eisen
et al., 1998). One of the purposes when studying
not well-know species is to refer to model-species.
In our case we aimed at understanding bovine em-
bryo development (Hue et al., 2007) and analysed
at first genes related to proliferation processes.
Since embryo development and proliferation pro-
cesses have been well studied in mouse and human
species, we based our study on the comparison of
published data sets in these three species. How-
ever, selecting temporal series for each species, it
appeared that each dataset referred to a different
time scale (detailed in datasets). Hence, comparing
different sets of sequential time-series data could
be done through alignment as largely done with
DNA sequences since a few decades (Smith et al.,
1981; Altschul et al., 1990) and even improved now
(Kucherov et al., 2004). For gene expression data
the multidimensional property has not been handled
so far since the classical way to align microarray

datasets deals with curves of univariate time-series
(Aach, Church, 2001; Ernst et al., 2005). Neverthe-
less, this cannot be adapted to our purpose since
curves can be deformed if they are compressed
in a short-time duration. Lots of combinations
are available, among which the Dobinski formula

1< k"
n— _Z 7 that gives the number of all parti-
e k!

tions of a set of n objects. For n = 26, this formula
gives 1,6:10°' combinations. With a 2Ghz clock,
and approximating 1 cycle for a partition, time
processing is about 800 years. To solve this, our
approach consists in aligning only some parts of
the microarrays, thus restricting the space of the
alignments. We first used a classical clustering ap-
proach on each dataset and merged a few clusters by
consensus to study gene interactions around genes
of interest while using symbolic time property of
simultaneity and precedence as described in Turenne
and Schwer, 2008. Our project through microarray
alignment was also to cross this kind of relational
(temporal) information with known relational in-
formation from the literature or database softwares
(IPA, PubMed, Gene Ontology for example). Two
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corpora (document databases, PubMed) about mouse
and human species have been designed and lists of
gene names have been extracted from commercial
software (IPA) and both corpora.

Datasets

We compared pairwise Bovine microarray
data with Human and Mouse microarray data.
Bovine embryos on days 7, 14 and 19/20/21, extra-
embryonic membranes on days 27/28 and fetuses on
days 27/28 were collected to represent early embryo,
elongating embryo, pre-implantation embryo,
post-implantation extra-embryonic membrane and
fetus, respectively (hence it covers 7 time-points).
In total, the processed microarray contains 4,607
c¢DNA covering about 2,000 unique genes (GSE
1414) and call hereafter this chip: BiopB (Ushizawa,
2004). Dataset of murine embryonic developmental
time course consists of morphologically staged
samples from E6.25 to E9.0 (at approximately
0,25 day intervals, hence it covers 11 time points).
In total, the processed microarray contains 43,000
c¢DNA covering 12,000 unique genes (GSE 9046)
hereafter we call this chip: BiopM (Mitiku, Baker,
2007). Human embryonic stem cells were treated in
pairs with or without BMP4. This was followed by
RNA extraction and amplification and microarray
analysis on DNA chips containing 43,000 cDNA
clones, which represented about 25,000 unique

genes. Samples have been extracted at time 3hrs,
6hrs, 12hrs, 24hrs, 48hrs, 3days, 7days (GSE 3553),
hence it covers 7 time points. Hereafter we called
this chip: BiopH (Xu et al., 2002).

Method and Algorithm

Our method is currently developed under R
tool and we used Clue library (method DWH)
for clustering consensus (Hornik, 2005). The first
step of the methodology relies on gene clustering
for each microarray. This part could be done by
k-means or descendant agglomerative hierarchy
using an Euclidian distance for similarity. We
obtained clusters of resembling genes through
resembling expression profiles. At the second stage
we merged clusters from each microarray in a way
explained by Mirkin and Cherny (1970) or Meila
(2005). A megacluster is a set of clusters (resulting
from consensus clustering) assigned to a specific
gene. A consensus distance was used for merging
two partitions. The size of a partition is a vector of
unique objects to classify (i.e. genes). For instance
12 items are clustered leading to a partition P, and
a partition P,. In Partition P, the 6 first items belong
to the first microarray, the 6 following ones to the
second microarray as illustrated in Table 1. Let us
suppose that the first item belongs to cluster 1 (in
P)) and cluster 16 (in P,). Because of this item the
clusters 1 and 16 merged in the resulting partition.

Table 1
Example of consensus result
Genel | Gene2 | Gene3 | Gene4 | Gene5 | Gene6 | Gene7 | Gene8 | Gene9 | Genel0|Genel 1 |Genel2
P, 1 1 1 2 2 2 3 4 5 6 7 8
P, 16 10 11 12 13 14 15 15 15 16 16 16
Consensus 1 1 1 2 2 2 3 3 3 1 1 1

Notes. Values represent indices of clusters.

From this example we see that gene 3 belongs
to cluster 1 but as cluster 1 is merged with cluster
16, a megacluster for gene 3 will be (cluster
1, cluster 16). Hence for a target gene we can
identify to which megacluster it belongs and

P, P,
G100 we deduce from the matrix
C, 0 1

assess a time correlation matrix across both
microarrays. Indeed, as we see below, if a cluster
C, belongs to P, and C, belongs to P,, without
intersection, three possibilities are possible and
all of them are:

G
G
C,C, cluster 1 precedes

(1

C,C; cluster 2 precedes
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In our alignment method, through megaclusters,
as shown below with M,, M,, a cluster M, can be
compared to M, for a given time point t (of P, in

Py P,
Mi 1 0 we deduce from the matrix
M, 0 1

Through megaclusters we can more easily com-
bine using now measurement of a partition (i.e. P,
as above for instance). Hence we can compute a
time correlation matrix according to the preceding
and use the symbol B for before, A for after and D
if a current megacluster has a measurement greater

this case). Let ¢,(¢) (resp. ¢,) be the measurement
of'a megacluster at time t for partition P, (resp. P,)
and S and a threshold of level expression.

M .
[M; (P if S<qi() A S<ax(t)

MM, (t, Pp) i S<qi(t) <qa(t)
MM, (t, Py) if S2qp(t)=S

2

than a target megacluster. We can compute the time
occurrence of a given Gene at a given time point
compared to next or previous time point knowing
the level expression (measurement) of either activa-
tion (state p), either inhibition (state m) of clusters
in which it is supposed to belong, as:

Let Mod; be a temporal mod e € {A, D, B}, t a time point, g a given gene,

G atarg et gene and P a biochip:

Ag(t, P) if S<qy(t+1,P)

, 3)
Bg(t, P) if S< qg(t -1,P)
. qg(ta P)
Dy(t, P) if >
6P )
Table 2
Time correlation matrix for a target gene
(a) | Cluster | Target gene | TI1(P)) T2(P)) T3(P)) TA(P)) T1(P,) T2(P>) T3(P,)
1 3 AD ABD BD 0 0 0 0
16 3 0 A D B A D 0
(b) | State | Targetgene | T1(P;) T2(P)) T3(P)) TA(P)) T1(P,) T2(P,) T3(P,)
P 3 AD ABD BD B A D 0
Above, Table 2(a) shows an example of Results

time correlation matrix for a target gene and its
megacluster (1,16) and activation measurement;
Table 2(b) gives the final resulting matrix for
activation state (p), and should be completed by
inhibition state (m). We use a Jaccard similarity
index to compare the sub-matrix corresponding
to a gene and the sub-matrix corresponding to
the target gene and decide whether two genes are
close to each other in their temporal profiles. These
are the main steps of the algorithm in two stages.
First stage is a preprocessing of data. Second stage
applies consensus (Table 3).

Complexity of consensus approach from CLUE
library is O (n x k) in memory and O (n x k%) in
time but the DHW use an optimization solver is
found on Hungarian algorithm and takes O (n?)
in space. We used a multiprocessor cluster of 162
nodes running under Sun Grid Engine, each node
having 4 processors exploiting between 4 Gb and 8
Gb each one (processor Xeon EMT 64 3,2 Ghz / 4
Go; processor WoodCrest 2,33 Ghz/8 Go). Ajobis
assigned to the most available node. On the cluster
a selection of 30 % of BiopM or BiopH microarray
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Table 3

Stage 1 (left), Stage 2 of Microarray Alignment algorithm

Input: Two microarray datasets (D) (ma-
trix with in column time-points),
a measurement threshold (M)

1 — implement a classical k-means

clustering on 2 Datasets (D) adding
a column of unique cluster index

2 — delete measurement values <M

Output: D cleaned with a column point-
ing to a cluster index for each
gene.

Input: Datasets (D), a Given Gene (G), a threshold of expression level
(S), a threshold of temporal similarity (Js)
1 — Compute mean expression values for clusters
2 — Create Gene Dictionary D
3 — Create 2 Partitions of Gene Dictionary with Clusters for D
4 — Apply consensus to obtain a unique partition P
5 — Create a Mapping MegaCluster < clusters (MGC) using P
6 — Generate the Temporal Matrix (TM) for all clusters
7 — Compute a submatrix of TM for G (TMG) using MGC (as in
Table 2. (b))
8 — For each gene g of D
— compute submatrix (TMg) using MGC according to
expressions in (3)
— compute Jaccard value J between TMG and TMg
Output: List of Genes Temporally Similar to G having J > Js

size and overall of BiopB lead to memory limit of
computation: 8 Gb of computation to manage a
unique gene partition out of 9000 genes and 5 hours
(40 minutes for consensus). We have tested the new
method presented in the chapter below, running
it on data described in chapter Datasets. We thus
observed that (i) each target gene has a different
context in each array dataset (ii) this context varies
depending on the similarity threshold or megacluster
size and (iii) the use of temporal gene profiles based
on a symbolic time property of simultaneity and
precedence identifies target gene contexts which
might be of high interest (Table 4).

By studying these contexts with the IPA
software, we found similar gene networks around the
alg5 target gene with the bovine-human and bovine-
mouse megaclusters whereas those surrounding the
eif2s3 target gene were rather different (Table 5).
At first glance, these networks make sense with

those identified as important in embryos from
cows or from other ungulates such as sheep or pig
(recently reviewed in Blomberg, 2008). We thus
feel confident that this approach is interesting to
pursue. Whether these gene contexts make sense
at certain stages more than others along the GSE
time-series analysed here, in the understanding
of the proliferation and differentiation processes
involved in bovine embryo development, clearly
awaits further studies.

Conclusion

Using published microarray datasets and com-
paring two time series from two different species,
we addressed a question for correlation between
time-points and gene comparison across microar-
rays where time was neither equivalent nor linear
between species. All combinations of occurrence

Table 4

Gene contexts identified with our combinatorial approach
(Tb is threshold for Bovine, T is threshold for the other microarray)

o Bovine (B) & Human (H) arrays Bovine (B) & Murine (M) arrays

Target Similarity luster | B & H luster | B & M

enes threshold megacluster megacluster
& (# cluster ) | genes B genes | H genes (# cluster ) | genes B genes | M genes

L5 Tb=0,7; T=0,9 16 14 18 0 12 25 43 37
a

& Tb=0,7; T=0,1 11 14 18 0 15 12 20 0

53 Tb=0,7; T=0,9 16 12 10 0 15 208 298 2265
eif2s

Tb=0,7; T=0,1 10 76 81 574 5 6 16 0
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Gene contexts identified with our combinatorial approach and analysed with the IPA software.

Table 5

The highest scores indicate the more significant functions (or top functions) identified in these gene contexts

Genes Networks Score
Alg5 bov hum = | Connective tissue disorders, genetic disorders, cancer 22
Alg5 bov mus Cancer, cell to cell signalling and interaction, cellular assembly and organisation 14
Eif2s3 bov hum Mole.cular transport, organ morphology, reproductive system development and 24

function

Reproductive system disease, cardiovascular system development and function, 46

organismal development

Cancer, cell to cell signalling and interaction, cellular function and maintenance 22
Eif2s3 bov mus | Cell cycle, cellular assembly and organisation, DNA replication, recombination 2

and repair

Cell cycle, cell morphology, connective tissue development and function 18

Post-translational modification, protein folding, cancer 11

of genes between time points are possible, hence
all partitions. We propose a methodology based on
merged clusters and use a time correlation matrix to
compute a time profile over two microarrays. This
kind of combinatorial-mining approach could be a
first step to multidimensional sequence alignment
which seems close to known 1-dimension sequence
alignment but is more highly combinatorial.
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OYHKIITMOHAJIbBHAS AHHOTAIIUA
AMUWHOKHUCJIOTHBIX ITOCJEJTOBATEJIbHOCTEM
HA OCHOBE JIOKAJIBHOTI'O CXOACTBA

K.E. Anekcanaposn, b.H. Co6oJes, 1.A. ®uanmonos, B.B. Ilopoiikos

I'Y HUM 6nomennumackoi xumun uM. B.H. Opexosuaa PAMH, Mocksa, Poccus,
e-mail: dzimmu@yandex.ru

PazpaboTaH HOBBII METOJ pacro3HaBaHUs (DYHKIIMOHATIBHBIX KJIACCOB OEKOB HA OCHOBE OPUTHHAIBEHOTO
croco6a onMcanns aMUHOKHCIIOTHON MOCIeA0BaTeIbHOCTH. Kax 1ast mocne1oBaTeIbHOCTh U3 00yJarommeit
BBIOOPKH CPAaBHHMBACTCSI C AHHOTHPYEMOH TOCIIEI0BATEIBHOCTBIO, HA OCHOBE UETO BBIYHUCIISIOTCS OLEHKH
JIOKJIBHOTO CXOZICTBA AJISI KaXKJOH aMHHOKHCIOTHOW MO3UIMU. DTH OIEHKH HMCIHOJIB3YIOTCS B KaUECTBE
BXOJHBIX JAHHBIX U OPUTHHAIBHOTO KiaccHU(HKaTopa. MeTox TecTupoBaics Ha 56 Kimaccax OEnKoB
«3omotoro crannapray («Gold Standardy» (Brown et al., 2006)), ceprHOBBIX IpoTea3ax M APYTHX KiIaccax
6enxoB. PazpaboTanHas HaMH porpaMma Iokasaja BBICOKYIO TOYHOCTB ITPEACKa3aHus — st OOJIbIITHH-
ctBa kiaccoB 100 %-st Tounocts. [Ipn oTHeceHnn OenkoB K KimaccaM MekayHapoqHOH Kinacch(pUKaum
thepmenTtoB (EC) mama mporpaMma TIpeBOCXOIUT IO TOYHOCTH mporpammy SVMProt (Ha ocHOBe MeToza
OTIOPHBIX BEKTOPOB) U COMTOCTaBUMA ¢ TiporpammamMu HMMer (Ha 0CHOBE CKPBITBIX MapKOBCKUX MOJIETICH )
n PROF_PAT (Ha ocHOBE MaTTepHOB MHOXXECTBEHHBIX MOTHBOB). OTHCaHHBIA METON IMPEIOoNaraeTcs
UCTIONB30BaTh KaK Ul MPeICKa3aHusl (PyHKIIMOHAIBHBIX KJIACCOB OEJIKOB, TaK M AJIS TOUCKA caiiToB (hyH-
KIMOHAJIBHON CIIEMU()UIHOCTH B AMHUHOKHCIIOTHBIX TTOCIJIEI0BATEIbHOCTSIX.

KiaroueBnble cjioBa: (byHKHI/IOHaHI)HaH AHHOTAaluA, aMHHOKHUCJIOTHAsA IOCJICA0OBATCIbHOCTh, TOUHOCTH
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peacKa3aHus.

BBenenue

DyHKIMOHAIbHAS aHHOTAIMSI BHOBH CEKBE-
HUPOBAHHBIX T€HOB NPEJICTABISIET COOO0W OJHY
13 HanboJee BaXKHBIX 3a7lad B OMOMH(OPMATHKE.
Jlums Mastast 9acTh OEITKOB, KOMHPYEMBIX H3BECT-
HBIMU HYKJICOTHUHBIMH I10CJI€I0BATEIHBHOCTS-
MU, OXapaKTepHU30BaHa SKCICPUMEHTAIBLHO. JTO
00ycJI0BIMBaeT HEOOXOAMMOCTh Pa3BUTHSI METO-
JIOB KOMITBIOTEPHON aHHOTAIMM aMHUHOKHCIIOT-
HBIX IIOCJIeIOBaTeIbHOCTEH. [lefiCTBUTEIBHO, B
6aze mamuberx UniProt comepkurcs Oonee 4 MiTH
aMHUHOKHCJIOTHBIX IOCJIEI0BAaTEIILHOCTEH; 0a3a
nmanHbix Gene Ontology conepxut okono 160 000
(YHKIIMOHATBHBIX AaHHOTAIUH, U3 KOTOPBIX IKCIIe-
pUMeHTaIbHO oxapakrepu3osaHo meHee 10 000.
[lepBoHa4YalbHO KOMIIBIOTEPHAS aHHOTAIUA
aMHUHOKHCIIOTHBIX TOCIIEAOBATEIHFHOCTEH TIPON3-
BOJMJIACh Ha OCHOBE TOMOJIOTHHU C JKCIIEPUMEH-
TaJbHO OXapaKTepu3oBaHHBIMU Oesikamu (Devos,
Valencia, 2000, 2001). Dtot moaxoa odecreunBacT

O0COOCHHO TOYHOE TPEJICKa3aHUE MPU UCIIONIB30-
BaHUU (UIOTEHETHYECKUX METOJOB, KOTOPHIC
3a49aCTy0 TPeOYIT PYyYHOU KOPPEKTUPOBKHU.
BecsMa mosie3HBI METOABI, MPEACTABIAIONINAC
Ha0OpPHI BRIPOBHECHHBIX MOCIIEIOBATEIBHOCTEH
(GenkoBBIE ceMeiicTBa) B 0000IIEHHOM BHUIE C
ITOMOIIBIO PETYJISIPHBIX BBIPAKEHUH, TO3UIIUOH-
HBIX YaCTOTHBIX MaTpull (mpoduiieil) U CKPBITHIX
MapkoBckux mMozeneil. 3ToT moaxoJ No3BOISET
OJTHOBPEMEHHO pemIaTh 3ajJ[adu KiIacCUpUKaInuu
U QYyHKIMOHAJIBHOTO KapTHPOBaHHUsI. METOIbI
3TOW TPYIIIBI UCIOJIb3YIOTCS B MOMYJISIPHBIX UH-
(dhopmanuonnsix pecypcax: PROSITE (Hofmann
etal., 1999), BLOCKS (Henikoff S., Henikoff J.,
1991; Henikoff ez al., 1999), PRINTS (Attwood et
al., 1999), PROF _PAT (Bachinsky et al., 1997),
PFAM (Finn et al., 2008). B cBs3u ¢ HeoOxoau-
MOCTbIO KJIacCU(UKAIIUU HETPEPHIBHO PACTYIIETO
Yucia MOCIeI0BaTEeILHOCTEHN B TIOCIEIHEE BPEMSI
Bce OoJiee MONYIISIPHBIMU CTAHOBSITCSI aBTOMATH-
3UpPOBaHHBIE METO/bI, OCHOBAaHHBIEC HA O0YUCHHH
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C UCIOJIB30BAHNEM BBHIOOPKH IKCIIEPUMEHTAIBHO
AHHOTHPOBAHHBIX OCJIKOB 0€3 MPOIIETYPhI BHIPAB-
HUBaHUS. B 3TOM rpynmne MeTo0B HCTIONb3YIOTCS
TaKWe MOAX0b], Kak HAaMBHEIN baiiecoBCcKwHit Ki1ac-
cu(UKaTOp, UCKYCCTBCHHBIC HEUPOHHBIE CETH,
MeToq k-OmmKalmx cocenei, AepeBo peleHun
u Meto[ onopHbIX BekropoB (Han et al., 2006).
MeTo/1bl MAIITHHHOTO 00YUCHHS TOKA3BIBAIOT BBICO-
KYIO TOYHOCTb PACTiO3HABAHUS (PYHKIIMOHATBHBIX
KIIaCCOB — JJIs psijia KkimaccoB Oonee 95 %. Omnako
MHOTHEe (YyHKIIMOHAIbHBIC T'PYMITBl HE MOTYT
OBITH MpeEICKa3aHbl C HEOOXOUMOW TOUYHOCTHIO
(Cai et al., 2003). ITosToMy 3amaua mpeackasa-
HuUst QyHKIMK OeliKka Jlaneka OT OKOHYATEeILHOTO
peleHusl.

B mamHO# paboTe MBI IIpe/TaraeM HOBBI METO/T
MarmuaHOTO 00yueHust PAAS (Ilpoekmiu amuHO-
KHCJIOTHBIX TOCJIeIOBaTeIbHOCTEH, Projections
of Amino Acid Sequences), KOTOpbIIf OCHOBaH Ha
HOBOM CIOCO0E MPE/ICTABICHUS aMUHOKHCIIOTHBIX
MOCIIEIOBATEIBHOCTEH 1 OPUTHHAITEHOM aJITOPUT-
Me KITacCHU(hUKAITAH.

IIpencraBienne aMUHOKUCIOTHBIX
MoCJae0BaATEeILHOCTEH

Mp1 npeasiaraeM ONUCHIBaTh AHHOTUPYEMYIO
MOCJIeI0BAaTENbHOCTh A KaK COBOKYMHOCTb OIle-
HOK JIOKaJIbHOTO CXOJICTBA JAaHHOM mocienoBa-
TEJILHOCTH C TIOCJIE/IOBATEIILHOCTRIO B, B3SITON U3

oOyyaromieii BEIOOpKH. DTa BBIOOpPKA COAEPIKUT
AMUHOKHCJIOTHBIC ITOCIIE0BAaTEILHOCTH OEIKOB
C YCTaHOBJICHHBIMU (D)YHKIIMOHAJIBHBIMU Xapak-
TepUCTHKaMU. [IepBUYHBIE OLIEHKH JIOKAJIBHOTO
CXOJICTBA PACCUYHUTHIBAIOTCS C MOMOIIBIO CEpUHU
CJBUTOB I10CJE0BAaTEIbHOCTH A OTHOCHUTEIHHO
nocnenosatenbHocTH B (puc. 1). Kaxaprit ¢par-
MEHT MOCJIEA0BaTEIbHOCTH 4 (IJIMHA KOTOPOTO
omnpenensercs napamerpoM «frame») cpaBHHU-
BaeTCs C KaXKIbIM COBMELICHHBIM (pparMeHTOM
MIOCJIEI0BATEIBHOCTH B.

[epBuuHast orieHka R, 115t MO3ULIUH K IOCIIE0-
BaTeNbHOCTH 4 paBHa Mepe CXOICTBA MeX 1Ly (par-
MEHTOM MOCJIEA0BaTEILHOCTH 4 1 Hanboee cxo-
HBIM C HUM ()parMeHTOM I0CJIEI0BATEILHOCTH B
(B mpocTeiiiieM ciIy4ae — 4YUCIly COBIAAAIOLINX
OCTaTKOB) COIVIACHO CJIEAYIOIIEMY BBIPaKEHHIO:

Ry =max(ly, py j —1y;),
L (1)
ij :Z;,S(ai’biﬂ), M, <j<M,
i=

rie R, — nepBUYHAas OLIEHKA CXOJCTBA I0CIEA0Ba-
TETLHOCTH A € TTOCIIEA0BATEIBLHOCTELIO B B O3HUINH
k, F'—3na4enue napamerpa «frame», s(a;, b,.;) —mepa
CXOJICTBA OCTATKOB @; U b, ,; M3 TTOCIIE/I0BATEILHO-
cteil A u B, j —BenuunHa casura. Benmuunna casura j
OrpaHHYCHA CIIPaBa U clieBa BeauuuHaMu M, u M,
KOTOPBIE OTPEACISIIOTCS MapaMmeTpoM maxBand.
Ecnu nocieoBaTenbHOCTH PaBHBI 10 JJIMHE, TO
M, = —-maxBand | 2, a M, = maxBand / 2.

M;=-3,M,=3, maxBand = 6, R, =9

DVTRDTRGHLSFGQGIHFCMGRPLAKLEGEVALRALFGREFP 0
DVTRDTRGHLSFEQGIHFCMGRPLAKLEGEVALRALFGREP 1
DVTRDTRGHL SFGQGIHFCMGRPLAKLEGE VALRALFGRFP 0
Jlyywee

coenapeHve pvTrRDTRGHL s FEQETHFEMERPIRNIIHBGEV A LRALFGRF P 9
DVTRDTRGHLSF GQGIHFCMGRPLAKLEGEVA LRALFGRFP 0
DVIRDTRGHLSFGQEITHFCMGRPLAKLEGIVAL RALFGRF P 3
DVIRDTRGHLSFGQGIHFCMGRPLAKIBEGEVALRALFGRF P 1
AHHOTMpYeMast /

nocrnegoBa- GTAINKPLSEKMMLFGMGKRRCIGEVLAKWEIFLFLAILLQQLEFSV /

TEeNbHOCTb

I'IepBw-lele OLUEHKn (KOJ'II/I‘-IeCTBO coBnagarwmx aMMHOKUCIIOTHbIX OCTaTKOB
B nocnenoBaTtesibHOCTU 13 06yqa|ou.le|7| BbIGOpKVI n aHHOTVIpyeMOVI ﬂOCﬂeﬂOBaTeﬂbHOCTVI)

Puc. 1. Pacuer NEPBUYHBIX OLICHOK JIOKAJIBHOT'O CXOACTBA.
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CrnakxeHHas! OLIEHKa JIOKAJIbHOTO CXOZCTBA S,
JUTSI TIO3UITUH k OTIPEAEIISeTCS KaK MaKCUMallbHas
13 BCEX OLICHOK R,, PACCUNTAHHBIX [UIs BCEX Y4acT-
KOB ITOCJIEZIOBATENIFHOCTH A, KOTOPBIE BKIFOUAIH
JIAaHHYTO TTO3UITHIO K.

OrnucanHas Mporeaypa MoucKa CXOAHbBIX y4acT-
KOB HAIIOMHUHAET MOCTPOCHUE MATPUIIBI CXOJCTBA
(McLachlan, 1971). Kak u3BectHO, mapHOE BBIpaB-
HUBAaHUE MOYKET PACCMATPUBATHCSI KaK OTOOP TaKHX
NaroHaJIBHBIX (PparMEHTOB, KOTOPBIE 00CCIICUn-
BalOT HAWIYUIIYIO OICHKY BbIpaBHUBaHH. [Ipu
3TOM OTOOpaHHBIC (PparMEHThl COCPEIOTOUYCHBI
B JIOCTAaTOYHO y3Koi mojoce. Ham moaxon mo-
3BOJISICT YYHMTHIBATH Takue (hparMeHThI, KOTOPbIE
MOTYT COOTBETCTBOBATh ()YHKIIMOHATHHO BAKHBIM
ydacTKaM, HO ITHOPUPYIOTCS ITPH ITOCTPOESHUH OTI-
THMaJIbHOTO BRIPABHUBAHUS. BBISIBICHUE OTHCITE-
HBIX FOMOJIOTMYHBIX ()PArMEHTOB Ha MAaTPHUIIC
CXOJICTBA, HE 00513aTeNIbHO COBIAIAOIIHUX C OOIIM
BhIpaBHUBaHHEM, TPUMEHsUTOCH U paHee (TymansH,
[opoiikos, 1984). HoBru3Ha Hamiero moaxona co-
CTOUT B TOM, YTO PACCYUTAHHBIE JIJIsI BCEX TTO3UITHH
AHHOTHPYEMOH MOCIICIOBATEILHOCTH OIICHKH JIO0-
KaJIbHOT'O CXO/ICTBA S, IIPUMEHSIIOTCS KAK BXO/IHBIE
JTAaHHBIE JIJIS| TIPOTPAMMBI-KJIACCU(PUKATOPA.

OLIEHKH JIOKAJBHOTO CXOACTBA MOT'YT UCIIONb-
30BaThCs U ISt (DYHKIIMOHAIBHOTO KapTHPOBAHUS
aMHHOKHCIIOTHBIX MTOcIeoBarensHocteid. Ha puc. 2
MMOKA3aHO pacIpeecHIe YCPESAHECHHBIX OIICHOK
JIOKAJIBHOTO CXOACTBA aHHOTHPYEMOH MOCIIEA0BA-
TEJIBHOCTHU U MOCIE0BATEIHLHOCTEH TPEX KIIACCOB.
JloxanbHble MAKCUMYMBbI Ha COOTBETCTBYIOLIEH
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[Mo31uUMN aMMHOKMCINOTHBIX OCTaTKOB
aHHOTI/IpyeMOI;I nocrnenoBaTeribHOCTU

Puc. 2. Pactipenenenue ycpenaeHnsix (1o kinaccam EC)
OLICHOK JIOKaJIbHOTO CXOJICTBA.

VrToneHHas JTUHAS COOTBETCTBYET KJIaCcCy, K KOTOPOMY B
IEHCTBUTEIHLHOCTH OTHOCHTCS AHHOTHpYEMas IOCICa0Ba-
TECJIbHOCTD.

KPUBOU MO3BOJSIOT OTIUYUTH KIACC, K KOTOPOMY
JNEWCTBUTEIPHO TPUHAICIKUT aHHOTUPYEMBIH
0emoK, OT APYTUX KIACCOB.

B manHO# paboTe MBI HCTIOTL30BAJIH MPOCTEH-
IIYI0 MEPY CXO/ICTBa aMUHOKHUCIIOTHBIX OCTATKOB:
1 nis uAEHTUYHBIX OocTaTkoB U 0 IJIs pa3nnuyaro-
muxcs (ObUIO MOoKa3aHo, YTO UCIIOIb30BAHHUE MaT-
PUIIBI 3aMEH HE MTPUBOMT K TOBBIIICHUIO TOYHOCTH
MIpeICKa3aHusl).

AJaroputm KjiaaccupuKanumn

Ucnonp3zyemblil anroput™ kiaccuduranuu
OCHOBaH Ha HauBHOM baiiecoBckoM Kiaccuduka-
tope (Alexandrov et al., 2008). [IpuHanIexHOCTD
AHHOTHUPYEMOM IMOCIEA0BaTeIbHOCTH K Kiaccy A
OLICHUBAETCSI C TIOMOIIBIO CIICIIHATBHON CTaTHCTH-
k1 (B-craructukn), paccCuuTaHHOM 1O CIIETYIONIUM
(hopmynam:

LAORACH)

ty =4 2
kZ_l[Wk (4)+ 7, (=4)]
N
> S [Wk (4)-m, (_‘A)]
t, = k;l > (3)
kZ_]Sik (Wi (4)+ W (=4)]
t= Sin[1 Zn: ArcSin(t[. ):| , “4)
_t=th
B= 1-1t, ©

rae N — KOJIMYeCTBO MOCIeN0BaTENbHOCTEH B
oOyuatomeil Beibopke, W, (4) u W, (—4) — Beca
IOCJIeI0BAaTEIbHOCTU k B Kilacce 4 U B €ro Jio-
MOJTHEHUH —4, S, — OLIEHKa JIOKaJIbHOTO CXO/ICTBA
AHHOTHPYEMOH MOCIIEIOBATEIHLHOCTH B TIO3HIINH i
C TIOCTIETOBATEIIEHOCTHIO £k M3 00y4aromiei BEIOOp-
KH, 71 — KOJIMYCCTBO aMHHOKHUCJIIOTHBIX OCTAaTKOB B
AHHOTHUPYEMO¥ MOCIIEI0BATEILHOCTH.

OneHka TOYHOCTH npeacKasaHus

JUI OLIEHKH TOYHOCTH NPEICKA3aHUS MBI HC-
I10JIB30BAJIN CKOJIB3SIIIANA KOHTPOJIb C UCKITFOUEHHU-
eM 110 ogHoMy. Ha kaxx1om 3tarie 3Toii nporenypsl
n3 oOyyaromieil BEIOOPKH Mbl yAaJsUTd OAHY T10-
CJIEZIOBATENLHOCTD M MCIIOJIB30BAJIM €€ B KAUECTBE
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aHHOTHpYeMOH. 1 KaXk10T0 Ki1acca 4 Ha OCHOBE
MONTyYEHHBIX 3HaYeHUH B-cTaTHCTHKH paccYuThI-
BaJICS HE3aBUCUMBII KPUTEPHI TOYHOCTH IPOTHO3a
(Independent Accuracy of Prediction, IAP):
Ze(BieA - Bje—.A)
14P =~ ; (6)
Ny-N_y
e B,— olleHKa IPUHAIEAKHOCTHU II0CIIEN0BATE b~
HOCTH I KJlaccy A, eciu i IeHCTBUTEIBHO IPUHAI-
JEeXKUT Kiaccy A; B; — OlleHKa MPUHAICKHOCTU
MOCIIEI0BATEIILHOCTH j KJTacCy A, €CIIU j Ha CaMOM
Jlesie IPUHAIICKAT ero TOMoTHeHHIo —4; 0(x) =1,
ecmu x > 0, 0(x) = 1/2, ecmu x = 0, 6(x) = 0, ecu
x < 0; N, — KOIU4ecTBO MOCIeI0BATEILHOCTEH B
kiacce A, N_, — KOJIM4YeCTBO MOCIIE0BATENLHOCTEN
B gononHenun A. Ilpu 100 %-ii TouHocTH mpen-
ckazanus 3HaueHue IAP = 1.

IIpoBepka TOYHOCTH MeTOAA

MBI TpoBesy MPOBEPKY TOUHOCTH METO/1a C UC-
MOJIb30BaHUEM MPOLIETYPBI CKOJIB3AIIETO KOHTPOJIS
C UCKJIFOUYEHHEM I10 OJJHOMY Ha JIBYX BBIOOpKaX.
OpHa M3 HHUX TIPENCTaBIsIa CEPUHOBBIE TIPOTe-
a3bl — 566 moce10BaTeIbHOCTEN, Pas3eNICHHBIX Ha
kiaccel cornacHo EC. [lpyras BeiOopka comeprkaia
817 mocnenoBaTeNbHOCTEH M3 TaK Ha3bIBAEMOIO
«3omotoro crannapra» (Brown et al., 20006),
MPENCTABISIOMUX 56 CeMEUCTB, pa3InuaroIIuXCs
1o (PyHKIIMOHAIIEHBIM XapaKTEPHUCTHUKAM U 00BeTH-
HEHHBIX B 5 HajacemeicTB. Ha puc. 3 moka3aHb
3HaueHust [AP, ycpenHeHHBIE TIO BCEM TpyMmIaM

0,998
o9e7f . e ———
E mmmmEmET T
- omnn
o 0.996F
=
I
o —e— frame 10
! o feme 10
- --o- frame 50
9]
I
g 0,993
a
O
0,992
0,991
0,990 . | | |
10 20 . ) ]

maxBand

Puc. 3. [IpoBepka TOYHOCTH METO/Ia HA BEIOOPKE CepH-
HOBBIX IIPOTEA3.

BBIOOPKH CEPUHOBBIX MPOTEa3, MPU Pa3HbIX 3HA-
geHuAxX frame m maxBand.

PesynbTars! MpoBepKH TOYHOCTH METO/IA HA BhI-
0opKe «30JI0TOTO CTAaHAAPTAY» CXOKH C TAKOBBIMH
JUTS CEPUHOBBIX MTpoTeas; 45 u3 56 ceMelcTB «30-
JIOTOTO CTaHAapTay MpeackaspiBaauck co 100 %-it
TOYHOCTBIO (pHc. 4). OnHako HaOMIOAAIOTCS pas-
UM A1 CEMEUCTB M HajiceMecTB. B ciayuae ¢
HaJCeMEICTBAMU TOCTHKEHUE BBICOKUX 3HAUCHU I
IAP npoucxomut npu 3HaueHun frame = 50, B TO
BpeMsl KaK JIJIsl CEMEHCTB TOYHOCTh MPEICKa3aHUs
JIOCTUTaeT MaKCHMyMa TPU MEHBIIIEM 3HAuYCHUU
atoro napamerpa (30) (puc. 5). [lo-Bupumomy,
9TO OTpakaeT OOJBIIYI TUBEPIeHIUIO0 TMOCJe-

1,004

0,99

—e— frame 10
— —-o— — frame 20, 30, 40, 50

CpepnHee 3HayeHuve IAP
o
[(e]
(o)}

0,93 . . . )
10 20 30 40 50

maxBand

Puc. 4. ITpoBepka TOUHOCTH METOJa Ha BBHIOOpKE ce-
MEHICTB «30JI0TOr0 CTaHAAPTay.

1,0004

(3
0,995

o
©
©
S
T

—e— frame 10
--e-- frame 20
---e--- frame 30, 40, 50

CpepaHue 3HadeHus IAP
° o
[{e] [{e]
[e5] [e3]
o (2]

0,975

0,970 \ \ \ )
10 20 30 40 50

maxBand

Puc. 5. [IpoBepka To4HOCTH MeTO/1a HAa BEIOOPKE HaJl-
CeMENCTB «30JI0TOr0 CTaHgapTay.
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I[OBaTeJ'IBHOCTefI, BXOAAIIHUX B HaﬂCGMCﬁCTBa o
CpaBHCHUIO C ceMeHUCTBaMM.

CpaBHeHHe ¢ JpyrHMH MeTOIaMHU

J1n1st cpaBHEHHSI TOYHOCTH MPEACKa3aHus QyHK-
LIMOHAJIBHBIX KJIACCOB C IOMOIIBIO HAILIEr0 METOA
MBI BBIOpaJIM IPOrpaMMbl, OCHOBaHHBIC Ha N3BECT-
HbIX MeTogax: HMMer, SVMProt u PROF PAT.

[Iporpamma SVMProt (Cai et al., 2003) pea-
JU3YyeT OJMH M3 METOJOB MAIIMHHOIO OOyYCHHUS
(MeToJ OTTIOPHBIX BEKTOPOB) M Tak *ke, kak PAAS,
paboraer ¢ oOyuaromieil BBIOOPKOH M3 HEBBIPOB-
HEHHBIX NTOCJIe0BaTeNbHOCTEN. CpaBHEHHE MTPE-
JIO’KEHHOTO METO/1a C METOIOM OIIOPHBIX BEKTOPOB
IIPOBOJWIIOCH HA OCHOBE JaHHBIX O UyBCTBHUTEIb-
HOCTH WM CHEIUGUIHOCTH TIpeacKazanus misa 46
Pa3INYHBIX KJIACCOB OEJIKOB, IPUBEACHHBIX aBTO-
pamu nporpammel SVMProt. Ha ocHoBaHuu 3tix
JIAHHBIX MBI paccuuTanu 3HaueHus [AP.

P N TN

TP+FN FP+1TN | 7
2

rae TP — 94uCiI0 UCTUHHO TOJIOKUTENbHBIX, TN —

YUCJI0O UCTUHHO OTPHIATEIbHBIX, FP — 4ucio

JIOKHOTIONIOKHUTEIBHBIX U [N — 4UCIIO0 JTOXKHOOT-

PUIATENBHBIX PE3yJIbTaTOB.

Jlns pacuera 3nauenmii |AP npu mpenckazanuu
Tex ke 46 KJIacCcOoB HAIIMM METOIOM MBI IIpHUMe-
HWIY TIPOLIEAYPY CKOJIB3SIIEr0 KOHTPOJIS C HCKITIO-
YeHHEM 110 OJJHOMY. PacueTsl mpou3BOMINCE ITPU
3HaueHuUu frame = 50 u pa3NUYHBIX 3HAYEHUSX
maxBand. McToyHnKkoM mociie10BaTeIbHOCTEN TS
oOyJarorieli BEIOOpKH OblTa 6a3a JaHHBIX Brenda
(http://www.brenda.unikoeln.de).

CpenHsisg TOYHOCTb MPECKa3aHus ¢ TOMOIIBIO
HAIIero METo/Ja CpaBHUMA C TOUHOCTBIO MIPEJICcKa-
3aHus nporpamMsl SVMProt 1 faske npeBbIILIaeT ee
npu 3HadeHnn maxBand = 5000. [Tpu aTom 3HaYe-
HUU HaIll METO TIpeicKa3bIBaeT 32 Kiacca ¢ bojee
BbIcOKUM IAP 1 14 kaccos ¢ Ooiee Hu3kum IAP, uem
SVMProt. CTOUT OTMETHUTB, UTO ¢ TToMOIITbI0 PAAS
4 xnacca 6enkoB ObLH npeackazanbl co 100 %-i
TOYHOCTHI0. OJTHAKO €CTh KIIACCHI, JIJISi KOTOPBIX
TOYHOCTb MpeacKa3aHusi ¢ nomouipio PAAS ot-
HOCUTENbHO HU3Ka. Hampumep ayisa xnacca EC 4.4
BenmunHa [AP cocrasnser 0,5971. B manaoM ciny-
Yyae HU3Kasi TOYHOCTH ITPOTHO3a OOBACHSAETCS TEM,
YTO JaHHBIH KJIacC 00yyaromeil BBIOOPKH COCTOUT
13 7 OEIIKOB, OTHOCSIIUXCS K 5 pa3HBIM OCITKOBBIM

I4P =

cemelicTBaM (coracHo kiaccupukanuu PFAM),
TaK 4To 4 OejnKa U3 7 OTHOCATCS K 4 pa3iIuvyHbIM
knaccam. [lo-Buaumomy, BEICOKast TOYHOCTH ITPOT-
HO3a HaOmogaeTcs Il TeX (YHKIIMOHATLHBIX
KJIACCOB, KOTOPBIC BKJIFOYAIOT OJTHY HUJIA HECKOJIBKO
XOPOIIIO MPEICTABICHHBIX TPYII TOMOJIOTHYHBIX
[OCJIC0BATEILHOCTEH.

[annble cpaBHeHus Hatiero Metoaa ¢ SVMProt
MpuBe/IeHB! B Ta0M. 1.

IIporpamma HMMer (http://hmmer.janelia.org/)
HCIIOJIb3YET CKPbIThie MapkoBckue Mojenu. Jst
OIICHKH 3TOT0 MeToJia U3 «30JI0TOr0 CTaHapTa
ObLTH OTOOpaHbI 5 HAJICEMEWCTB U 8 CEMEHCTB, 00-
nagatroux Homepamu EC. [IpencraBuTenbHOCT
OTOOpaHHBIX KIIACCOB COCTaBisia or 7 mo 215
nociueaoBareiabHocTe. Mcnonb3ys nmporpamMmy
ClustalW co crangapTHBIMH HACTPOMKaMH, MbI
MOJIYYMJIM BBIPABHUBAHUS IS KaXKJIOTO Kiacca;
«py4Has» KOPPEKIUsl BHIPABHUBAHUHN HE MPOBO-
miack. Ha ocCHOBeE MONTydeHHBIX BBIPAaBHUBAHUIMA
OBLTH TTIOCTPOEHBI CKPBITbIE MapKOBCKHE MOJIEITH
IUTSI COOTBETCTBYIOIINX KJIACCOB, @ 3aTE€M IIPOBOJIHU-
JIOCh COIIOCTABJICHUE BCEX OTOOPAHHBIX TIOCIIEO-
BaTEJILHOCTEH «30JI0TOTO CTaH IapTay C MOCTPOCH-
HbIMH MOjieTsiMU. Ha OCHOBE BBIXOJHBIX JTAaHHBIX
nporpammbel HMMer 1151 KaX10T0 KJ1acca MOKHO
OBLIO OIPEENUTh TIOPOTOBOE 3HAUYEHHUE: BCE T10-
CJIEZIOBATEIbHOCTH, IEHCTBUTENEHO OTHOCSIIINECS
K J]AHHOMY KJIaCCY, [OJTy4aJiv OLICHKH BBIIIIE [TOPOTa,
a BCE HEOTHOCSIIEECsI — HIDKE ITOpora. MOoXHO cka-
3atb, yT0 HMMer nponemonctpuposai 100 %-yto
TOYHOCTh PaCIO3HABAaHUS OTOOPAHHBIX KIIACCOB.
B Tabn. 2 npuBeeHbI OIIEHKH TOYHOCTH TIpe/ICKa-
3aHUs (HAa OCHOBE pacCUMTAHHBIX 3HaueHUi [AP)
JUISL TEX K€ KJIACCOB, MOJIYYCHHBIC C MOMOIIBIO
Hamiero metoza (frame = 50 u maxBand = 50)
IIPH ITPOBEJICHUH CKOJIB3SIIIETO KOHTPOJIS C HCKITHO-
YEHHEM T10 OJTHOMY.

Takum oOpaszoMm, mporpaMMHasi peann3anus
MPEUTOKEHHOTO METO/Ia YCTyHaeT MmporpaMmMe
HMMer Tonpko B 1 u3 13 xmaccos.

[Iporpamma PROF_PAT (http://wwwmgs.
bionet.nsc.ru/mgs/programs/prof pat/) ucrosnn3yer
MaTTEePHBI OSITKOBBIX CEMEWCTB, CO3/1aBaeMbIe B aB-
TOMAaTHYECKOM PEXMME Ha OCHOBE BHIPOBHEHHBIX
rocnezoBaTenbHOCTeH M3 0a3 maHHBIX SwissProt
n TrEMBL. baza nanusix PROF_PAT conepxut
narrepHbl Oosee yem 13 000 GeKOBBIX CEMEHCTB.
J1J1s OpUEHTUPOBOYHOTO COMOCTABICHUS] TOUHOCTH
JTAHHOT'0 MEeTOJa ¢ TOYHOCTBI0 PAAS MBI HCIIOJIB-
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Ta6auua 1
CpaBuenne PAAS u SVMProt*

DYHKITMOHATIBHBIN KITACC TIAP gna SVMProt TIAP nna PAAS AIAP
EC1.1 0,9164 0,9746 0,0582
EC1.2 0,9195 0,9719 0,0524
EC 1.3 0,8397 0,9273 0,0876
EC1.4 0,881 0,9542 0,0732
EC1.5 0,7469 0,8766 0,1297
EC 1.6 0,9469 0,7756 -0,1713
EC 1.8 0,8246 0,8755 0,0509
EC1.9 0,976 0,7673 -0,2087
EC 1.10 0,8438 0,6175 —-0,2263
EC 1.11 0,9161 0,9942 0,0781
EC1.13 0,9087 0,8195 —-0,0892
EC 1.14 0,9141 0,9682 0,0541
EC 1.15 0,9426 0,8597 -0,0829
EC 1.17 0,8956 0,5836 -0,312
EC2.1 0,8581 0,8209 -0,0372
EC2.2 0,9179 0,8652 -0,0527
EC2.3 0,8947 0,942 0,0473
EC2.4 0,8722 0,9399 0,0677
EC2.5 0,8746 0,9081 0,0335
EC2.6 0,8885 0,9913 0,1028
EC2.7 0,8259 0,95 0,1241
EC2.8 0,7869 0,984 0,1971
EC3.1 0,5747 0,9505 0,3758
EC3.2 0,897 0,9675 0,0705
EC33 0,9375 0,8125 —0,125
EC3.4 0,8717 0,9623 0,0906
EC3.5 0,8355 0,8921 0,0566
EC3.6 0,9268 0,9623 0,0355
EC4.1 0,8959 0,8463 —-0,0496
EC4.2 0,8632 0,9129 0,0497
EC4.3 0,9196 0,7773 -0,1423
EC4.4 0,7495 0,5971 -0,1524
EC4.6 0,7604 1 0,2396
EC5.1 0,8362 0,802 -0,0342
EC5.2 0,8255 0,969 0,1435
ECS5.3 0,9293 0,7567 -0,1726
EC5.4 0,8537 0,9479 0,0942
EC6.1 0,9406 0,9836 0,043
EC6.2 0,8717 0,9985 0,1268
EC6.3 0,8961 0,9124 0,0163
EC6.4 0,9389 1 0,0611
EC6.5 0,8446 1 0,1554
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Oxonuyanue Tadauub 1

OYHKIIMOHAIBHBINA KJIacc TIAP nna SVMProt TIAP nma PAAS AIAP
Penenropsl, conpsiKeHHbIE 0.9616 0.9977 0,0361
¢ G-6emxom
SnepHble penenTopsl 0,9352 1 0,0648
Tupo3uHKNHA3HBIE 0.8562 0,955 0,0988
penenTopsl
VipasisieMble 2J1EKTPOXUMU-

YECKUM MOTEHIHAIOM TPaHC-
MOpTEPH! (CUMIOPTEPHI, YHU- 0,923 0,9872 0,0642
TIOPTEPBI, AHTHITOPTEPHI)

*IAP s SVMProt — 3nauenus 1AP, paccunrannbie mo JaHHBIM, IpUBEACHHBIM B cTathe Cai ef al. (2003); IAP
it PAAS — 3nagenus IAP uis pe3yneratoB npeacka3aHus, HOITyYeHHbIX ¢ IoMOILbIo Metoa PAAS nipu 3Haue-
HusIX frame = 50 u maxBand = 5000; AIAP — paznocts Mexay 3HadeHusIME [AP it SVMProt u PAAS (B Tex
cinydasx, korga TouHocTs PAAS Briie Tounoctn SVMProt, T. e. AIAP > 0, 3Ha4eHUS BBIICIEHBI).

Tabauna 2
CpaBHEHHE TOYHOCTH MPEACKA3aHUS
PAAS n HMMer
DyHKIMOHAIIBHBIN KJ1acc PAAS | HMMer

Awmmunorunposnassi (sf) ++ ++
Kpotonassr (sf) ++ ++
Enonassr (sf) ++ ++
VOC (sf) ++ ++
Tamoanmmubie neramoreHassr (sf) + ++
I'ucronosas

auechn:p:HC(bep%a(f) o o
Enomasa (f) ++ ++
AM®-neamunasa (f) ++ ++
D-runanTonnasa (f) ++ ++
Juruapooporasa 2 (f) ++ ++
I'yanunoBas neamunasa (f) ++ ++
AT®a3za p-tuna (f) ++ ++
VYpeaza (f) ++ ++

«++» —TounocTs npeackazanus 100 %; «+» — TOTHOCT mpe-
ckazanus > 98 %; «f» — cemeiicTa, «sf» — HacemelicTBa.

30BaJii 4acTh IOCIEAOBATEILHOCTEN «30JI0TOTO
CTaHAapTa», Ul KOTOPBHIX u3BecTeH Homep EC.
370 ycinoBre OBIIO BBEICHO TSI OOJIETYCHHS COTIO-
CTaBJICHUS PE3YJILTATOB MPEACKA3aHUS C TOMOIIIBIO
nporpamMmbel PROF PAT. beinmu yctaHoBIEHBI
cllefyIollue 3HaYCeHUsI MapaMeTpoB MOUCKA —
MaTpHIla aMUHOKHCIOTHBIX 3aMeH Blosum62 u
100 %-# ypoBenb cxozactsa (similarity level).
Yacth ceMelcTB «30JI0TOTO CTaHIapTay HE UMEeT

HoMepoB EC, a yacTb pe3ynbTaTtoB NpeicKa3aHusl C
nomouibio nporpammel PROF PAT npencraBiensl
B BUJE Ha3BaHWH (PYHKIMOHAIBHBIX KJAcCOB, a
He B Buje HoMepoB EC. C moMonipio mporpaMMel
PROF_PAT nna 89,9 % mocnenoBaTesnbHOCTEH
«30710TOTO CTaHAApTa» OBUIM MpeACKa3aHbl HO-
Mepa EC, xoTtopsle A€HCTBUTENBHO OTHOCSTCS
K COOTBETCTBYIOIUM Oenkam. Takum oOpazom,
s exTuBHOCTE Tporpammer PAAS comocTtaBuma
¢ apdexruBHOCTHIO MeTOs1a PROF PAT.

BriBOABI

[TpemnokeHHBIN TTOAXO0/ TOKa3all BBICOKYIO
TOYHOCTB IPE/ICKa3aHus TPU PA3TNIHBIX YPOBHIX
(byHKIIMOHATHHON Kiaccudukanuu OeiIKoB, CO-
MOCTaBUMYIO C TOYHOCTBIO TPEX MIHUPOKO MCIIOIb-
3yeMbIX METOIOB (YHKIMOHAIBHOW aHHOTAIHH.
Merton obnamaeT psaoM NpeuMyIiecTs: a) ¢op-
MaJIM3alysl JaHHBIX O JIOKAJIbHOM CXOJICTBE TTOCIIe-
JIOBAaTEIIBHOCTEH B COUYETAaHUU C UCIIOIb30BAHUEM
OPHUIHHAIBHOTO Kiaccudukaropa obecrednBaeT
BBICOKYIO TOYHOCTB ITpeIcKa3aHus; 0) mpenocTas-
JISIeTCsl BOBMOXKHOCTb Kak KllacCH(UIIMPOBATh HO-
BbIC aMUHOKHUCIIOTHBIE TIOCIIEA0BATEIILHOCTH, TaK
U CTPOUTH UX (DYHKIMOHAIIBHBIE KapThl; B) MPE-
JIO’KEHHBIN aJITOPUTM MOXKET OBITH pean30BaH B
BHJIC aBTOMATH3MPOBAHHOTO MHCTPYMEHTa (PyHK-
LIUOHAILHOW aHHOTAIIMU OEJIKOB; T') IPOrpaMMHast
peanuzanys MeToa TpedyeT HeOONbIINX BHIYHC-
JIUTEIBHBIX PECYPCOB, UTO MO3BOJISIET MIPOBOAUTD
MAacCOBYIO aHHOTAIMIO MOCIIEI0BATEIEHOCTEH.
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FUNCTIONAL ANNOTATION OF THE AMINO ACID SEQUENCES
USING LOCAL SIMILARITY

K. Alexandrov, B. Sobolev, D. Filimonov, V. Poroikov

Institute of Biomedical Chemistry, Russian Academy of Medical Sciences, Moscow, Russia,
e-mail: dzimmu@yandex.ru

Summary

We have developed a new method, which enables to recognize the protein functional classes based on the
original description of an amino acid sequence. Each sequence of the training set is compared with the annotated
sequence and local similarity scores for all amino acid positions are calculated. These scores are used as input data
for the original classifier. The method was tested on 56 classes of proteins included into the Gold Standard (Brown
et al., 2006), serine proteases and other protein classes. Protein classes mentioned above were predicted with high
accuracy; most of them were predicted with 100 % accuracy. Our program predicted Enzyme classification classes
with the accuracy superior to SVMProt program (based on the support vector machine) and comparable with
HMMer (based on hidden Markov models) and PROF_PAT (based on the multiple motif patterns). We suppose
that the suggested method can be used in the prediction of the functional classes of proteins and in the revealing

of functional specificity sites in the amino acid sequences.
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AHAJIN3 PACITIPEAEJEHUSA
AJTEHO3UH®OCPAT-CBA3BIBAIOIIINX CAUTOB BEJIKOB
HA DK30HHOM CTPYKTYPE 'EHA

N.B. MeaBenena, I1.C. /lemenkoB, B.A. UBanucenko

Yupexnenue Poccuiickoit akagemun Hayk MHCTHTYT 1iuTonornu u reHeTnku CHOMPCKOTO OTIeNIeHUs

PAH, HoBocubupck, Poccus, e-mail: brukaro@bionet.nsc.ru; salix@bionet.nsc.ru

[Tpob6iema comocTaBiaeH s TPOCTPAHCTBEHHOM CTPYKTYpPbI O€JKa 1 KOAUPYIOIIEH €To MoCIe10BaTeIbHOCTH
TeHa BO3HHKJIA C OTKPBITHEM IIEPBBIX METO/IOB KpHcTasuorpaduu. MHpopmarys o mpocTpaHCTBEHHBIX CTPYK-
Typax O€JIKOB, B YaCTHOCTH, IO3BOJIHIIA C BEICOKOM TOYHOCTBIO OMPEIEISATH UX JIOMEHHYIO CTPYKTYpy. MHOTHE
PabOTHI MOCBSAIIEHBI HCCIIEI0BAHNIO B3AaMOCBSI3H TPAHMUI] 3K30HOB U IPAHUIL IOMEHOB OEJIKOB, KOAUPYEMBIX
COOTBETCTBYIOIIMM TeHOM. B 71aHHON paboTe OBUIO MOCTABICHO LENbIO BBISBICHUE B3aUMOCBS3H MEKITY
(YHKIIMOHATEHBIMHU CalTaMi OEJTKOB M SK30HHOH CTPYKTYpOW KOAMPYIOIINX WX TEHOB Ha IPHMEpe CalTOB
CBsI3BIBaHUSA afieHo3uH(pochaToB. [lokazaHo, 9To ITHHA SK30HOB, KOAUPYIOMINX aIeHO3MH(OC)AT-CBA3BIBA-
IOIINE CATHI, IPEITOIOKUTEIBHO MEHBIIE ATTHHBI SK30HOB, HE YIACTBYIOIINX B KOAUPOBAHUN ITHX CAUTOB.
Kpome Toro, aMHHOKHCIIOTBI pacCMaTpUBAEMBIX CAWTOB CBS3BIBAHMS YIAJICHBI IPYT OT JpyTa Ha TIEPBUYHOM
CTPYKType Oenka, HeCMOTPs Ha TO YTO OOJIbIIas YacTh 3TUX (DYHKIMOHATIBHBIX CAHTOB KOJUPYETCS COCETHH-
MH II0 TOCJIEJOBATEIEHOCTH COOTBETCTBYIOIIETO T'eHa 3K30HaMH. Takxke OKa3aloch, 4To ageHo3uHpochar-
CBSI3BIBAIOIIHE CANTBI (JOPMUPYIOTCS HE TOMBKO BHYTPU OJHOTO JAOMEHA O€lKa, HO M W3 JPYTMX YYacTKOB
MIOCJIE/IOBATEIBHOCTH, BKIIOUAs IPYTHE IOMEHBI. PactipenencHne aMUHOKHCIOT (PyHKIIMOHAIBHOTO caiTa
OTHOCHTEJBHO MOI0KEHNS KOIUPYIOIIETO SK30HA B ITOCIIEA0BATEIILHOCTH MOKA3aJ10, YTO CANTHI CBS3bIBAHUS
ATD, AI®, AM® B GONBITHHCTBE CITydaeB KOTUPYIOTCS TIEPBBIMH YK30HAMH ITOCIICIOBATEIIEHOCTH.

KatoueBble ciioBa: (hyHKIIMOHAJIBHBIC CAThI OCIIKOB, YK30HHAsI CTPYKTypa TeHa, ajieHo3nH(pochar-cBs-
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3BIBAIOIIHAE CANUTBI.

BBenenue

B 1960-x IT. MOSBUINCH HKCTIEPUMEHTAIILHBIC
METO/IBI OIIPEACIICHUS IPOCTPAHCTBEHHON CTPYK-
TyphI O€JIKa C MOMOIIbI KPUCTAILIOrpaduIecKo-
ro aHaJiM3a U SJCPHOT0 MarHUTHOTO Pe30HaHCa
(Richards, 1963; Andreeva, 1964). Dxcriepumen-
TaJbHbIC METOBI MO3BOIMIIA UICHTH(OUIIPOBATH
CTPYKTYPHBIEC JIOMEHBI OCIKOB, T. €. MHHUMAaJb-
HBIH IO JUIMHE (parMeHT MOCIeA0BaTeIbHOCTH,
o0naarIuil cmocoOHOCThIO K CaMOCOOpKe B
TIOOYISAPHYIO TPOCTPAHCTBEHHYIO CTPYKTYPY,
WJICHTUYHYIO CTPYKTYpE 9TOro )parMeHTa B CoCTa-
Be TIOJIHOpa3MepHoTo Oenka. B HacTosmiee BpeMs
CYIIECTBYET MHOXKECTBO CBUETEILCTB TOTO, YTO
CTPYKTYPHBIC JIOMEHBI TaKK€ MOTYT COXPaHSTh
(YHKIIMOHATbHBIC CBOHCTBA, KOTOPbIE UM ObLIN
MOPUCYIIH B COCTABE MOJIHOPA3MEPHBIX OCIKOB
(Kaessmann et al., 2002). C nosiBieHHEM JaHHBIX

0 IIPOCTPAHCTBEHHOH CTPYKTYpe OEITKOB BOSHUKIIN
BOIIPOCHI O TOM, KaK K€ COOTHOCSITCSI MEKTY COOOH
CTPYKTypHasi OpraHu3anusi OCIKOB U CTPYKTypa
KOAMPYIOIINX WX reHoB. OHOM U3 MepBbIX 3a1au
OBLTO BBISBIICHHE COOTBETCTBHSI MEX/Ty TPAHUTIAMHA
9K30HOB T€HA M TPAHHUIIAMH KOIWPYEMBIX ITHM
TeHOM JIOMEHOB Oenka. B wacTHOCTH, 3TO MOIIIO
00BSICHUTH MOJICKYJISIPHBIC MEXaHU3Mbl BO3HUK-
HOBEHUSI MHOTOIOMEHHBIX OEJIKOB, HEKOTOPBIC U3
JOMEHOB KOTOPBIX OBUTH HJICHTUYHBI y Pa3HbIX Op-
TaHU3MOB, a OCTAJIbHBIE IOMEHBI PA3IMYIINCH.
I'unbepTom OBLTO BEIIBHHYTO MPEAITONOKEHHE,
COITIACHO KOTOPOMY OJIMH 3K30H I'eHa KOTUPYeT
OJIMH JIOMEH cooTBeTcTBytomIero Oenka (Gilbert,
1978). DTo mpenmnosokKeHUe JaBajio MPOCTOE
0OBSICHEHUE TIOSBJICHUIO TAKMX MHOTOIOMEHHBIX
OEeJIKOB 3a CYeT BO3MOKHOH NIepETaCOBKH SYK30HOB,
MPY KOTOPOM MPOUCXOJAT BCTPOHKHU IK30HOB OfI-
HOT'0 I'€Ha B DK30HHO-UHTPOHHYIO CTPYKTYPY ApY-
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TOro reHa. SIBjeHue MepeTacoBKU 3K30HOB OBLIO
OTKPHITO clieioM 3a pabotoit 'mibbepra (Maki et
al., 1980). ITo3xe Obla MMoKa3zaHa KIIFOYEeBast POIIb
TaKoOW MEePETacOBKU B MEPECTPOMKE JTOMEHHOU
CTPYKTYpHI OeJikoB B x0/1¢ 3Boonnu (Kaessmann
et al., 2002). B To e Bpemsi ObLIN MOKa3aHBI
Cllydau, KOTZa OMH JOMEH MOXKET KOJHUPOBAThCS
HECKOJIbKUMH DK30HAMH TaK JKe, KaK U OJIUH DK30H
MOYKET KOJIPOBATh HECKOJIBKO ToMeHOB (Graur et
al., 2000). DBOTIOIIMOHHBIC TIEPECTPONKN JOMEH-
HOM CTPYKTYPBI TAKUX OCITKOB MOTIIU ITPOUCXOTUTH
3a CYeT MHOKECTBEHHOH MEPETaCOBKH DK30HOB,
KOAMPYIOIMX oAuH 1oMeH Oenka (Kaessmann et
al., 2002).

OyHKIHSA OSTKOB B 3HAYUTEIHHON CTENEHU
ompezensercs uxX (PyHKIIMOHATFHBIMHA CalTaMH,
KOTOPLIC MOT'YT KOAMPOBATLCA KaK OJHUM, TaK U
HECKOIBKUMH dK30HaMH. OCOOEHHOCTH OpraHm3a-
MU (PYHKIIMOHATLHBIX CAUTOB OCIIKOB HAa YPOBHE
9K30HHOH CTPYKTYPBI TeHa MOTYT UMETh OOJIBIIIOE
3Ha4YeHHE I TAKUX IBOJIOIHUOHHBIX COOBITHIA,
Kak (h)OpMHUPOBAHHE TOMEHHBIX CTPYKTYp OCJIKOB,
B TOM YHCJIC H B Pe3yJIbTare MepeTacoBOK SK30HOB
(Ponting et al., 2002). OnHako paboT Mo aHATU3Y
0coOeHHOCTel pacipeneaeHus GyHKIHOHATbHBIX
CaiTOB OEJIKOB Ha SK30HHOM CTPYKTYpE TEHOB IOKa
He TipoBeieHo. VccirieqoBaHUIo 3TOTO BOIIpoca Ha
npumepe caiitoB cBsa3bpiBanusa ATD, AJID, AMD
(ameno3unpocdar-cps3biBatoiue caiitel, AOCC)
MOCBsIIICHA JIaHHasi pabora. Merabonuyeckue, a
TaKXKe PeryIsaTOpHBIE MPOLECCHI, POXOSIIUE C
y4acTHeM JITHX JIMTaH/IOB, PACIpPOCTPaHEHBI BO
BceX opraHu3Max. benku, BOBIeUECHHBIE B OTH
TIPOIIECCHI ITyTeM CBS3BIBaHMS aficHo3nH(pochaToB,
KaK MPaBuIIo, UIMEIOT JUTUTENTLHYFO DBOIIOLMOHHYIO
uctoputo (Oswald et al., 2006). [Torck B3auMoCBs-
3ell MEXAY CTPYKTYPHO-(PyHKIHMOHAIBHOU opra-
HU3aIuel 0EJIKOB U 9K30HHOW CTPYKTYpPOU T€HOB
MOYKET UMETb OOJIBIIOE 3HAYCHNE [T TOHUMAHUS
MIPOIIECCOB MOJIEKYIISIPHOM YBOJIOIIH.

MaTepna.m,l " ME€TOAbI

Jnsa monydeHuss ”HPOPMAIIMU O Pa3MeTKe
caritoB cBsa3piBaHus AT®, AJI®, AM® Ha 10-
CIIEZIOBATEIIBHOCTSIX OCJIKOB HCITOIh30BalIach 0a3a
naHubix (b/l) QyHKIMOHANBHBIX CaliTOB GENKOB
PDBSite (Ivanisenko et al., 2005). OTa 6a3a
JTAHHBIX COACPKHUT MH(DOPMAIIUIO O KOOPIUHATAX
aTOMOB aMUHOKHUCJIOTHBIX OCTaTKOB Pa3JIMYHBIX

TUMOB (PYHKIMOHAJIBHBIX CaHTOB, a TaKke 00 UX
TIOJIOKEHHUH B ITOCIIEJOBATEIBHOCTSIX OCIIKOB, TIpe/I-
CTaBJeHHBIX B B/l mpocTpaHCTBEHHBIX CTPYKTYp
o6enkoB PDB (Berman et al., 2000). ITockombky
MOCJIEI0OBATEIIBHOCTH OJHOTO U TOTO XK€ Oell-
ka, npusenennsic B bJI PDB u B/ SWISS-Prot
(Watanabe, Harayama, 2001), MoryT paznu4arbcs,
TO IIPOBOANIIOCH UX BBIPABHUBAHUE C HCIIOIb30Ba-
auem nporpamMmmbl BLAST (Altschul ef al., 1997).
Paznuuust B mocien0BaTenbHOCTAX ATUX ABYX 0a3
cBsA3aHbl ¢ TeM, uTo B b/ PDB uacto npusoasTcs
(dparmeHTBl Oelika, KOTOPBIE yAaloCh KPUCTAII-
JM30BaTh, a TaK)Ke MyTaHTHbIC (OPMBI OEIIKOB.
Takum 06pa3oMm, ¢ TOMOIIBIO BEIPAaBHUBAHMS HAMU
OBUTH YCTAaHOBIICHBI MTO3WITUHU aJIeHO3WH(pOChaT-
CBSI3BIBAIOIINX CAHTOB B IOCJIEA0BATEIbHOCTAX
SWISS-Prot. [lonmomHUTENHHO HA ITHX IMOCIE-
JIOBaTEIbHOCTAX TPOBOJIUIACH PAa3METKa TPaHHUIL
JK30HOB, KOoTOpas ussiekanach u3 bJ[ EMBL
(Cochrane et al., 2008). [lnst 3THX 1enel HyKII€O-
TU/IHYIO TIOCJIEA0BATEIbHOCTh TPAHCIUPOBAIN B
AMHMHOKHCJIOTHYIO, KOTOPasi 3aT€M BbIPaBHUBAJIACh
C TIOCJIE/IOBATENHLHOCTBIO COOTBETCTBYIOIIETO OEII-
ka u3 0a3bl JaHHbIXx SWISS-Prot. B qanHom cityuae
BBIPAaBHUBAHHUE OCYIIECTBIIIOCH C IIOMOLIBIO ITPO-
rpammsbl ClustalW (Thompson ef al., 2002).

AHanu3 npoBoauiIcsS Ha HabOpe HEeromoJo-
IUYHBIX O€JIKOB C YPOBHEM CXOJCTBA MEXIY
coboit menee 30 %. PaccmaTpuBaiuch TOITBKO
MHOTOKJIETOYHBIE OPTaHU3MbI U TOJIBKO TE€ T'CHBI,
JUIs. KOTOPBIX ObUTa MH(pOpManus 00 MX MOJHOM
9K30H-UHTPOHHOU CTpyKType. Takum oOpazom, s
aHanm3a ObuTo 0TOOpaHo 63 Gerka, comepIKaNuX
aneHo3uHpocdar-cBA3BIBAIOIINE CAUTHI CIIETY-
IOIUX OPTaHU3MOB: UesoBeK — 51 6emok (81 %);
MbIib — 3 Oenka (5 %); Hemarona — 3 6ernka (5 %);
ObIk — 2 Oenka (3 %); kpbica — 2 Oenka (3 %); mio-
noBas My1ka — 1 6erok (2 %); kypuua — 1 6enok
(2 %). B BbIOOpKE OEITKOB OBLIH ITPEACTABIICHBI BCE
6 xmaccoB hepMeHTOB Mo HoMeHKIaType EC: oken-
nopeaykrassl (4 6erka), Tpancepass (28 OesikoB),
nzomepasbl (1 Genok), nurasel (4 Oenka), a3kl
(2 6enxa), rugponassl (10 6enkos). onst pepmen-
TOB cocTaBmia 71 %, 1015 TPaHCIOPTHBIX OEJIKOB
8 % (5 6emkoB), MO OSITKOB KJICTOYHOTO ITHKIIA
5 % (3 Genka), MOIST COKPATUTENBHBIX OenkoB 3 %
(2 6enxa), momst apyrux 6emkoB 13 % (10 6enxoB).

CrarucTuueckuii aHamu3 BEIOOPOK OCYIIECT-
BIISIJICSL C TIOMOIIBIO MaTeMaTHYECKOro IakKeTa
STATISTICA.
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Pe3yabTarsl

[IpenBapuTenbHBINA aHANN3 BEIOOPKU MOKA3aJ,
YTO B T€HAX B CPEIHEM IPUCYTCTBOBAIO 12 3K30-
HOB, B TO BPEMs KaK CpPEIHEE YHCIIO K30HOB B
reHax Mo3BOHOYHBIX paBHO 7. IIpu stom 90 %
T€HOB coziepkar 12 1 MeHee SK30HOB B ITOCJIE0Ba-
tenbHOCTH (Lewin, 1994). M3 HUX 4eThIpe SK30HA
OBUIO 3a/IeHCTBOBAHO B KOAWPOBAHUH aJICHO3UH-
docdar-cesa3piBaromiero caifta. CpenHee Konnue-
CTBO aMHHOKHCJIOTHBIX OCTATKOB, 00pa3yIoOLINX B
6emxe ADCC caiit, cocraBmiio 15. Takum o6pazom,
caiitel cBs3bpIBaHUS AT®, AJ[® 1 AMO® BKIIOUaIOT
3HAYUTEIBHOE YUCIIO aMHUHOKUCIOT (TI0 cpaBHe-
HUIO, HalIpUMeEp, C KaTATUTHYECKUMH TPHUAJIAMH)
Y KOJAMPYIOTCSL HECKOIBKUMH 9K30HAMH.

Jiis nanpHeWero aHajavM3a UHTEPEC MpPe-
CTaBJIsAJIa 33/1a9a CPABHEHUS pacIIpeIeIeHU ITHH
9K30HOB, Koaupyromux u Hekoaupyromux AOCC.
CoOTBETCTBYIOIINE PACTIPEAETICHNUS IPUBEICHBI HA
puc. 1. Tect X’ moKa3a HX CTATHCTHYECKH 3HAUH-
Mbie paznuans (P < 0,00001), mpu 3ToM 3HaYEHHE
X’ 6b110 paBHBIM 962,5 rpH 45 CTENeHsIX CBOOOIBL.
Cpennue AIWHBI SK30HOB, KOAMPYIOUIUX W He-
komupyromux AD®CC, okazanuch 135 u 147 m.o.
COOTBETCTBEHHO.

Tak>ke Obl1a BBIABHUHYTA TUIIOTE3a O TOM, YTO
aMUHOKUCHOTEI ADCC KOIUPYIOTCS Pa3IUUHbI-
MU 3K30HAMH I10CJIEJ0BaTEIbHOCTU C PaBHOU
BEPOATHOCTHIO, HE 3aBUCAT OT JJIUHBI DK30HA H
OT €r0 IOJIOKEHHsI B MOCIeoBaTeNbHOCTH. s
MIPOBEPKH 3TON TUITOTE3bI TO3ULIUN AMUHOKHCIIOT
ADCC B ka0 TTOCIEI0BATEILHOCTH aHAJIN3H-
PyeMoil BBIOOPKH MEHSIMCH CIy4aiiHbIM 00pa3oM

YacToTta

Y (PMKCUPOBAIKMCh WX HOBBIC MO3UIUU B paMKax
IpaHUIl SK30HOB, paHee OTMEUYCHHBIX Ha TOcIe-
JoBaTeNbHOCTH TeHa. [Ipu AToM nmo3unmu rpaHulg
3K30HOB HE MEHSUIUCH. [lepemernBanye no3uuui
amuHOKuc0T npoBommm 1000 pa3 mis kaxmoi
MOCJICZIOBATEILHOCTH M3 BBIOOPKH, U Ha OCHOBE
PE3yIBTAaTOB TAKHX TEOPETUYCCKUX IKCIICPHUMEH-
TOB OBLIO IMOJIyYEHO OXKUIAeMOE 10 CIyYaiHbIM
MPUYUHAM pacTpe/ie]IeHHe COOTBETCTBYIOIIETO
guciia aMuHOKHCTOT ADCC, 3akomrpOBaHHBIX
OJTHUM 5K30HOM. CpaBHEHHUE JBYX pacrpe/erie-
HUH, HAOIIOIAEMOT0 U OXKUJAEMOr0 MO Clydak-
HBIM MPUYUHAM (pUC. 2), OKA3aJ0 M0 KPUTEPHIO
X* CTaTHCTHYECKH 3HAYNMOC Pa3IHYHe MEKIY
HUMH C YPOBHEM 3HAYUMOCTH, OIMHM3KUM K HYIO
(crarucrrka X’ Gbina paBHa 681 mpn 25 cTeneHsx
cBO0OOIBI).

J11s TOro 4TOOBI OICHUTh, HACKOJIBKO Y/IAJICHBI
apyr ot apyra aMmuHokucinorst AOCC B koaupy-
IOIel DK30HHOU CTPYKType reHa, HeoOXOIuMO
WCITOJIB30BaHME CIEIUATBLHOTO OIIEHOYHOTO KO-
appunmenTa. Jmsg dTUX meneil pacCUUTHIBAICS
K03 PHUIIMEHT Pa3pbIBHOCTH O, XapaKTePU3YO-
LU KOTUYECTBO 3K30HOB, Konupytomx ADCC B
3aJJaHHOM TOCIIEIOBATEIILHOCTH U WX TTOJIOKECHUEC
JPYT OTHOCHUTENBHO JIpyTa B IMOCIIEI0BATEILHOCTH
reHa:

N
E E ’
Py — b+l
E o
I7ie, p; — NMOPAAKOBBII HOMEP MEPBOTO K30HA B
MOCJIEIOBATEIFHOCTH TeHa, kKogupytornero AOCC,

E .
Py — TOPAIKOBBIH HOMEp MOCIEIHETO K30HA B
MOCJIEI0BATENBHOCTH I'eHa, koaupytoriero AOCC,
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Puc. 1. [TnoTHOCTS pacnpeneneHus 3x30H0B, koaupyomux ADCC (1) u nekogupyromux ero (II).



Becmnux BOI'uC, 2009, Tom 13, Ne

125

g 300r

50

o

39 250}

E< dhakTueckoe

% % 2001 pacnpegeneHve
T2 450k TeopeTuyeckoe

00

oI pacnpegerneHue
o

5 3 1001

2 x

o2 501

8 T~

o e D S— A
§§[001234567891011121314
g~ 50

Yncno kogupyembix amuHokucnot AGCC B 0gHOM 9K30He.

Puc. 2. Habmomaemoe u oxxugaeMoe Mo CIydaifHbIM
MIPUYUHAM pacnpeneneHns yncia aMuHoknucor AQCC,
pacrosaralomuxcsi B rpaHiLaX OJHOTO YK30HA.

N — 4ucno AK30HOB MOCJEAOBATEILHOCTU TEHA,
konupytomux AOCC.

Ha puc. 3 nmokaszano pacnpenenenue KodpQu-
[IUEHTa Pa3pbIBHOCTH o,. Yem Oouble 3HaYeHHE
KO3 PHUITIEHTA, TEM IaJbIIe PACTIONOKECHBI IPYyT
OTHOCHTEJIHHO APYTa 3K30HBI TOCIICA0BATEIILHOCTH
reHa, kogupytomure aMaHoKucI0Tel ADCC Genka.
Hcxoas n3 mocTpoeHHOTo pacnpeaeineHus Koddpu-
LUEHTA Pa3pbIBHOCTH MOKHO 3aKJIIOYUTh, UTO 28 %o
ADCC xoaupyroTcsi UCKIIOUUTENBHO COCETHUMU
9K30HAMH B MTOCIIEAOBATEIHFHOCTH.

Kos(duuent paspbIBHOCTH 0, HCIIOIB30BaIICS
JUISL OIIEHKU YIAJIEHHOCTH JPYT OT Apyra aMHHO-
kuciaotT AOCC B nepBUYHON CTPYKTYpe Oerka:

M
T A 4 ’
Py — D +1
rne M — xommdectBo amuHokuciior ADCC B mo-

A o

CIICNOBATCIIBHOCTH, p,, — IO3UIOHUS IIOCICAHCU
v A o
AMHUHOKUCIJIOTHI cauTa, p, — IIO3UIU IICPBOU.

o, =1

301

MOl ee,
Q’Qt\ \’Q‘} (VQ‘::’ %’Q?‘ b(Q(? 6’0@ (bg/} A Dcp Q)'Q?’ o :\9
Q- Q- Q~ QF Qs Q- Q- Q- Q- Q~

KoachdpcpunumeHT paspbiBHOCTU ¢ warom 0,1

Puc. 3. Pactipezenerne koaphunmeHTa pa3psIBHOCTH 0.

Pacnpenenenune atoro ko3ddunuenta, mory-
YeHHOE 115 aHau3upyemoit Beioopku ADPCC, mo-
Ka3aHo Ha puc. 4. I3 pucyHka MOXXHO BUIETb, UTO
B OTVIMYHE OT pacmpeneiacHus koddduimenTa o,
HaOmomaercs poct uncina AOCC npu yBeInueHUN
KO3 PUIMEHTA Pa3PhIBHOCTH 10 aMUHOKHUCIIOT-
HOHU nocienoBarenbHoCcTH. bonpmmuctBo ADCC
XapaKTepU3YIOTCA Oy, OTM3KUM K MAKCHMAITEHOMY,
B TO BpeMs KOT/Ia SK30HBI, UX KOAUPYIOIIHE, OKa-
3BIBAIOTCS CONMKEHHBIMH B TIOCJIEIOBATEILHOCTH
rera. B 3Toii cBs3u OBLIO MHTEPECHBIM y3HATh,
KaK COOTHOCSTCS MOo3uInu amMmuHokuciaor ADCC
B MOCJIEJOBATEIBHOCTH O€Ka M IPaHUlbl PyHK-
LIMOHATILHBIX JIOMEHOB B HeM. J[i1s1 onpeneneHust
rpasuil GYHKITMOHATHHBIX JOMEHOB Ha aHAJIM3HPY-
€MBIX MTOCIIEI0BATEIHHOCTIX OEITKOB HCITOIB30Ba-
nuch nannbie u3 b1 Pfam-A (Finn et al., 2008). B
pe3yabTare okazanoch, uto auirb 60 %o ADCC (38
ADCC) nprHAATIECKHUT OJHOMY U3BECTHOMY (PYHK-
MOHANLHOMY JIoMeRY, 5 % (3 A®CC) — nBym, a
35 % (22 A®CC) mpuHauIeKAT TTOITHOCTHIO WITH
YaCTUYHO TOM YacTH MOCIIE0BATEIbHOCTH OeKa,
B KOTOPO¥ HE OOHAPYKEH U3BECTHBIN WIIA TUIIOTE-
TUYECKHUU JJOMEH.

Cy1iecTBYIOT CBUICTENBCTBA TOTO, YTO (PYHK-
LIMOHAJIbHBIE CAUTHI OCJIKOB C Pa3IMYHON 4aCTOTOM
npucyTcTBYIOT Ha N- 1 C-KOHIE MTOCIEeI0BaTENb-
voctu (Hodgman, 1986). B cBsi3u ¢ 3TM OBLITO
WHTEPECHO y3HATh MTO3UIIH SK30HOB B ITOCJIEI0BA-
TEJIbHOCTH T'€Ha, KOTOpbIe KOANPYIOT aMUHOKHCIIO-
Tl AOCC. Jl151 3TOr0 MBI paccMaTpUBaJIl TOJIBKO
TeHBI, cojiepkaiue ooinee 5 ak30HOB. [padukw,
OTpa’kalollie YacTOTy TO3UIINA SK30HA, KOTUPY-
forero aMUHOKUCITOTHI ADCC, mpuBeneHsl Ha
puc. 5. 13 pucyHka BUIHO, 4TO ¢ HauOOJIbLICH

40
35}
30t
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20t
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10}

YactoTa

3HaueHusa koadddurumenTa ¢ warom 0,1

Puc. 4. Pacnipenienenue koddduimueHTa o,.
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Puc. 5. Yacrora, ¢ xotopoit amuHokuciaotsl AQCC
3aKOIMPOBAaHbl K30HOM B OMNPENEICHHON MO3ULIMU
HOCJIEA0BATCIILHOCTH I'€HA.

I — monst amuHOKHCTOT ADCC, 3aKOIMPOBAHHBIX B OJHOM
3K30HE B 3aBUCHMOCTH OT €TI0 ITOJIOKEHHUS B ITOCJICI0BATEIIb-
HocTH reHa; Il — Tor ke mokasarenb, 4To U B ciydae 1, HO
pacCUUTaHHBIA TONBKO IS 9K30HOB, Komupyrommx ADCC;

1 — KonM9YecTBO SK30HOB, KOAUPYIOLINX XOTSI ObI OTHY AMHHO-
kuciaotry ADCC B 3aBUCUMOCTH OT UX ITOJIOKEHUS B T'SHE.

gacToToM aMuHOKHCIOTEI ADCC KoaupyroTcs
MEPBBIMU 5 3K30HAMH, a TaKK€ dK30HaMH, pac-
MOJIATalOLIUMHICS Ha KOHIIE MOCIIE0BATENEHOCTH
reHa.

Obcy:xnenue

AnenosuHdocdar-cBs3pIBaromue OENIKH pac-
NPOCTPaHEHBI BO BCEX KHUBBIX OPraHU3Max, y4acT-
BYIOT BO MHOTHX IIPOLECCax: KJICTOYHOE IbIXaHUE,
(hoTocrHTE3, OMOCHHTETHUECKUE PEAKITIH, TCTICHHE
KJIETKH, [Iepeiadya CUTHAJIOB U T. [I.

AHanu3 BEIOOPKH TEHOB, KOAUPYIOIIHNX aICHO-
3uH(OCPaT-CBA3BIBAIOLINE OCIIKHU, TPOJECMOHCTPH-
POBaJI HECKOJIBKO 0COOCHHOCTEH pacrpeesieHHs
A®CC Ha 3K30HHOM CTPYKType 3THX reHOB. OTHUM
U3 IpUMeEYaTeIbHbIX CBOHCTB MOKHO Ha3BaTh
JIOCTOBEPHOE pa3finune paclpeneseHul JITHH
9K30HOB, KOAUPYIOMKX 1 Hekoaupytomux AOQCC.
Takoe pazinune MOKa3bIBaeT CyIECTBOBaHUE
HBOJIIOLIMOHHOTO 0TOOPa Ha OTNPEICNICHHYIO JUTUHY
9K30HOB, KOAUPYIOMKNX aMUHOKHUCIOTE ADCC.
IIpu 3TOM Ha HMcclenOBAaHHOM Habope IeHOB
CpPEeAHss IJINHA 9K30HA, KOIUPYIOLIET0 AaMHHOKHC-
sotel ADCC, oka3zanach MEHbIIIE CPEIHEN ITTHHBI
9K30HOB, KOTOpPbIE HE YYacTBYIOT B KOJUPOBaHHUU
AMHMHOKHUCIIOT 3THX CAalTOB. SIBNIsieTCs M 3TOT (haKT
CJICJICTBUEM BCTABKH HHTPOHOB B ITPOLIECCE IBOIIIO-
LM, MOXET [10KA3aTh JajbHEHIlIee NCCIE0BaHNE

OPTOJIOTUYHBIX TPyMI reHoB. CBUAECTENHCTBOM B
TTOJTh3Y TAKOTO MPEIIONIOKEHUS MOKET OBITh TAKIKE
TEHJCHUUS KOIAUPOBAaHUS aMUHOKUCIOT ADCC
HECKOJTLKUMH dK30HaMH, OJIH3KO PacroioKeH-
HBIMU B MTOCJICIOBATEIFHOCTH TeHA, HECMOTPS Ha
3HauuTeNbHOE yaaieHue amMmuHokucior AOCC B
MIEPBUYHOM CTPYKType Oelka.

Eme omHOW 0COOCHHOCTBIO pacrpe/eeHus
ADCC oxkazanach 00Jiee BBICOKAs 4acTOTa HMX
KOIUPOBAHUS Ha 5'-KOHIIE MOCIEIOBATEIHFHOCTH
TCeHAa, T. €. B IIEPBBIX YK30HAX MOCIICIOBATEILHOCTH.
Jns moHMMaHUS HAaWJAEHHOW 3aKOHOMEPHOCTHU
TaKXKe He0OXO0IUMO ITPOBEIICHHUE JIOTIOTHUTEIILHBIX
HUCCJIENOBAHUH.

Bornee rmydokoe n3ydeHne 3BOOIOHHBIX 0CO-
oernocrei pactpenencHuss AOCC Ha dK30HHOHU
CTPYKTYpE IeHa B JabHEHIIIEM HaAMH TUIAHUPYETCS
Ha OCHOBE (PMJIOTCHETHYECKOTO aHAIN3a MTOCIIEI0-
BarenpHOCTEH. ClenyeT MpUHATH BO BHUMAHUE,
YTO WCCIIEJOBAHHBIH HA0Op OENKOB TaKXe CO-
JEPXKUT Ipyrre QyHKIMOHAIBHBIE CAlTHI, TAKHUE,
KaK KaTQIATHYECKHE IIEHTPBI, CAUTHI CBSI3LIBAHMS
cyocTparoB, kodakTopoB U T. 1. Hamuune Takux
CalTOB MOXET BIIMATh HA OCOOCHHOCTH OpraHH-
3aIlMM SK30HHOHU CTPYKTYpHI reHa. [loatomy Hamu
OyZIeT POBE/ICHO KOMILJICKCHOE U3yUYeHHE pacipe-
TETIEHHS TAaKXKE U JIPYTHX THITOB (DYHKITHOHATEHBIX
CalTOB IJIsl JAHHOTO Habopa OeTKOB.

BaarogapuocTn

Pabora yactuaHO ObLIa MTOIEpIKaHa MPOSKTaMU
CO PAH Ne 115, 10.7, 18.13, rocynapCTBEeHHbIM
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OHOIOTHSI.
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DISTRIBUTION ANALYSIS OF ADENOSINE PHOSPHATE BINDING SITES
OF PROTEINS ON EXON STRUCTURE OF GENE

I.V. Medvedeva, P.S. Demenkov, V.A. Ivanisenko

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia,
e-mail: brukaro@bionet.nsc.ru, salix@bionet.nsc.ru

Summary

The problem of comparison of tertiary structure of protein and the structure of the encoding gene appeared after
the development of the first methods of x-ray crystallography. A lot of papers were devoted to the investigation
of the relationships between the exon borders and the domain borders that belong to the protein encoded by the
respective gene. The aim of this work was the investigation of the relationships between protein functional sites
and exon structure of the encoding genes for the adenosine phosphate binding sites because the conservative
processes that adenosine phosphate ligands are involved. It is shown that the length of the exons encoding adenosine
phosphate binding sites differs from the other in nonrandom manner. Besides this, the binding sites discovered to
be discontinued on the protein primary structure although the most part of them is encoded by the adjacent exons.
Also it has been shown that these functional sites’ posses discontinuity not only on primary structure but tertiary
structure of protein too. The functional sites aminoacids distribution through the encoding exons positions has
shown that the most part of binding sites’ of ATP, ADP, AMP are encoded by the first few exons.
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KO2BOJIIOIUA TOMEHOB
KJIIOYEBbBIX BEJIKOB AITIOIITO3A P53 U MDM2

C.C. [Tuntyc

Yupexnenue Poccuiickoit akagemun Hayk MHCTHTYT 1iuTonornu u reHeTnku CHOMPCKOTO OTIeNIeHUs
PAH, HoBocubupck, Poccus, e-mail: pintus@bionet.nsc.ru

HccrmenoBanbl KOABOMIONMOHHBIE OTHOIICHUS MEXY JOMEHaMHU O0eKoB p53 1 mdm?2, CBI3aHHBIMH MEXK-
JIy OO0 perynsTOpHbIMH OTHOIICHUsIMUA. HaiiieHbl CBH/IETENLCTBA KOABOIOIMU MEKIY OTACIbHBIMU
y4acTKaMH B3auMOJICHCTBYIOIINX TOMEHOB 0eJIKOB. TakiKe OIleHeHbI CKOPOCTH AMUHOKUCIIOTHBIX 3aMEH,
MPE/ANONIOKUTENILHO XapaKTePHbIE JUIsSI KOIBOJIIOIUOHUPYIOIINX, & TAKKE JUTS HEUTPATbHO HBOIOIMOHH-

PYIOUINX paifloHOB ATHX OCITKOB.

Karouesble ciioBa: p53, mdm2, Gesiok, 3BOIIOIMOHHOE PACCTOSHUE, KOIBOJIOIHSI, CKOPOCTh 3aMEH, MPO-

CTPaHCTBEHHAs CTPYKTypa.

BBeaenue

benok p53 otHOCHTCA K cympeccopaM OIyXo-
neir. OH cnocoOeH Kak OCTaHABIMBATH JICJICHUE
KJIETOK, TaK M BBI3BIBATh MX aIOINTO3 IO MUTO-
XOHJpUalibHOMY nyTH. benok p53 yuactByer B
nepenaye KIETOYHOIO CUTHAA IMOCPEACTBOM Kak
AKTHBAI[MH TPAHCKPHUITIIMH T€HOB-MHIIICHEH, TaK 1
0emoK-0eTKOBBIX B3aUMOJCHCTBHI. J{71s1 BBITOTHE-
HUs QyHKUIUH (haKTOpa TPAaHCKPUILIKHU OenKy pS53
HEOOXOMM TpaHCAKTUBAIIMOHHBIN oMeH (TAD),
HO CBsI3bIBaHHE P53 C PEryiIsITOPHOU O0JIACTHIO
TeHa-MHULIEHHU OCYIIECTBIISETCS IOCPEICTBOM J0-
MeHa cBsi3piBanus ¢ JIHK (DBD) (Levine, 1997).

TpaHCKpUIIIMOHHAs aKTUBHOCTH Oenka pS3 B
KJIETKE TOJABIISCTCS MOCPEICTBOM CBSI3bIBAHUS
nmomeHa MDM?2 youkBuTHH-nurazsl mdm?2 c
TPAHCAKTUBALIMOHHBIM JOMEeHOM pS53. Taxke 31O
MPUBOAUT K YMEHBIIIEHUIO KOHIIEHTpaluu p53 B
KJIETKE 32 CueT YOMKBUTHHHIUpPOBaHU. B cBOIO
o4epesib, r'eH mdm?2 SBIseTcs MULIEHBIO Oenka pS3,
KOTOPBIN aKTUBUPYET TPAHCKPHUITLIUIO COOCTBEHHO-
ro UHruouTopa. TakuM 00pa3oM, OCYLIECTBISACTCS
MeXaHU3M OOpaTHOM CBSI3H, KOTOPBII IO3BOJISIET
HOJIEPKUBATh KpailHe HU3KYI0 KOHLEHTPALUIO
p53 B HopMansHOM KieTke (Prives, 1998).

W3BecTHO, YTO DBOIOIMOHHAS UCTOPHUS OejKa
P53 ObuIa cBsA3aHa ¢ ero crenrain3anyeii Ha QyHK-
mun «ctpaxa reoma» (Yang et al., 2002), uto

MO/Ipa3yMeBaeT MPUOOPETCHHUE MM HOBBIX T€HOB MH-
[IeHEeH ¥ COOTBETCTBEHHO aJalTUBHEIE U3MEHEHUS
B aMHUHOKHCJIOTHOM ITOCIIEIOBATEIIbHOCTH TPAHCAK-
tuBanMoHHoro oMeHa (TAD). YauTtbiBas B&KHOCTh
0eoK-0eKOBOT0 B3auMoencTBrs Mexay TAD-mo-
MeHoM Oerka pS3 1 MDM2-nomeHoM 6emka mdm?2,
MOYKHO TIPE/IIOJIOKHTh, YTO B HCTOPUHU 3TUX OCITKOB
HMeJia MECTO KOBOJTIOIUSI MKy TPAHCAKTHUBALIU-
OHHBIM JioMeHOM p53 u MDM?2-nomenom mdm?2.
Takum 00pazoM, 1eTTbI0 HACTOSIIIEH paboThI OBLIO
WCCIIeIOBATh KOIBOJOIIMOHHBIE OTHOIIIEHUS MEYKTY
JoMeHaMu 0enrkoB pS3 m mdm?2.

HccrnenoBanne KO3BOJIOIMH HAa MOJICKYJISIPHOM
YPOBHE UHTCHCUBHO BEJIETCS B MOCIEIHUE TOJIBI.
O030p nanHo# obactu goctyneH B padore Galtier,
Dutheil (2007).

MaTep]{laJ'lLl H METOAbI

CoBpeMeHHBIE METObl UCCIICOBAHHS KOIBO-
JIOIMU OEJTKOB OCHOBAHBI Ha aHAJIN3€ T€HOMHBIX
MOCJIEI0BATEILHOCTEH M MPEACTABICHBI JBYMS
rpynnamu. [lepsas rpymnma noaxonoB OCHOBBIBA-
€TCsl Ha METOJIC aHAJIN3a KOPPEIALIUY MEXY 3aMe-
Hamu. J[aHHBIH MeTO/T OBIJT BIIEPBHIE MPEIOKEH B
pabote Goh et al. (2000) u pa3But B padote Pazos,
Valencia (2001). [Ipyras rpynmna MeTo0B OCHO-
BaHa Ha CXOJCTBE TOIMOJIOTHH (PHIIOTeHETHUECKUX
nepeBweB (Jothi et al., 2005).
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B HacTostiei pabote ObLT UCTIONIE30BaH MOAXO]T
KOPPEJSAINH MaTPULl aMUHOKHUCIIOTHBIX PaCCTOS-
HUH JUTS OIIEHKH KOABOJIIOIMH OEITKOB, aHAIOT Y-
HBbIN TIOJIX0Y, pelyiokeHHoMY Tpynnoil ITazoca
B MX METOJI€ MOUCKAa B3aUMOAEUCTBUUN MEKIY
OeslkaMu Ha OCHOBaHUM HMX KodBojroiuu (Pazos,
Valencia, 2001). OmHako B 3TOM MOIX0/IE HE OBLIH
YYTEHBI PA3IHYUS MEKITY aMHUHOKHCIIOTHBIME Caid-
TaMU C pa3’IMYHBIMUA CKOPOCTSIMH 3aMEH.

ITomxon, oCHOBAHHBEINA Ha CXOICTBE TOIIOJIOTHI
(UITOTEHETUYECKUX JICPEBHEB, MPEACTABISICTCS
MEHEee MPEANOYTUTEIILHBIM, IIOCKOJIbKY OH TPeOyeT
HAJIC)KHOW peKOHCTpyKimu QrioreHuu. Hamex-
HOCTh PEKOHCTPYKIMU 3aBUCHUT, B YaCTHOCTH,
OT YHCJa CAalTOB BHIPAaBHUBAHUS, UCTIOIH30BaH-
HOTO JIUTsT PEKOHCTPYKITMHU. B Hacrosmeii pabote
OBUIM MCTIONB30BAaHbBI BEIOOPKH M3 CPAaBHUTEIHHO
HeOOJIBIIOr0 YUCJIa CAaHTOB aMUHOKHCIOTHOTO
BbIpaBHUBaHUS. [Ipu ncciaenoBaHuU KOSBOMIOIUU
MEX/Ty STUMH BRIOOPKaMU CHIDKCHUE HAJIC)KHOCTH
(uToreHn 0Kkazano Obl CBOE BIHMSHUE, H HA 3TOM
OCHOBAHWH OBLT BEIOPAH ITOAXO KOPPEIISAITIH MaT-
PHUIl aMUHOKHUCIIOTHBIX PACCTOSHUIA.

OpTonornvHbeie aMUHOKHUCIIOTHBIE TIOCIIEA0BA-
TENBHOCTH OeNKOB ceMelcTB pS3 u mdm2 Obin
B3ATHI U3 0a3bl MaHHBIX Ensembl (Curwen et al.,
2004) (www.ensembl.org) ais pa3IUIHBIX Opra-
HHU3MOB, 3a UCKIIIoueHueM Kypuisl (G. gallus),
JUISL KOTOPOW IOCIIEIOBATEIbHOCTH OBIITH B3STHI
u3 0a3bl nanHbIX Swiss-Prot (Bairoch et al., 2005)
(www.uniprot.org/uniprot). [Tocnenosarensnoctu
OBLTM 0TOOpaHBI TaKUM 00pa3oM, YTOOBI HAOOP
MIPEJICTaBICHHBIX BUOB OPTaHU3MOB OBLT OTHUM
U TeM ke Juis 0eskoB p53 u mdm?2 (tadi. 1).

W3 6a3er nanueix PFAM (pfam.sanger.ac.uk)
ObuTH B3sATHI rpaHuibl joMeHoB TAD, DBD u
MDM2 nnst BUAOB, y KOTOPBIX MOCIEAOBATEIb-
HOCTH OenkoB p53 m mdm?2 mpencraBieHb! B 6aze
na"aHbIX Swiss-Prot. C moMoOMIBI0 MPOTpamMMBl
ClustalW 2 6butn mony4YeHbl BBIpaBHUBAHHS aMH-
HOKHCJIOTHBIX TOCIICIOBATEIBHOCTEH OCIKOB P53
n mdm?2. [Tpu BeIpaBHUBaHUY OBLTH KCIIOIB30BAHbI
rmapaMeTphl 10 YMOJIYaHHIO: BECOBas MaTpuIla
Gonnet (Gonnet, 2000), mTpad Ha OTKPHITHE pa3-
peiBa— 10, mrrpad Ha mpomomkenue paspema—0,20.
Jns mdm?2 mokasarenb WJISHTHYHOCTH ITOCIIEI0-

Tao6auna 1

CHrcoK BUIOB OPTaHU3MOB U WICHTH(DUKATOPHI

OenKOBBIX TIocIenoBareabHoOCTel OenkoB pS3 1 mdm?2 B 6a3e manHbIXx Ensembl

Bi opranmsma Wnentudukarop aMHHOKHCIOTHON Wnentudukarop aMHHOKHCIOTHON
MOCIeI0BaTeIbHOCTH P53 mocieaoBaresibHoctd mdm2

Canis familiaris ENSCAFP00000024579 ENSCAFP00000000608
Danio rerio ENSDARP00000051548 ENSDARP00000091133
Equus caballus ENSECAP00000006210 ENSECAP00000011666
Gallus gallus P53 CHICK MDM?2_ CHICK
Gasterosteus aculeatus ENSGACP00000025614 ENSGACP00000001415
Homo sapiens ENSP00000269305 ENSP00000258148
Macaca mulatta ENSMMUP00000011334 ENSMMUP00000018642
Mus musculus ENSMUSP00000005371 ENSMUSP00000020408
Ochotona princeps ENSOPRP00000005906 ENSOPRP00000008864
Oryzias latipes ENSORLP00000008029 ENSORLP00000021473
Pan troglodytes ENSPTRP00000014836 ENSPTRP00000050082
Pongo pygmaeus ENSPPYP00000008923 ENSPPYP00000005415
Rattus norvegicus ENSRNOP00000047840 ENSRNOP00000008388
Takifugu rubripes ENSTRUP00000030646 ENSTRUP00000020873
Xenopus tropicalis ENSXETP00000053759 ENSXETP00000003026

[pumeuanne. ns xkypunsl (G. gallus) npuBeneHsl HASHTUPHUKATOPHI U3 0a3bl Swiss-Prot.
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BarenpHOCTEH (identity) okazascst paBHbIM 69/558
(12 %), mokazarens cxozcTsa (similarity) — 100/558
(18 %). Jns p53 mokaszarenu MASHTUYHOCTH U
cxonctBa coctaBuiu 8§1/424 (19 %) u 116/424
(27 %) (cormacHo ClustalW 2).

W3 nony4eHHbIX BBIPaBHUBAHUN C YYETOM U3-
BECTHBIX I'PaHUI] JIOMEHOB OBLTH H3BIICYCHBI CTOJIO-
1bl, coorBeTcTBYIOLUE JoMeHaM TAD u DBD s
p53 u gomeny MDM2 niist mdm?2. B ciygae jomeHa
MDM2 obnactu BEIpaBHUBAHUM TPAHUI] TOME-
HOB ObLIIM OTPEIAKTUPOBAHbI BPYUHYIO C YYCTOM
aMUHOKHCJIOTHBIX TIOCJIEIOBATEIBHOCTEH TPaHMUII
JIOMEHOB, aHHOTUPOBaHHBIX B 0a3zax Swiss-Prot u
Pfam. B yactHOCTH, M3BECTHO, uTO ToMeH MDM?2
JIOBOJIBHO KoHCepBaTuBeH (Bennett-Lovsey ef al.,
2002), Torma Kak BRIpaBHUBAHHE, MOJYUYESHHOE
¢ nomompio ClustalW 2, comepkano IIHHHYIO

MOCJIEIOBATEIbHOCTD Pa3pbIBOB, COOTBETCTBYIO-
IIy10 OOIIMPHOM JIENeNNH Yy YeIOBeKa U MaKaKH,
B pe3yiibrare 4ero KoHcepBaTuBHas C-KOHIIEBas
MTOCJIEZIOBATEFHOCTD JOMEHA y 3THX OPTaHU3MOB
cMmeraercs (puc. 1, a). Pa3peiBel ObuH yoaieHbI
BpYUYHYIO TakuM o0Opa3om, 4ToObl C-KOHIIEBBIC
oCJIeZI0BaTeNIbHOCTU coBmaganu (puc. 1, 0).

W3 mnosryueHHBIX BBIpAaBHUBAHUU OBLIU H3-
BJICUYEHBI W BHIPABHEHBI 3aHOBO (PParMeHTHI, CO-
otBercTBytomue goMeHam TAD, DBD u MDM?2
(ClustalW 2, mapaMeTphbl 1o yMom4aHuo). Yucio
CaiiTOB B Ka)K/IOM M3 BBIPAaBHUBAaHHUI COCTABUJIIO
53, 193, u 81 coorBercTBeHHO (puc. 2).

Tpwu moy4eHHBIX BEIPaBHUBAHUS ObLITH TTOAaHBI
Ha Bxoxa mporpamMbel PhyML, ncnons3oBanach
TMICKPETHAs MOJIETh TaMMa-pactipe/iefieHHs 3aMeH,
YHUCIIO KaTeropuii — 4 (COTIacHO PEKOMEH/TAIINH aB-

a

Chicken VKEHRR 1 YSMISRNL]I AINQQDSTLAVPPEDDAKFRLEKENVLKESMQELEEKQTSSN--ATSQPTTSRR
Chimpanzee - ----- KI1YTMIYRNLOVVVNQQESSDSGTSVSENRCHLEGGSDQKDLVQELQEEKPSSSHLVSRPSTSSRR
Dog VKEHRK I YTMIYRNLVVVNQHEPSDSGTSVSENSCHREGGSDQKDPVQELQEEKPSSSDL I SRPSTSSRR
Fugu VKEPRVLFAMIMKNLVAVKNPESSSQSDSNTDDQR--EKQEEPATPEEEELQEQRSS----LSPTHWRSS
Horse VKEHRK1YTMITYRNLOVVVNQPEPSDSGTSVSENSCPLEGGSDQKAAVQELQEEKPSSSALVSRPPTSSRR
Human  -———————- VLFYLGQY IMTKRLYDEKQQHIVYCSNDLLG--DLFGVPSFSVKEHRKIYTMIYR}-----NL]
Macaque @ -—--———- VLFYLGQY IMTKRLYDEKQQHIVYCSNDLLG--DLFGVPSFSVKEHRK1YTMIYR}-----NL]
Medaka VKEPRVLFAMITKNLVAVNNKAAVNSNKEVKKNKYELEEMLKTLS----- L IKKKSS--VKLQMEHQLVA
Mouse VKEHRK1YAMTYRNLVAVSQQ---DSGTSLSESRRQPEGGSDLKDPLQAPPEEKPSSSDL I SRLSTSSRR
Orangutan VKEHRK1YTMTYRNLOVVVNQQESSDSGTSVSENRCHLEGGRDQKDLVQELQEEKPSSSHLVSRPSTSSRR
Pika VKEHRK 1Y TMIYRNOVVVNQQEPSDSGMS I SEDRYHPEGGNDEKEPGQELQEEKPSSSSLVSRPSTSSRR
Rat VKEHRK1YAMTYRNLVVVSQQ---DSGTSPSESRCQPEGGSDLKDPVQASQEEKPSSSDVVSRPSTSSRR
Stickleback VKEPRVLFAMITKNOVAVKSQESPASSSEAAGASRTEEAESESHSPERRGRRKRRRRRSFRSSSEPSGSS
X.tropicalis VKEPRRLYAMISRNOVSAAVKESSEDVYG-NHVCSFPDKQKSQKELLQELP-EKVIAPAYDSKPCNSSQR
Zebrafish VKEPRALFALTNRNLVTVKNPESQSTFSEPRSQSEPDRGPGDTDS--————— DSRSS----- TSQQQRRR
6

Chicken MKEV1FYLGQY IMSKQLYDEKEQH I VHCANDLLGDLFGVTSFSVKEHRR 1 YSMISRNL]

Chimpanzee  MKE-———————— - K1YTMIYRNL

Dog MKEV IFYLGQY IMTKRLYDEKQQH IVYCSNDLLGDLFGVPSFSVKEHRK 1Y TMTYRNL]

Fugu MKEVMFYLGQY I 1QKQLYDQKQQH I VHCSHDELGRVLGVDSFSVKEPRVLFAMIMKNL]

Horse MKEV IFYLGQY IMTKRLYDERQQHMVYCSNDLLGDLFGVPSFSVKEHRK1YTMIYRNL]

Human MKEVLFYLGQY IMTKRLYDEKQQHIVYCSNDLLGDLFGVPSFSVKEHRKIYTMIYRNL]

Macaque MKEVLFYLGQY IMTKRLYDEKQQH I'VYCSNDLLGDLFGVPSFSVKEHRKIYTMIYRNL]

Medaka MKEVMFYLGRY IMQKQLYDQKQQHMVHCAQDALGRVLGVDSFSVKEPRVLFAMITKNL]

Mouse MKEIIFY 1GQY IMTKRLYDEKQQH1VYCSNDLLGDVFGVPSFSVKEHRK 1 YAMTYRNL]

Orangutan MKEVLFYLGQY IMTKRLYDEKQQHIVYCSNDLLGDLFGVPSFSVKEHRKI1YTMIYRNL]

Pika MKEV IFYLGQY IMTKRLYDEK--H1VYCSND-LGDLFGVPSFSVKEHRK1YTMIYRNL]

Rat MKETIFY1GQY IMTKRLYDEKQQHIVYCSNDLLGDVFGVPSFSVKEHRK I YAMTYRNL]

Stickleback MKEVMFYLGQY I 1LKQLYDQKQQH IVHCSQDALGRVLGVDSFSVKEPRVLFAMITRND
X.tropicalis MKEVIYHLGQY IMAKQLYDEKQQH IVHCSNDPLGELFGVQEFSVKEPRRLYAMISRNL]

Zebrafish MKEVMFYLGKY IMSKELYDKQQQH I VHCGEDPLGAVLGVKSFSVKEPRALFALTNRNL]

Puc. 1. ®parmeHT BbIpaBHUBAHMS ITOCIIEIOBATENbHOCTEH Oeska mdm?2 /10 ¥ rocie py4YHoi IpaBKH.

a— BbIpaBHHUBaHUE 10 py4yHoi npaBku. Octarku C-KOHLIEBOH nocienoBatenbHocT JoMeHa MDM?2 Boijenensl. Buano cmere-
HUe nonokeHns: C-KOHIEBOI MmoceoBareIbHOCTH y yenoBeka (Human) u makaku (Macaque). 6 — pparMeHT BBIpaBHUBAHUS

nociuenoBarenbHocTe mdm2 mocie pyqHOi MpaBKH.
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TAD
14 53

Chicken W ---—- MAEEMEP-LLEP---TEVFMDLWSMLP-=—====——-—
Chimpanzee ----- MEEPQSDPSVEPPLSQETFSDLWKLLPENNVLSPL---
Dog = - MQEPQSELNIDPPLSQETFSELWNLLPENNVLSSE---
Fugu MED---EGFS------ LPLSQDTFQDLWENVML-—=—==———-
Human ~  —-—---- MEEPQSDPSVEPPLSQETFSDLWKLLPENNVLSPL---
Macaque ~ ----- MEEPQSDPSIEPPLSQETFSDLWKLLPENNVLSPL---
Medaka ~ ----- WESMDPVP--DLPESQGSFQELWETVY-=-———————-
Mouse = ----—- MEESQSDISLELPLSQETFSGLWKLLPPEDILP-——--
Orangutan ----- MEEPQSDPSVEPPLSQETFSDLWKLLPENNVLSPL---
Pika -—-—--- MEEQPSELSIEPPLSQETFPELWNLLP---LLSTN---
Rat - MEDSQSDMSIELPLSQETFSCLWKLLPPDDILPTTATG

Sticklebac MEGTGFEGLALGQ--DLPDSQDSFAELWGNVVS

X.tropical ---—- ME-PSSETGMEPPLSQETFEDLWSLLP——————————-
Zebrafish --—————- MAQ---——- NDSQE-FAELWEKNL I ——=——————-

DBD

15 193

Chicken  DYGGDFDFRV GFVEAGTAKS VTCTYSPVLN KVYCRLAKPC PVQVRVGVAP
Chimpanzee TYQGSYGFRL GFLHSGTAKS VTCTYSPALN KMFCQLAKTC PVQLWVDSTP
Dog TYPGTYGFRL GFLHSGTAKS VTWTYSPLLN KLFCQLAKTC PVQLWVSSPP
Fugu DYPGEYGFEL RFQKSGTAKS VTSTYSEILN KLYCQLAKTS LVEVLLIKKP
Horse = ———mmmmmmm o YSPTLN KLFCQLAKTC PVQLLVSSPP
Human TYQGSYGFRL GFLHSGTAKS VTCTYSPALN KMFCQLAKTC PVQLWVDSTP
Macagque  TYHGSYGFRL GFLHSGTAKS VTCTYSPDLN KMFCQLAKTC PVQLWVDSTP
Medaka DYPGSYELEL RFQKSGTAKS VTSTYSETLN KLYCQLAKTS PIEVRVSKEP
Mouse TYQGNYGFHL GFLQSGTAKS VMCTYSPPLN KLFCQLAKTC PVQLWVSATP
Orangutan TYQGSYGFRL GFLHSGTAKS VTCTYSPALN KMFCQLAKTC PVQLWVDSTP
Pika TYPGTYGFRL GFLQSGTAKS VTCTYSPSLN KLFCQLAKTC PVQLKVDSTP
Rat TYQGNYGFHL GFLQSGTAKS VMCTYSISLN KLFCQLAKTC PVQLWVTSTP
Sticklebac DHPGEFGFQL RFQKSGTAKS VTSTYSEILN KLYCQLAKTS LIEVLVTKEL
X.tropical DYAGSYGLKL EFQQNGTAKS VTCTYSTDLN KLFCQLAKTC PLLVRVERPP
Zebrafish DYPGDHGFRL RFPQSGTAKS VTCTYSPDLN KLFCQLAKTC PVQMVVDVAP
MDM2

15 81
Chimpanzee  LVRPKPLLLK LLKSVGAQKD TYTMKE---- ————————mm ——mmm—mme
Horse LVRPKPLLLK LLKSVGAQKD TYTMKEVIFY LGQYIMTKRL YDERQQHMVY
Human LVRPKPLLLK LLKSVGAQKD TYTMKEVLFY LGQYIMTKRL YDEKQQHIVY
Macaque LVRPKPLLLK LLKSVGAQKD TYTMKEVLFY LGQYIMTKRL YDEKQQHIVY
Orangutan LVRPKPLLLK LLKSVGAQKD TYTMKEVLFY LGQYIMTKRL YDEKQQHIVY
Dog LVRPKPLLLK LLKSVGAQKD TYTMKEVIFY LGQYIMTKRL YDEKQQHIVY
Pika LVRPKPLLLK LLKSVGAQKD TYTMKEVIFY LGQYIMTKRL YDEK--HIVY
Mouse LVRPKPLLLK LLKSVGAQND TYTMKEIIFY 1GQYIMTKRL YDEKQQHIVY
Rat LVRPKPLLLK LLKSVGAQKD IYTMKEIIFY 1GQYIMTKRL YDEKQQHIVY
Chicken LVKPKPLLLK LLKLAGAEKD TFTMKEVIFY LGQYIMSKQL YDEKEQHIVH
X_tropical  LVKPTPLLLS LLKSAGAQKE TFTMKEVIYH LGQYIMAKQL YDEKQQHIVH
Medaka LVRPKVEFCS LLQHAGATKD VFTMKEVMFY LGRYIMQKQL YDQKQQHMVH
Sticklebac  LVQPKLEFRT LLHQAGATKE VFTMKEVMFY LGQYIILKQL YDQKQQHIVH
Fugu QVRPNVEFHR LLQDAGAIKD VFTMKEVMFY LGQYII1QKQL YDQKQQHIVH
Zebrafish ~ -VRPKVQLKS LLEDAGADKD VFTMKEVMFY LGKYIMSKEL YDKQQQHIVH

Puc. 2. ®parmenTs! BelpaBHUBaHM JoMeHoB TAD, DBD u MDM2.

TOPOB METOJIa), TApaMETP raMMa-pacrpeieIICHHs
() ¥ YMCIIO MHBAPUAHTHBIX CATOB MOAOUPATHCH
IpOrpaMMOll aBTOMaTH4YeCKH, UCIOIb30Balach
MarpuIla aMMHOKHUCIOTHBIX 3aMeH WAG (Whelan,
Goldman, 2001), 3rauenue oyrctpen — 500. B pe-
3ynbTaTe ObUIN HOITY4YeHbI TPH (PUIOT€HETHUECKUX
nepesa (puc. 3).

ITocTpoecHHBIC IEPEBBS, a TAKKE TTOTYUCHHBIC
BBIPaBHUBAHHUS JIOMEHOB OBLJTH HCITOJIb30BAHBI JIsI
HU3MEPEHUs CKOPOCTEH 3aMEH B aMUHOKHUCIOTHBIX
caiiTax BBIPaBHHMBaHUI C TIOMOIIBIO MTPOTPAMMBI
CODEML nakera PAML 3.14. AMHUHOKHCIIOTHBIE
CalThI KAKIOTO TOMEHA OBLTH pa30UTHI TIPOTpaM-
MOH Ha 5 Kareropuil B 3aBUCUMOCTH OT CKOPOCTHU
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TAD Human
284
Chimpamzee
400
Orangutan
109
47" Macaque
Rat
Mouse
Pika
438 .
Chicken
285 X.tropical
1173 Fugu
Medaka
Zebrafish
Stickebac
— 01
DBD Pika
Dog
105| Orangutan
83
398
e
impamzee
459 Macaque
—1281 Mouse
Chicken
500
X.tropical
822 Zebrafish
Medaka
Stickebac
Fugu
0,1
M D M2 Orangutan
110
Human
41
Macaque
Horse
289
Chimpamzee
03
09
Pika
49
Rat
481 —E95
Mouse
500 L Chicken
498 ———— X.tropical
— 337 Zebrafish
Medaka
Stickebac
Fugu
0,1

Puc. 3. ®dunorenernueckue aepesbs gjomeHoB TAD, DBD u MDM2, nocrpoennsie nporpammoit PhyML.

UYncia 0003Ha9aI0T 3HAUCHHS OyTCTperna.
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3aMmeH. CpeJHHe CKOPOCTH 3aME€H B KaTeropHsix
cocrasuiu 0,02, 0,16, 0,47, 1,11 u 3,25 M eT .
[Ipu sTOM HCIIONB30BANACh MaTPHIlA AMUHOKHC-
nmotHbIX 3aMeH WAG (Whelan, Goldman, 2001),
mapaMmeTp raMMa-pacipeesieHus (0,) OTpeaeIIsICcs
MporpaMMoN, UTepannu nojadopa napamerpa Ha-
ypHAJIKCE ¢ 0,5.

Br10op konmuyecTBa Kareropuil ompeessics
MPEICTABICHHOCTHIO PA3IMYHBIX 3HAYCHUN CKO-
pocTeii 3aMeH, ¢ OIHOW CTOPOHBI, U KOJIMYECTBOM
CalTOB B KaTerOpUM, JOCTATOUYHBIM JIJISl CTATH-
CTHUYECKOT0 UCCIeIoBaHus (TIOCTPOSHUS MaTPULIBI
KOPPEJSIHK), C IPYroil cTopoHbL. Tak, npu BbIOO-
pe 4 kareropuii pa3OueHHe CaliTOB MPOTrpaMMOi
CODEML TakoBo, 4TO HE Npe/IcTaBlIeHa OTACIbHAs
TpyIIa CaliToOB CO CpemHei CKOPOCTHIO OT 1—2 MITH
JeT !, UMeroIIast JOBOJIBHO OOJIBIIOE 3HAYCHHE JITs
WHTEPIPETANH PE3YIbTaTOB HACTOSIIECH pabOTHI,
Kak nosicusercst Hmxke. OgHako pu BeIOOpe 6 Ka-
TErOpUI B KaTErOpUsSX CO CPEIHUMH CKOPOCTIMHU
0,10 1 0,31 muH et 'He Tpe/ICTaBICHO HU OJIHOTO
aMUHOKHCIIOTHOTO caiita tomeHa MDM2.

AMUHOKHUCIIOTHBIC CAThI BHIPABHUBAHUS KaX-
JIOTO U3 TPEX JOMEHOB OBUTH pa30oUTHI Ha 5 TPy
B 3aBUCHUMOCTH OT KaTeropuu CpeiHel CKOPOCTH
3aMEH, K KOTOpO# OHU OB OTHECEHBI ITPOrpaM-
Mot CODEML. Kaxzas Takasi rpynna cocTaBujia
OTHIENbHYI0 BEIOOPKY (Bcero 15 BEIOOpOK). s
Ka)KJI01 BBIOOPKH ObLTa MOCTPOCHA MaTPHIlA DBO-
JIFOIIMOHHBIX PACCTOSHUHN C TIOMOIIBIO TIPOTPaMMBI
LAPD, pa3paborannoii JI. Apsecragom (Arvestad,
2006). Mexay MaTpullaMHU PacCTOSHHM, COOT-
BETCTBYIOIIMMH OJTMHAKOBBIM T'PYTIIIaM CKOPOCTEH
3aMEH, BBITUCIISICS KOA(DIHUITUEHT MomapHoi
koppesnsiuu [IupcoHa, KOTOPBIN HCMOIB30BAICS
B Ka4€CTBE MEPHI KOIBOJIIOLINH COOTBETCTBYIOIINX
YYacTKOB OEJIKOB.

Pe3yabrarsl

YacToThl BCTPEUaEMOCTH CalTOB (B IPOLICHTAX),
OTHOCSIIIIUXCSI K PA3JINUHBIM KaTETOPUSM CKOPOCTH
3aMeH, MPUBEICHBI B Ta0J. 2. MOXXHO BUIETb, YTO
TPAaHCAKTUBALIMOHHBINA JOMEH pS53 oTiuyancs otr
JIBYX JAPYTUX MCCIIEIOBAHHBIX IOMEHOB OOJbIIEH
Bapra0eNbHOCTHIO, a TAKXKE TEM, YTO JIUIIH Y HETO
BCTpEYANUCh craboBapradeTbHbIe AMUHOKHUCIIOT-
ueie caiTel (0,16 mutH et ). HTepecHO, 4TOo 10IIs
HauboJiee BapraOeIIbHBIX CATOB ObLIA PUMEPHO
OJTMHAKOBA Y BCEX TPEX JIOMEHOB, TOT/Ia KaK JIOIH

Ta0muna 2
HacToThl BCTpE4aeMOCTU
AMUHOKHCIIOTHBIX CAlTOB (B MPOLEHTAX
OT OOILEro YncIia CaiTOB JOMEHA), OTHOCSIINXCS
K Pa3JIMYHbIM KaTeTOPHAM CKOPOCTH 3aMEH

Kareropus C;(;)ﬁ(e);n mdm?2 pS3 pS3
CalToB - neT,*‘ MDM2 | DBD | TAD

1 0,02 0,43 0,47 0,23

2 0,16 0,00 0,00 0,15

3 0,47 0,09 0,11 0,25

4 1,11 0,27 0,22 0,17

5 3,25 0,21 0,20 0,21

MTOJTHOCTBIO KOHCepBaTUBHBIX caiiToB (0,02 MiH
jer ') cymecTBeHHO pa3Iryainch. Takxke CTOUT
OTMETHTb, YTO paclpeieeHNs CaiToOB MO CKOPO-
CTSIM 3aM€H CX0XkH y loMeHoB mdm2 MDM?2 u p53
DBD, Torna kax pacnpeneneHue s 1oMeHa p53
TAD cylIecTBEHHO OTIMYAETCS OT MEPBBIX ABYX
OOJIBIICH paBHOMEPHOCTEIO (pHC. 4).

0,50
B mdm2 MDM2

[ p53 DBD
I p53 TAD

0,45

0,40

0,35

0,30

0,25

0,20

0,15

0,10

0,05

0,02 0,16 0,47 1,11 3,25 v, 1/MnH net
Puc. 4. Pacnipenenenre 4acTOT BCTPEUAEMOCTH aMHU-
HOKHCJIOTHBIX CAHTOB (B MPOIIEHTAX OT OOIIEro 4rcia
CaiiTOB TOMEHA), OTHOCSIIUXCS K PA3ITUIHBIM KaTero-

pHSIM CKOPOCTH 3aMEH.

ITo ocn abcuuce OTIOKEHBI CPEJHUE CKOPOCTH aMHHOKHC-
JIOTHBIX 3aMEH IS KaXI0H KaTeropuu (MJH JieT '), mo ocu
OpJMHAT — YacTOTa BCTPEUYaEMOCTH AMUHOKHCIIOTHBIX CaliTOB
JTAHHOW KaTeropHH.
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3nauenus ko3 dunmenra koppersiiun [lupcona
MEXy MaTpHUIIAMH SBOJFOIIMOHHBIX PACCTOSHUH B
rapax JOMEHOB OEJIKOB IPEJICTaBICHBI B Ta0M. 3.

JlanHble 1 Kareropuu | OTCyTCTBYIOT, Tak
KaK B HEe TOTa AT MTOJTHOCTHIO KOHCEPBATHBHEIC
CalThI, U BCE TPU MATPHUIIBI IBOTIOIMOHHBIX pac-
CTOSIHUM I 9TOM KaT€ropuu COCTOSIIN U3 HYJEM.
BBuy OTCYTCTBHSI CaiiTOB, OTHOCSIIIIUXCS K Kare-
ropun 2 y nomeHoB mdm2 MDM2 u p53 DBD,
He OBIJI0O BO3MOXKHOCTH OIICHUTH KOI(PPUIIHEHT
KOPPEISLNY U IJIST HUIX.

Kak BugHO M3 Tabn. 3, pacnpejeieHue Ko-
3¢ QUIMEHTOB KOPPEISIUUA MEXKIY MaTpULIAMH
SBOJIFOIIMOHHBIX PACCTOSHUM JIJIsl TTAPBI HEB3aUMO-
nercTByronmx foMeHoB mdm2 MDM2 —p53 DBD
CYIIECTBEHHO OTJINYAETCS OT TAKOBBIX JUIS Tap
B3aUMOJICHCTBYIOMHMX JoMeHOB mdm2 MDM2 —
p53 TAD u p53 DBD — p53 TAD. Koppensius
MEXJ1y BBICOKOBapHUaOCIIbHBIMKU CaliTaMu U3 Ka-
TETOpUU 5 IOBOJIBHO BBICOKA JUIsl mapbl mdm?2
MDM?2 — p53 DBD u Hu3Ka 151 OCTaJIbHBIX ABYX
nap. Koppensius ke Mexry OTHOCUTEIHHO KOH-
CepBaTHBHBIMH CaliTaMH U3 KaTETrOpHH 3 HA000POT
ocobeHHo Hu3Ka s napskl mdm2 MDM?2 — p53
DBD. Cnenyer Takxe OTMETUTb, YTO IJIsl BCEX TPeX
rap JOMEHOB BBICOKA KOPPEIISAIHS MEXKITy CalTaMH
U3 Kareropu 4.

Obcy:xnenue

OTnrune pacrpeeneHns CaiToB M0 KaTeropu-
SIM CKOPOCTEH 3aMeH Ul TPaHCaKTUBALIMOHHOTO
JIOMeHa p53 OoT pacupeneneHus Uil IByX APYTUX
HCCIIEZIOBAHHBIX JJOMECHOB MOYKET OTPaKaTh COOBI-
THSI JBIDKYIIETO OTOOpa B XOJI€ DBOJIOIMOHHOM
ucropun Oenka pS3, cBI3aHHBIE C TPHOOPETEHHEM
HOBBIX T€HOB-MHIIECHEH B MpOLIECcCe CleraIn3a-
1y pS3 Ha QYHKIMU «CTpaka TCHOMAy.

Panee ObTO HEOTHOKPATHO MOKa3aHO, YTO
YPOBEHB (DHIOTCHETHYECKOTO CUTHAJIA TeM HIKE,

4yem OoJIblile CHiia ecTecTBeHHOTo oTOopa (Hansen,
Martins, 1996; Diniz-Filho, 2001; Martins et al.,
2002; Jose et al., 2008). [ns caiitoB, Hecymunx
CaMBbIil HU3KUH YPOBEHBb (DUIIOTCHETHICCKOTO CHT-
HaJja, MO>KHO IPEATIOIOKUTH CaMbIE HU3KHE 3HAUe-
HUS KOPPETIIHUA MEX Ty HEB3aUMOCHCTBYIOIIUMHU
noMmenamMu MDM?2 u DBD, cambie BLICOKHE — MEK-
Iy TIOCTOSTHHO B3aWMOJICHCTBYIONIMMH JIOMEHAMHU
OJTHOTO Oerka pS3 ¥ MOMEXKYTOUHBIE — IS SITH30-
JTUTIECKH B3aUMOJICHCTBYIOMIX qJoMeHOB MDM?2 1
TAD. Takoe pacrpenenenue 3Ha9eHIN KOPPEISIIT
HaOIIo/IaeTCsl TOJIBKO IS CaliTOB M3 KaTeropuu 3
(0,47 miu net!, Tabm. 3). OTcrona MOXKHO CeIaTh
BBIBOJI, YTO CAMTHI CO CKOPOCTHIO 3aMEH IOpsIKa
0,47 muH et ! HeCyT HAaMMEHBIIHN YPOBEHb (H-
JIOTEHETHYECKOTO CUTHANA B Oenkax p53 u mdm?2.
MOXHO TPEATNON0KUTh, YTO (UKCALHUS 3aMCH
MMEHHO B 3TUX CalTax peryaupoBaiack 0T00OpoM,
CBSI3aHHBIM C KOJBOIIOIIUCH ATHX OCIIKOB.

B npoctpancTBenHoi cTpykType fomeHa DBD
YeJOBEKa cailTaM KaTeropuu 3 cooTBeTCTBYIOT 20
OCTAaTKOB, NMPEUMYIIECTBEHHO PACIIOI0KEHHBIX
Ha TpaHUIAX MEXTY HECTPYKTYPHBIM U CTPYK-
TYpUpPOBaHHBIM 3JIEMEHTaMH (8 Ha IpaHHIaxX C
B-nmucramu, 3 — Ha rpaHUIIe C METVISIMU | eie | Ha
TpaHUIIEe C 0-CIIMPalbio). BHyTpH B-1rcToB pacto-
nmaratorcs 3 HamOoJiee KOHCEPBAaTHBHBIX OCTaTKa
n3 3-ii kareropuu. Emne 2 ocTaTka pacmosararoTcs
BHYTpH O-criripasieii. OH1 MeHee KOHCEPBATHUBHEI.
OcTanbHbIE OCTATKU, OTHOCSIINECS K KATETOPHH 3,
pacroyararoTcsi B HeCTPYKTYPHBIX DJICMEHTaX.

[Ipeobnananue B 3-i KaTeropuu OCTATKOB, pac-
TOJTaraloIIMXCs HA TPAaHHIAX CTPYKTYPHBIX SJIEMEH-
TOB, @ 3HAYMT, BAYKHBIX TS IPOCTPAHCTBEHHOM CTPYK-
Typbl JJOMEHA, TAeT TOTOIHUTEIBHBINA apryMEHT
B M0JIb3Yy OTOOPA 0 OCTAaTKaM U3 KaTeropuu 3.

B mpocTpaHCTBEHHOU CTPYKTYpe O-CIIUpaIH
nomena TAD, B3aumopeiictByromeit ¢ MDM?2
(Kussie et al., 1996), ocratku kareropuu 3 (S20,
D21, K24, L25, L26) npusneraroT K KOHCEpBaTUB-

Taoaunma 3

3nauenus kod¢puurenTa koppensnun [Tupcona Mexry MaTprLaMy SBOITIOLMOHHBIX PACCTOSHUN
B mapax JoMeHoB OenkoB mdm2 u p53

Kareropus caiitoB | CkopocTh 3amen, M jiet ' |  MDM2 — TAD DBD - TAD MDM?2 - DBD
3 0,47 0,390 + 0,004 0,719 + 0,002 0,207 £ 0,004
4 1,11 0,526 + 0,004 0,710 £+ 0,002 0,730 + 0,002
5 3,25 0,187 + 0,005 0,220 + 0,005 0,825 + 0,001
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HbIM ocTtarkam F19, T23, P27, BzaumoneiicTByo-
muM ¢ MDM2. Ocrtatok P27 Taxke B3auMoel-
ctByeT ¢ MDM2, HO OTHOCUTCS K 3-i1 KaTeropuu.

B npocTpaHCTBEHHOU CTPYKType JOMeEHa
MDM?2 ocTaTku, COOTBETCTBYIOIINE CATaM KaTe-
ropuu 3 (V52, Q71, 174, S90, M102), pacnonara-
1oTcs BOm3u ocratkoB L54, Q72, H73, V75, F91,
T100, B3aumoneiictByromux ¢ TAD. Bonee Toro,
octatku 174, S90, a Taxke K31 pacnonararorcs Ha
rpa"umax B-IucToB aHaIoTHIHO noMeHy DBD.

Takoe pacmpenencHie cailTOB KaTeropuu 3 Ha
IIPOCTPAHCTBEHHOM CTPYKTYpe B3aUMOAECUCTBYIO-
mux gomeHoB TAD u MDM?2 no3BoaseT caenarh
BBIBOJI, UTO OCTaTKH, HEIIOCPEICTBEHHO yUaCTBYIO-
e BO B3aMMOAEHcTBUM OenkoB p53 m mdm?2,
KOHCEpBATHUBHBI, TOIJIa KaK 10 aMUHOKHUCIOTHBIM
caiiTam OCITKOB, OKa3bIBAIOIIMM HEITOCPEICTBCHHOE
BIUSIHUE HA TOJOKEHUE B3aUMOJICHCTBYIOIIUX
OCTAaTKOB M OTHOCSIIMMCS K 3-i KaTeropuu mo
3HAQUEHUIO CKOPOCTHU 3aMEH, BOBMOXKEH 3aMETHBIN
€CTECTBEHHBIN 0TOOD.

OIMHAKOBO BBICOKHE 3HAUYCHHS KOPPEIAIIUH
MEXTy CaliTaMH U3 KaTeropuu 4 CBUICTEIHCTBYIOT
0 TOM, UTO CalThl U3 JAHHOM KaTerOpUU HECYT HAU-
OONBIINI YPOBEHD (DUIOTCHETHYECKOTO CHUTHAIA.
DTO MO3BOJISIET MPEANOIOKUTH, YTO B JAHHYIO
KaTEropuIo MOMNaJld CailThl, SBOIIOLMOHUPYIOLIUE
HEHTPaTbHO. DTO TMOATBEPKIACTCS TOBOJIBHO BBI-
COKOM CpeIHeN CKOPOCThIO 3aMEH B calTax JaHHOU
kareropun — 1,11 mutH et !, C apyroit CTOpOHBI,
JUIs1 CAWTOB U3 KaTeropuu 4 3HaUYCHUE KOPPELUU
Mexay qoMmeHamu MDM?2 u TAD He Tak BBICOKO,
Kak B nmapax gjoMmeHoB MDM2-DBD u DBD-TAD.

DTO MOXKHO OOBSICHHUTH OTHOCHTEIHLHO HEBBI-
COKHM ypPOBHEM (PHIIONCHETHYECKOIO CUIHAJIA,
KOTOPBIN HECYT aMUHOKHUCIIOTHBIE CAalThl JIOMEHA
TAD. B nosns3y 3T0ro npemnonoxkeHus ToBOpUT TO,
4yT0 UMEeHHO B ioMmeHe TAD kareropus 3 HanOomee
npencrasieHa (puc. 4, Tadm. 2). lpyrum aprymes-
TOM SIBIISIETCS Pa30pOC ITHH BETBEH (PHIIOTCHETH-
4yeckoro jpesa gomeHa TAD, ropasno Oonbiiuii,
gyem Juist jomenoB MDM?2 u DBD. Pa3opoc miun
BETBEHU CBUJETEIHLCTBYET O TOM, YTO PA3IMYUS CKO-
POCTEHl SBONIOIMU B Pa3HbIX TaKCOHAX y JOMEHA
TAD 0p11r HAaHOONBIIMMH U3 BCEX TPEX JOMEHOB.
CnenoBarenbHo, 11t qomeHa TAD xapakrtepeH
HaMMEHBINUI (UITOTeHeTHYEeCKUI CUTHATL.

OcoOblif UHTEpPEC MPEICTABISIOT HU3KUE 3HA-
YEHUS KOPPETSIUU CAaTOB KaTeropuu 5 Jyisl map
B3aMMOJICHCTBYIOMHX JOoMeHOB mdm2 MDM?2 —

p53 TAD u p53 DBD —p53 TAD u BeicoKO€ 3Ha4e-
HUE AJIs1 HeB3aUMOAEUCTBYIOIMX JoMeHOB MDM2.
W3 39 amuHOKHCIOTHBEIX caiitToB DBD uenoseka,
OTHOCSIINXCS K 5-1 KaTeropuu, 35 pacronararor-
Csl B HECTPYKTYPHBIX 3JIEMEHTAX, COEANHSIONINX
CTPYKTYypHBIE 35eMeHThl. [IBa npyrux — L206
u V217 — pacnonararorcsi B UEHTpe (-IHCTOB
«OO0UYOHKAY, SBISIONIETOCS CTPYKTYPHBIM SIIPOM
nomeHa. Ecnu cailt V217 uHBapuaHTEH y Bcex
TaKCOHOB, 32 MCKJIIOYEHHEM TPEX BUIOB PHIO, y
KOTOPBIX B 9TOM caiiTe HaOFOatoTCs OCTATKH Tpe-
OHMHA, IMCTeHHA U (heHWIIaIaHnHa, To caiit L206
BechbMa BapuadeseH. Y UnThIBask BAXKHOCTb CTPYK-
TYpBI «0040HKAY, 00Pa30BaHHOTO -JIMCTAMHU, IS
(hyHKIIMH BCEro JIOMEHa, MOXKHO TPENTOIOKHTD,
41O HaOIIOaeMble BBHICOKHE CKOPOCTH 3aMEH B
HEKOTOPBIX caliTax 5-il KaTeropuu CBS3aHbI HE C
HEUTpaIbHOU 3BONIOIHEH, a ¢ 0TOOpOoM. CKOPOCTh
3aMEH B YaCTH CaliTOB JaHHOMN KaTeropuH, clieio-
BATEJIbHO, MOXXHO CUMUTATh MEPEOLECHEHHOM, 4TO
MOJKET OBITh CBSI3aHO C HEJJOCTATKOM IOCIIEI0BA-
TETHHOCTEH p53 MPOMEKYTOUHBIX TAKCOHOB U BBI-
TEKAIOIIEH U3 ITOTO MEPEOIeHKON BaprnaOeTbHOCTH
OCTaTKOB B caiTax 3TON KaTeropuu. DTOT BHIBOJ
MOATBEpkKAaeTCs TeM, 4To 15 u3 17 caiitoB 5-i
KaTeropuu Ha cTpykrype nomena MDM?2 yenoBeka
pacrosyiaratoTcsi B CTpyKTYPHBIX 2JIEMEHTaX, OJHA-
KO TIPENMYIIECTBEHHO yIAJIeHbI OT WHTepdeiica
B3aUMOJIEICTBUS JIOMEHOB.

N3 pacrnipenenenusi caiToB 5-ii KaTeropuu Ha
MIPOCTPAHCTBEHHOM CTPYKType 1oMeHoB MDM?2 n
P53 MOxHO PeOa0KUTh, YTO BHICOKOE 3HAYEHUE
KOPPEJALMH JUIsl Tapbl HEB3aUMOJEHCTBYIOLINX
nmomeroB MDM2 u DBD o6ycioBieHo 001bII0%H
JI0JIeH HEHTPaJIBHO 3BOJIFOLMOHUPYIOIIHUX CATOB
B Oenke p53, momaBIIMX B 5-10 KaTeropuio, HO
Hecymux (unoreHernueckuii curnain. brnaropaps
HEBBICOKOW J0JIe HECTPYKTYPHBIX AJIEMEHTOB B
nomeHax MDM2 u TAD, caiitsl 5-i1 kareropuu
13 3TUX JOMEHOB OKa3ajuch CBOOOIHBI OT (u-
JIOTCHETUYECKOTO CUTHAla, OJarojapsi yeMy He
HaOJrOaeTCst BBICOKOH KOPPEIISIUH JIsl 3TOH Maphl
JoMeHOB. Huzkue 3HaueHus KoppessaLuu s 3THX
caiitoB B napax goMeHoB MDM2-TAD u DBD-
TAD MOXXHO 00BSCHUTH OTOOPOM, CBS3aHHBIM HE
C B3aUMOJICHCTBUEM JJOMEHOB, a C IO /ICPKAHUEM
CTPYKTYPHOH IENOCTHOCTH Ka)XIOTO JOMEHa.
OTO KOCBEHHO MOJATBEPKJAeTCs YIaI€HHOCTHIO
caiitoB 5-ii kareropuu B MDM?2 ot uHTepdeiica
B3aUMOJICUCTBUS.
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Pabora mopnepkana MeXIUCHUILUIMHAPHBIM
MHTETPALIMOHHBIM MPOEKTOM (yHAaMEHTAIbHBIX
uccienosanuit CO PAH Ne 26 «Martemarnueckue
MOJIEITH, YMCJICHHBIE METO/IbI U TAPAJUISIIbHBIE aJIr0-
pUTMBI [T petenus 6onpimx 3a1ad CO PAH n nx
peanu3anys Ha MHOTOIIPOIIeCCOPHBIX cyniepOBM»,
a TaK’Ke MEXIMCIUITINHAPHBIM HHTETPALIMOHHBIM
NpoeKToM (pyHAaMEHTaJIbHbIX UcciaenoBanuii CO
PAH Ne 113 «Pa3pa0oTka BEIYUCIUTENEHBIX METO-
JIOB, aJITOPUTMOB U aNIapaTypHO-IPOrPaMMHOIO
WHCTPYMEHTAPHS MapaIeIHbHOTO MOJIEINPOBAHHS
MIPUPOHBIX MTPOLIECCOBY.
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COEVOLUTION OF PROTEIN DOMAINS OF P53 AND MDM2
KEY PROTEINS OF APOPTOSIS

S.S. Pintus

Institute of Cytology and Genetics, SB RAS, Novosibirsk, Russia, e-mail: pintus@bionet.nsc.ru

Summary

Coevolution of domains of p53 and mdm? proteins, that are involved in mutual regulation, is studied. Evidences
for coevolution of particular regions of interacting domains of these two proteins are found. Amino acid substitution
rates are estimated for regions of the proteins that are supposed to undergo coevolution as well as for regions of
the proteins that are supposed to undergo neutral selection.
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e-mail: vladimir.poroikov@ibmec.msk.ru

Ha ocHOBe mpOrHO3HMPYEMBIX C TOMOIIHI0 KOMITBIOTEpHOH mporpaMmbl PASS cniekTpoB Omomorndeckon
AKTUBHOCTH MOYKHO BBISIBIISITH HAaHOOJIee BEPOSITHBIE MOJICKYJISIPHBIC MUILICHH, C KOTOPBIMH XHMHYECKHE
BEI[ECTBA B3aMOCIHCTBYIOT B OHOIOTHYECKHX 00BEKTaX, M 00YCIOBICHHBIE STHMH B3aUMOACHCTBHAMHU
6unonornueckne 3pdexsr. CpemHsist TOTHOCTH MPOTHO3a COCTABIIET O0KOI0 94 %, a pa3paboTaHHBINH METO
YCTOIYMB IO OTHOIICHHUIO K HEMOJIHOTE WH(popMauu B oOydaromieil Beioopke. LllnpokomacmrrabHoe nc-
TTOJIF30BaHME TAHHOTO ITOIX0/a B KAYECTBE «MHCTPYMEHTay IS BUPTyanbHoI xeMoreHoMukH (http://www.
ibme.msk.ru/PASS) mo3Bomisio B psizie cIydaeB MOATBEPIUTH KOMITHIOTEPHBIE MTPEICKa3aHNsl He3aBUCUMBIMU

OKCIICPUMEHTAMU.

KiroueBble cioBa: CICKTp OMONOrHYECKON aKTHBHOCTH, MporHo3upoBanue, PASS, xemoreHoMuka,

MUIICHU, JTUT'AHAbI.

BBenenue

XeMOreHOMHKa ONPEeIeNsIeTCs] Pa3IniHbIMU
aBropamu (Caron et al., 2001; Kubinyi, 2006;
Rognan, 2007) xak HOBast MyJIETHIUCTIATITTHAPHAS
00acTh HayKH, KOHEYHOM IENbI0 KOTOPOH SBIS-
€TCsl yCTAHOBIICHUE TIOTHOTO COOTBETCTBUS MEXKTY
BCEMH JIMTaHJAaMHU U BCEMH MULICHSMH B OHOJIO-
THYECKUX O00BEKTax. XeMOreHOMHKA HCIIOIb3YeT
METOJIbl YCTAaHOBJIEHHS 3aKOHOMEPHOCTEH Ha
OCHOBE KOMITBIOTEPHOTO aHalln3a MH(OPMAIIHH,
coneprKaIencs B XUMHYECKUX M OMOTOTHIECKUX
0azax manHbix (Rognan, 2007).

Lenpio co3panus U pa3BUTHS KOMIBIOTEPHON
nporpammsbl PASS (Prediction of Activity Spectra
for Substances) siBsIeTCS MPOTrHO3UPOBAHUE BCEX
BUJ0B OMOJOTHYECKOW aKTHBHOCTH, KOTODPBIE
XUMHUYECKOE BEIIECTBO MOXET MPOSBUTH MPH
B3aMMOJCHCTBUH C OMOJOTHYECKUMHU OOBEKTa-
Mu (OumumoHoB U ap., 1995; [Mopoiikos, 1999;
Poroikov, Filimonov, 2002, 2005; ®uiuMoOHOB,
[opoiikos, 2006). IIporHo3 ocymiecTBiseTcst Ha
OCHOBE aHaJIH3a OOIIMPHON 00yUaIOIIeH BEIOOPKH,
cozieprkaleii ”HPOpMAIHIO O CTPYKTYpe U3BECT-

HBIX OMOJIOTHYECKU aKTUBHBIX BEIIECTB U MX B3a-
HUMOAEHCTBUAX ¢ OMOJIOTMYECKUMH OOBEKTaMH.

OpurvHajIbHOCTh Pa3pabOTaHHOTO HAMH I10[-
X0J1a K TPOTHO3WPOBAHHIO OOJIBIIIOTO YHCIIa BUIOB
OMOJIOTMYECKOM aKTUBHOCTH I10 CTPYKTYPHOH (op-
MyJle XUMHUYECKOTO COeTMHEHN S, pEaIN30BaHHOTO
B KOMITbIOTEpHOM riporpamme PASS, 6bu1a otmeue-
Ha B psze nyonukanuii (Muegge, 2003; Jonsdottir
etal.,2005; Chen et al., 2006; Balakin et al., 2006;
Jenkins et al., 2006; Muster et al., 2008; u ap.).

PASS sBisieTcst «<MHCTPYMEHTOM» TSI BUPTY-
QJIBHOM XeMOTCHOMHMKH, [TO3BOJISIIOLINM HIACHTU(DH-
LUPOBATh in silico HanboIiee BEPOSITHBIC TUTAH 1B
JUIsl U3BECTHBIX MHUIIECHEH 1, HA000POT, Hanboee
BEPOSITHBIC MUILEHH Ul U3BECTHBIX JIMTAHJIOB, a
TaKKe MpeJIcKa3bIBaTh 3(pPexTor, 00yCIOBICHHbIE
B3aMMOJICHCTBHEM KOHKPETHBIX JINTAHJIOB C KOH-
KpPeTHBIMU MUILIEHSIMHU.

B nacrosmieit pabore mpeacTaBiIeHO Kpart-
koe onucanue PASS u npuBeneHsl NpuMeEpHl ee
IIPAKTUYECKOTO MPUMEHEHHUS Ul YCTAHOBICHUS
COOTBETCTBUSI MEX/TY JIUTaHAaMH, UX BO3MOXHBIMA
OMOJIOTUYECKUMHU MHILIEHAMH U BBI3BIBAEMBIMU
STUMH B3aUMOJIeHCTBUSIMU 3P dekTamu.
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MeToauka NporH03upPoBaHus
CIIEKTPOB OMOJIOTHYECKOIl AKTUBHOCTH

KommbproTepHOE MpOTrHO3UPOBaHHE OHOIOTH-
YECKOHM aKTUBHOCTH OCYIIECTBIISIETCA B ITPOTpaMMe
PASS na ocHOBe aHani3a B3aMOCBSI3EH «CTPYKTY-
pa—aKTUBHOCTHY JIJIsl OOLIMPHOM BEIOOPKH M3BECT-
HBIX OMOJIOTHYECKH aKTUBHBIX BeniecTB (BAB).

OcCHOBHBIE KOMIIOHEHTBI MPOTHO3UPYIOIIEH
CUCTEMBI, TOMHMO 00yJaroIieii BBIOOPKH, BKITFOUa-
10T TIpe/ICTaBICHNE OMOIOTHYECKON aKTUBHOCTH,
ONHMCAaHNE XUMUYECKOW CTPYKTYpBI, MaTeMaTH-
YeCKUH METOJ aHalln3a 3aBUCUMOCTEH «CTPYK-
Typa—aKTUBHOCTb» M MPOTHO3a OMOJIOTHYECKOU
AKTHBHOCTH JJISl HOBBIX BEILIECTB.

[TockonbKy MOWCK HOBBIX M HCCIIEIOBaHUE
n3BecTHbIX BAB mpoucXoIsT MOCTOSHHO, s
MOBBIIIEHUS 3P(HEKTUBHOCTH KOMITBIOTEPHOTO
MPOTHO32 HEOOXOJMMBI PETYIISIPHOE TTIOTIOTHEHUE U
KOPpEKLUs cofieprKalericsi B o0yydaroreii BHIOopke
nHpopmanuu. Tak, B 1995 1. oGyuaromas BeIOOpKa
conepxana 9314 BAB, yrcio nporHo3upyeMbIX Ha-
MMEHOBaHUH OMOIOIrMYEeCKONH aKTUBHOCTH COCTAB-
nsano 114, a cpegHsAs TOYHOCTH MPOTHO3a MPHU
CKOJIB3SIIIIEM KOHTPOJIE C UCKJIFOUEHUEM I10 OTHOMY
(cM. HUIKE) A71s BCEX BELIECTB M BCEX HAMMEHOBa-
HUH aKTUBHOCTH oOyd4aroiiell BbIOOpkH — 76 %;
a B 2007 . — 117332 BAB, 3300 HauMeHOBaHUH
aKTUBHOCTH U 94 % coorBercTBeHHO. Haunboiee
COBPEMEHHas BepCHs MporpaMMbl (OeTa-Bepcus
PASS 2008, utons 2008 1) conepxxut 200126 AB
B 00yyaromieit BEIOOpPKE U MPOTHO3UPYET IPUMEPHO
4000 HanMeHOBaHUI OMOJIOTUYECKO aKTHBHOCTH
€O cpeaHe TOUHOCThIO 0KOJIO 94 %.

buonornueckass akTHBHOCTD TIpejICTaBlIeHa B
nporpamme PASS kadecTBeHHO («HEAKTHBHO»/
«aKTUBHO»), YTO TIO3BOJISIET OOBEMHSAT B OTHOU
oOyuarorieli BeiOOpke nuHpopmaiuo o bAB, coo-
PaHHYIO 13 MHOTOUHCIICHHBIX HCTOYHHKOB. BmecTe
C TeM IPU HAJTUYUU COOTBETCTBYIOIINUX IKCIIEPH-
MEHTaJIbHBIX JAHHBIX, TIOTyYE€HHBIX B OTHHAKOBBIX
YCIIOBUSIX, MOYKHO KITaCCH(UITMPOBATH BEIECTBA 1
C yYETOM BEJTMYUHBI aKTHBHOCTH (HAIPHMED «HET

AKTHBHOCTH»/«Cl1abasi akTUBHOCTB»/«yMepeHHas
AKTHBHOCTbB)»/«CHIIbHASI AaKTUBHOCTDY ).

Crmcok porao3upyembix PASS (Bepens 2008 1)
OMOJIOrMYeCKUX AKTUBHOCTEH BKJIIOUAET OKOJIO
4000 manmenosanuii |, u3 Hux 140 manMeHosa-
HUI, XapaKTepU3YIOIUX OJIOKHPOBAHUE YHJIOTCH-
HBIX OuoperynsatopoB (Hanpumep Acetylcholine
antagonist); 71 HauMEHOBaHHE, XapaKTepHU3yIoLIee
AKTUBUPOBAHUE SH/IOTCHHBIX ONOPETYIIATOPOB (Ha-
npumep Acetylcholine agonist); 5 HamMeHOBaHMIA,
XapaKTepHU3yIOIKUX OJIOKMPOBaHHE BHICBOOOXK-
JICHUSI SHJOTEHHBIX OMOPETYISATOPOB (Hampumep
Acetylcholine release antagonist); 9 HaumMeHOBaHHUH,
XapaKTEPU3YIOLUIMX CTUMYJIUPOBAHHE BBHICBOOOXK-
JICHUS1 SHJIOTEHHBIX OMOPETYNATOPOB (HarpuMep
Acetylcholine release agonist); 9 HamMeHOBaHMIA,
XapakTepu3youux OJOKHpOBaHHE O0OpPaTHOTO
3axBara 9HJIOTEHHBIX OMOPETYIISITOPOB (HApUMeEp
Adenosine uptake inhibitor); 2219 nHanmeHoBaHUH,
XapaKTepHU3yIOINUX UHIuOupoBaHue ¢GpepMeH-
toB (Hanpumep 12 Lipoxygenase inhibitor); 41
HAaNMEHOBAaHME, XapaKTePU3YIOllee aKTUBALIUIO
tdhepmentoB (mampumep ATPase stimulant); 268
HAaUMCHOBaHHM, XapaKTepU3YIOIUX OJIOKUPOBa-
Hue penenTopos (Hanpumep 5 Hydroxytryptamine
1 antagonist); 121 HauMeHOBaHHE, XapaKTePH-
3ylollee aKTUBALMIO PELENTOPOB (Hampumep 5
Hydroxytryptamine 1 agonist); 28 HanMeHOBaHHIA,
XapaKTepU3YIOIIHX OJIOKHPOBaHUE HOHHBIX KaHAJIOB
(manpumep Chloride channel antagonist); 5 Hanme-
HOBaHUH, XapaKTePU3YIOIMX aKTUBALIMIO HOHHBIX
kaHasoB (Hanpumep Calcium channel agonist); 28
HaMMEHOBAaHMH, XapaKTEePU3YIOIINX OJIOKMPOBAHHUE
TpaucmoptepoB (Hampumep GABA transporter 1
inhibitor); 128 HanMeHOBaHMH, XapaKTEPUIYIOIIUX
Bell[eCTBa B KadecTBe cyOcTpaToB (pepMeHTOB
merabonu3ma * (Harpumep CYP3A4 substrate); 24
HaMMEHOBAHUSI, XapaKTEePHU3YyIOINX HHTHONPOBaHUE
(dhepmenToB Merabomm3ma (Hampumep CYP3A4
inhibitor); 24 HanMEHOBaHUS, XapaKTEPUIYIOIINX
WHIYKIHIO (EepMEHTOB MeTabonu3Ma (HarpuMep
CYP3A4 inducer); 28 HanMeHOBaHHI, XapaKTepH-
3YIOLIMX HHTHOMPOBaHUE OEJKOB, HE SBIISIOIIUXCS

!B mporpamme PASS ncrionb3yroTcest aHIIOA3BIMHbIE HANMEHOBAHHUS BUIOB GUOJIOTHYECKOI AKTHBHOCTH, ITUPOKO PACTIPOCTPa-
HEHHBIE B 0a3ax JaHHBIX 1O (papMaKoIOTHYECKH aKTHBHBIM COEIMHEHUAM (CM., HampumMep http://integrity.prous.com/).

B (papMakoJIoruy pasMyuaroT (pEPMEHTHI, SBISFONIIUECT MUTIECHIMH (hapMaKoJIOTHIECKUX BEIECTR, BO3IEHCTBUE HA KOTOPBIE
MIPUBOIMT K OTIPEeNCHHBIM (hapMaKoJIorndeckuM dddekram, u GepMEeHTHI, OCYIIECTBIAIONINE METa00IN3M JIeKapcTB ((hap-
MakoIMHaMHKa ¥ (papMaKOKMHETHKa B3aMMOJICHCTBHUS BellecTBa ¢ opranu3MomM). Ilockonbky nporpamma PASS u3nagaibpHO
CO3/1aBajIach JJIsl KOMIBIOTEPHON OLIEHKH HOBBIX (hapMaKOJIOTHYECKUX BEIECTB, B HEH MCIIOIb3yeTCs COOTBETCTBYIOMAs (ap-
MAaKOJIOTHYeCcKasi TePMUHOJIOT U], pa3inyaroias ()epMEHTBI-MHIICHH U ()EPMEHTHI META0O0IH3Ma JICKaPCTB.
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¢depmentamu (Hanpumep Collagen inhibitor); 8
HAaUMEHOBAHUM, XapaKTepU3YIOIINX HHIHOUPOBa-
HUE HKCIPECCHH TPAHCKPHUIIITUOHHBIX (PaKTOPOB
(manmpumep Transcription factor Rho Inhibitor);
2 HaMMEHOBaHUS, XapaKTEPU3YIOUINX yCHIICHHE
OKCTPECCHU TPAHCKPUIIMOHHBIX (hakTopoB (Ha-
npumep Transcription factor TP53 expression
enhancer); 72 HaMMEHOBaHMS, XaPaKTEPU3YIOIIUX
OmokMpoBaHHE OWOJIOTHMYECKHUX MPOIecCoB (Ha-
npuMep Apoptosis antagonist); 40 HamMeHOBaHU,
XapaKTepU3YIOIIX CTUMYJIHNPOBAHIE ONOTIOTHYE-
CKHX ITPOIIECCOB (Hanpumep Apoptosis agonist); 66
HaMMEHOBAaHHMH, XapaKTEPHU3YIOIIUX BO3ACHCTBHE
BEIICCTB HAa WH(EKIMOHHBIE areHThl (HampuMep
Antileishmanial); 261 nHanmeHoBaHHe, XapakTe-
pusytomiee (apMaKoTeparneBTUIecKoe AeCTBUE
(manpumep Anxiolytic); 389 HaumeHoBaHUil, Xa-
PaKTepHU3yIOLIHX TOOOYHOE/TOKCHYECKOE ICHCTBUE
BemecTB (Hanpumep Carcinogen).

Jlns onvicaHust CTPYKTYphl OPTaHHYECKUX CO-
enuHennii B PASS BriOpaHa B KauecTBE OCHOBBHI
CTpYKTypHas (hopMyina. ITO COOTBETCTBYET 3a1a4ue
MPOTHO3a CIIEKTPOB aKTUBHOCTH HOBBIX, TUIAHUPY-
eMBIX K CHHTE3y (CKOHCTPYUPOBaHHBIX in silico),
OpraHuyeckux coeauHeHni. CTepeoXuMHUIecKue
0COOEHHOCTHU MOJIEKYIT HE YUUTHIBAIOTCSI, HECMOTPS
Ha OYEBH/THYIO 3aBHCUMOCTH OT HIX OMOJIOTTIECKOM
AKTHBHOCTH. DTO O0YCIIOBIEHO HEBO3MO)KHOCTBIO
00€eCIIeYTh TIOTHOTY TaKOW WHPOPMAIIUH TS JI0-
CTaTOYHO OOJIBIION BEIOOPKH CTPYKTYP, & TAKIKE TEM,
YTO €AVHOW YHUBEPCAIBHOW CTEPEOXUMUUYECKOU
HOMEHKJIATypBI HET, ¥ HanOoJIee aJIeKBaTHBIM CIIO-
CO0OOM TIPENICTABIICHUS CTEPEOXUMHYECKON HHPOP-
MAIIWH SBISIETCS Ha CAMOM JIeJie TPOCTPAHCTBEHHAS
CTpyKTypa MoJiekyil. Ha ocHoBe cTpykTypHOU (hop-
Myiiel BeriectBa PASS renepurpyeT Tak Ha3bIBaeMble
MNA-neckpuntopsl (Multilevel Neighborhoods of
Atoms — MHOTOypOBHEBBIE aTOMHBIE OKPECTHOCTH),
KOTOPBIE CTPOSITCS PEKYPCHBHO JUTS KaXKJIOTO aToMa
MOJIEKYJIBI CIIETYIOIIIM 00pa3oM:

— MNA-neckpuntop 0-ro ypoBHA — MeTKa A
€aMoro aToma;

— MNA-neckpuntop a000ro clieayrInero
YPOBHSI — YCJIIOBHOE 00O3HAYE€HHE CTPYKTYPHOTO
¢parmenta A(D,D,..D....), tne D,— MNA-neckpur-
TOpP TPEIbIAYIIETO YPOBHS ISl i-TO HETOCPeI-
CTBEHHOTO cOoce/la JaHHOTO aToMa ¢ MeTKoM A. Jle-
CKpHUITOpBI coceneit D D, ... D.... 3aMiChIBAIOTCS
B KaKOM-JINOO OJHO3HAYHOM HOPSIIKE, HAIPUMED
JIEKCUKOT paueCcKOM.

B nacrosmee Bpemst B PASS ucnons3yercs
OecroBTOpHOE MHOXKECTBO MNA-1eCKpUnTOpOB
1-ro u 2-ro ypoBHEH; pU 3TOM B JECKPUIITOPAX
2-r0 ypOBHsI HCIIOJIb3YETCSl MHAMKATOP «—» VIS
0003HaYEHHSI aTOMOB B LICTIAX.

JeranpHoe onucanne MNA-1ecKkpunTopoB
npuBeeHo B myOnukanuu Filimonov et al. (1999),
a METOZOJIOTHS UX Pa3pabOTKU ONUCAHA B CTaThe
J.A. ®dunmumonoa u B.B. [Topoiikosa (20006).

Hcrnonb3yemsiii B PASS maremarmaeckwmii mo-
XOJT IETATLHO OITUCAH B ITyOmMKaIsix (DOUIMMOHOB,
[Mopoiikos, 2006; Filimonov, Poroikov, 2008).

Pesynbrar nporaosa crektpa OMoJI0rndecKon
aKTUBHOCTHU npencTaBieH B PASS B Bune ynops-
JIOYEHHOI'0 CIIMCKa Ha3BaHUM COOTBETCTBYIOIINX
aKTUBHOCTEH M BEPOATHOCTEH Pa «OBITH aKTUB-
HBIM» U Pi «ObITh HEAKTUBHBIMY JIJISI TIPOTHO3U-
pyeMoro coeTuHeHNs. YIIOPs10ueHUE BHITOTHEHO
1o yOBIBaHUIO pa3HOCTH Pa—Pi, COOTBETCTBEHHO
OoJiee BEpOSITHBIEC BUABI AKTUBHOCTH HAXOAATCS B
HayaJle CIIPOTHO3HPOBAHHOTO crekTpa. IIpornos
CIIEKTpa aKTUBHOCTH MOXKET AHAJIM3UPOBATHCS B
COOTBETCTBHH C OTPEOHOCTAMH MOIH30BATENS, HO
10 YMOJIYaHHUIO B HETO BKJIIOYAIOTCSI aKTUBHOCTH,
JUIst KOTOpBIX Pa > Pi.

Ha puc. 1 B kauecTBe npumMepa MpHUBEICHBI
CTPYKTYpHas (popMyJia U 4acTb IPOTrHO3UPYEMOTO
PASS (Bepcust 2007) criekTpa OMOIOTHIECKON aK-
tuBHOCTH Ju1st ipenapara Seliciclib (R-Roscovitine,
Cyclacel Ltd.).

Kak Buano u3 puc. 1, n3zBectHoe Ajsl JTaHHOTO
npenapata uarubuposanne CDK1 nporunosu-
pyeTcsl ¢ BepOSITHOCTBIO, IpeBpimaromeit 50 %
(BBIIETIEHO TTONTYKUPHBIM mpupTOM). B KauecTe
JOTIOJTHUTENBHBIX (apMaKoTepaneBTHIECKUX
addexToB nmporno3upyercst Systemic lupus erythe-
matosus treatment, Multiple sclerosis treatment u
Myocardial ischemia treatment, a B kauecTBe J1eii-
CTBHMS Ha JIOTIOJIHUTENIbHYI0 MuIlleHb — Hydrolase
inhibitor.

B nponecce oOyueHus mporpamMMbl peau-
3yeTcsl Impoleaypa CKOJb3SIIero KOHTPOJS ¢
HCKJIIOUeHHEM 10 ogHOMYy. [Ipu sTOM Kaxmoe
BEIIECTBO 00y4aroniei BHIOOPKU «HCKIIOYAETCSI»
13 Hee CO BCeH COIyTCTBYIOMIEH MHpopMaImei
0 OMOJIOrMYeCKOM aKTUBHOCTH, M IPOTHO3 AJIS
HEro OCyIIECTBIIIETCS TakK ke, KakK JIJIT HOBOTO
coequHeHud. [Ipouenypa moBTopsieTcs s Bcex
BellecTB oOyyaromieil BEIOOPKHU, B pe3yibrare
Yero Mbl MOJY4aeM OLEHKH TOYHOCTH IIPOTHO3a,
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> <PASS ACTIVITY SPECTRUM>
0.785 0.002
0.677 0.051
0.625 0.001
0.555 0.065
0.600 0.122
0.591 0.148

of 3300 Possible Activities at Pa > 0.500

Cyclin-dependent kinase inhibitor
Systemic lupus erythematosus treatment
Cyclin-dependent kinase 1 inhibitor
Multiple sclerosis treatment

Hydrolase inhibitor

Myocardial ischemia treatment

Puc. 1. IIpumep nporxosa criekrpa OHOIIOrHYeCcKOl aKTUBHOCTH st ipeniapara Seliciclib.

YCPEIHECHHbIE TI0 BCEH oOydaromieil BEIOOPKE U
M0 TIOABBIOOPKAM BEIIECTB, OOJIAJAOIINX KOHK-
PETHBIMH BUJAMH OMOJIOTHYECKOW aKTHBHOCTH.
Kak yke ToBOpMIOCH BBINIE, CPEIHSIS TOYHOCTD
MPOTHO3a cocTaBiseT okosno 94 %. Munnmais-
Has TOYHOCTh MPOTHO3a cocTaBisieT okoio 70 %,
Hanpumep s Antineoplastic (Renal cancer);
MakcumanbHas — 100 % (ans psjga akTUBHOCTEH,
Brurouast 3C-Like protease (Human coronavirus)
inhibitor, Angiotensin AT1 A receptor antagonist,
Antidote (organophosphates) u zip.

B crnenmaibHOM KOMIIBIOTEPHOM DKCIIEPH-
MEHTE OBUIO MOKa3aHO, YTO ajJrOpPUTM HPOrHO3a
PASS sBnsieTcss yCTONYMBBIM 1O OTHOLIEHHIO K
HEMoJHOTe WH(OPMAIIUU O CTPYKTypax W CIIEK-
Tpax OMOJOTUYECKON aKTHBHOCTH XMMHYECKUX
coeaMHeHNH B oOyyarolel Beioopke. CokparieHune
peasbHO W3BECTHOH MH(OpPMALKU O CTPYKTypax
WM aKTUBHOCTH XUMHYECKHX COCAMHEHHH B 00Y-
yaroriel Beioopke Ha 50 % JTUIIb HE3HAYNTEITEHO
YMEHBIIIAI0 TOYHOCTH IIPOTHO3a B TIEPEKPECTHOM
xoHTpoie (Poroikov et al., 2000).

Benuuunsl Pa 1 Pi MHTEPIPETUPYIOTCS Kak
OLIEHKH MEpPbI MPHHAIJICKHOCTH BEIIECTBA K KIlac-
caM aKTHBHBIX U HEaKTHBHBIX COCIUHEHUH 1100
KaK OI[CHKH OIIMOOK ITePBOTO ¥ BTOPOTo pona. Yem
OoJbIe JUIT KOHKPETHOW aKTHMBHOCTH BEIHYUHA
Pa v yem MeHbI1Ie BemnurHa Pi, TeM 00JIbliie IaHC
O0OHAPYXHUTh TAHHYIO AKTHBHOCTb B OKCIIEPUMEHTE.

B nanpHeiineM Mbl OyzieM paccMaTpuBaTh CUTYa-
MY, KOIJa 3HadueHue Pa J0CTaTOYHO BBICOKO M
3HaYUTENbHO IpeBocxoaut Pi. Ecnu npu ananuze
MIPOrHO3a CIIEKTpa aKTUBHOCTEH JIJ1sl HCCIIEOBAHUS
BBIOMPAIOTCS T€ BUABI aKTHBHOCTH, JIJIST KOTOPBIX
Pa>90 %, To MBI pUCKyeM IPOITyCTUTE 0K0J10 90 %
JIEUCTBUTEIBHO aKTUBHBIX COEUHEHU, HO BEPO-
SITHOCTD JIOXKHOIOJIOKUTEIBHBIX MPOTHO30B MpU
9TOM HUYTOKHO Maina; A Pa > 80 % npomyctum
yxe Toabko 80 % aKTUBHBIX COEIMHEHUN, HO U
BEPOSATHOCTH JIOKHOIIOJIOXKUTEJIBHBIX MPOTrHO30B
OyneT BhINIe, HAKOHEI, 11 Pa > Pi BEpOATHOCTH
OIIMOOK MEPBOTO ¥ BTOPOTO pojia PaBHBI. JTOT
MOPOT HCHOJB3YETCS «IO0 YMOJTYAHUIO» IS
OTCEUYECHHUSI BEPOATHBIX BUJIOB AKTUBHOCTHU MHPU
MIPOTHO3E.

Ecnu mporHo3 cmekTpa aKTHBHOCTH OOIIIH-
peH, TO CTPYKTypa MOJIEKYJIbI TAaHHOTO BEIECTBA
JIOBOJILHO TPOCTA U HE COJACPKUT KAKUX-THOO
0COOCHHOCTEH, 00eCIIeYHBAIOIINX BBICOKYIO Ce-
JIEGKTUBHOCTh €TI0 OMOJIOTHYECKOTO ICHCTBU.

Bo3moskHOCTH 1 IPUMeEPbI HCIIO/Ib30BAHUS
nporpammsl PASS

Kak yxe rosopusnocs Beiiie, PASS no3sosser
MPEACKa3bIBaTh in Silico: 1) BEepOSTHbIE MUILCHH
U151 U3BECTHBIX JINT'AHA0B; 2) BEPOSATHbIC JIUTaH IbI
JUTSI N3BECTHBIX MHUIICHEH; 3) BeposITHBIC (hapMa-
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KoTeparneBTHueckue 3PpQeKTrl, a TakKe T0O0UHOE
Y TOKCHYECKOE ACHCTBHE BEILECTB.

C 1enp0 pacuiMpeHusi BO3MOXHOCTEH uc-
mosib3oBaamsl PASS HayIHBIM COOOIIECTBOM MBI
peanuzoBanu BeO-cepBuc PASS INet (http://www.
ibmc.msk.ru/PASS), mo3BoJIsIFOLINIA OCYIIECTBUTH
MPOTHO3 CIIEKTPa OMOJIOTMYECKON aKTUBHOCTH Be-
mectB uepes Murepuer (Lagunin, et al., 2000; Ca-
IIIM | 11p., 2002; Sadym et al., 2003). Ucnonb3ys
craHmapTHBIH MHTEpHET-Opay3ep, MoIb30BaTelh
MOKET HalpaBUTh Ha caiT http://www.ibmc.msk.
ru/PASS/ ctpykrypHyto hopmyity BelecTBa, mpe-
craBieHHyio B Buae MOL-¢aiina, u aBromaru-
YEeCKH MOIYYUTh Ha JTUCIIIIEE CBOETO KOMIIBIOTEPA
IIPOrHO3 HanboJee BEPOSTHBIX YIS JaHHOMH MoJie-
KyJTbI HAMMEHOBAHWH OMOJIOTHIECKOH aKTHBHOCTH.
B 2007 1. 9ncno 3aperucTpupOBaHHBIX MOJIH30Ba-
Tenel cocrtaBuiio okoino 3000, a ynucio CTpyKTyp
MOJIEKYJI, HalpaBJIE€HHBIX HAa MPOTHO3 CIIEKTPa
ouonoruyeckoi akruBHOoCTH, 6osee 70000.

Ha ocnoBe nporuozupyembix PASS INet criek-
TPOB OMOJIOTMYECKON aKTUBHOCTH CHHTE3UPOBAHO
Y MPOTECTHPOBAHO OKOJIO 20 HOBBIX MOJEKYII,
NpPUHAMIEKANUX K Pa3IUYHBIM XHUMHUYECKUM
KJlaccaM; pe3yJbTaThbl MPOrHO3a MOATBEPIKICHBI
B JKCIIepUMeHTe. B gacTHOCTH, MOKa3aHO HaJH-
yue TAMK-3pruyeckoil u aHKCHOJIUTUYECKOU
AKTUBHOCTH Y IPOU3BOJHBIX XWHA30JIMHOHA, HO-
OTPOITHOI AKTUBHOCTH Y IIUKIMYECKUX HUTPOHOB,
[MHC-Moaynupyromieit akTHBHOCTH Y TPOU3BO/I-
HBIX a3€THIWH-2-O0HA, TPOTHBOBOCIAIUTEIBLHON
AKTHMBHOCTH y NMPOM3BOAHBIX |-al[MIaMUHOAII-
KHJI-3,4-IMaTKOKCHOEH30I1a, aHTHOAKTePHATEHOM
AKTMBHOCTH Y 3aMELICHHBIX aMH/I0OB U THAPA3UI0B
JTUKapOOHOBBIX KUCIIOT, aHTHIICHIIIMaHHO3HOI aK-
TUBHOCTH Y 9-aMUHO-2-METOKCHAKPUAUHOB U JIP.
(Geronikaki et al., 2008).

OOmmpHbIH ciucok nporuosupyembix PASS na-
MMEHOBaHUI OMOIOrNYeCKON aKTHBHOCTH I103BO-
JISIeT BECTU ITIOMCK KaK MOHOTAreTHbIX JIMTAH/IOB,
JICUCTBYIOIINX HA OT/IENTbHBIC MUIICHH, TAK U MYJIb-
TUTAreTHBIX BELECTB, JEHCTBYIONINX HA JIBE HIIH
Oosiee MuIIeHeH. BUpTyanbHbBI CKpUHUHT MOYKET
MpoBOIUTHCS B 0a3ax naHHbIX (bJ]) Kommepueckn
JOCTYIHBIX 00pa3loB XUMHYECKHX BEILECTB,
MMOCTABIAEMBIX psaoM (GupM (CM., HAIpUMeED,
http://www.chembridge.com, http://www.ibscreen.
com, http://www.asinex.com).

PaccMoTpuM B kadecTBe mprMepa HOUCK MOHO-
Y MYJIBTUTAreTHBIX BEIIECTB CPEOH BEILECTB U3

Bl ChemBridge DIVERSet (Bepcust 2006 1.). C
niomotibio PASS (Bepcust 2007 1.) ObLT BBIITOTTHEH
MIPOTHO3 CIIEKTPOB OMOJOTUYECKOW aKTUBHOCTH
st 39856 w3 40080 Mosexys, comepKaImuxcs B
atoit B/ (224 cTpyKTyphI SBISIOTCS ABYXKOMIIO-
HEHTHBIMHU, U JUIsl HUX TIPOTHO3 HE OBbLI IMOJIyYEeH ).
BpeMms nmporHosa Ha cTaHAapTHOM MEPCOHANb-
HOM KOMIIBIOTEPE — OKOJIO 15 MHHYT, T. €. OKOIIO
0,02 cexyHIIBI/MONEKYITY.

Pesynprarer mporHo3a ObUTH BBEIEHBI B KOM-
nproTepHyto nporpammy PharmaExpert (Poroikov
et al., 2005), xoTopasi lacT BO3MOKHOCTh TIOMCKA
BEILECTB C 3aJJaHHBIM NPOHIEM OHOJIOTHYECKON
AKTHBHOCTHU. MBI BBITIOITHWIIN TIOUCK MOJIEKYJI, ITPO-
THO3MPYEMBIX KaK MHTHOUTOPBI IMKITNH-3aBUCUMOI
KHHA3HI 1, ¢ moMomibio iporpammsl PharmaExpert.
Oxka3zanoch, 4T0 Ha ypoBHE Pa > Pi Takas akTHB-
HOCTH MPOTHO3UpYyETCA s 165 BemecTs; mpu
Pa>10% — nns 164 Bemects; nipu Pa >20 % — i
8 BewectB; npu Pa > 30 % — ans 3 BeliecTs; npu
Pa>40 % — He nporHo3upyeTCst HA I OTHON MO-
neKynsl. TakuM 006pa3om, BEpOSTHOCTD BBISIBICHUS
WHTHOUTOPOB IIUKJINH-3aBUCUMON KHHA3HI 1 cpemn
BertectB u3 b/ ChemBridge DIVERSet He Benuka.
AHAaJOTUYHBINA TOMCK MOJKET OBITh TPOBE/ICH B APY-
rux BJl, nanpumep B ChemNavigator (http://www.
chemnavigator.com), comepskareii HHGOpMAITHo O
Ooree deM 25 MITH YHUKAJIBHBIX CTPYKTYP.

Janee MbI IpoaHATM3UPOBAIN BO3MOXKHOCTD
BbIsIBJICHUS B 9TOW B/l MyJIBTUTAreTHbIX MPOTHU-
BOOITyXOJIEBBIX BemecTB. OKa3anoch, YTO YUCIIO
BELIECTB, IPOTHO3UPYEMBIX ¢ Pa > 70 % kak neu-
CTBYIOIINX OTHOBPEMEHHO Ha 2 MUIIIEHH, COCTAB-
nset 395 Monekyrr; Ha 3 — 334 Monexynsl; Ha 4 —
248 momnekyn; Ha 5 — 93 Monekyssl; Ha 6 — 18 Mo-
nekyn; Ha 7 — 1 momekyny. Takum oOpa3zom, Ha
OCHOBE KOMITBIOTEPHOT'0 TIPOTHO3a CIIEKTPOB OMO-
JIOTUYECKOI aKTUBHOCTH MOXXHO OTOMPATh MOTEH-
[MaThHBIE MYJIBTUTAreTHBIE IPOTUBOOIYXOJIEBEIE
npermaparbl. Panee Takoro poja mouck ObIT HAMH
MIPOBEZICH 7151 aHTUTUNepTeH3uBHBIX (Lagunin et
al., 2003) 1 MPOTUBOBOCIAIIUTEIIBHBIX BEIICCTB
(Geronikaki ef al., 2008) ¢ nyaabHBIMU MEXaHU3-
MaMU JIEUCTBHSI, U PE3yIbTaThl IPOrHO3a OBLIH
MTOJITBEPIKIEHBI dKcriepuMeHTanbHo (Lagunin et
al., 2003; Geronikaki et al., 2008).

Ha ocHoBe nporuosza crekTpoB OMOoJI0rnYecKkon
AKTUBHOCTH ¢ IOMOIbI0 PASS ObUIH BBISBIIEHBI BE-
LIECTBA C IPOTUBOSI3BEHHBIM, TeTIATONIPOTEKTOPHBIM,
IIPOTHBOOITYXOJIEBBIM, MECTHOAHECTE3HPYIOIIUM,
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MPOTHBOBOCIIAJIUTEIBHBIM, aHTUAPUTMUYECKHUM,
AQHTHOKCHAAHTHBIM, AaHKCHOJIUTUYECKUM, HOOTPOII-
HBIM, aHTHOAKTEpHAIbHBIM, aHTWJICHIIMAHUO3HBIM
1 psagom apyrux dddexror (Oumumonos, [lopoii-
koB, 2006; Geronikaki et al., 2008). Hamu takxe
ObUIN TTOKa3aHbl BO3MOKHOCTH ITpuMeHeHust PASS
Jutst iporHo3a yummaennst QT-unrepsana (Filz et al.,
2007) u xanueporenHoctu (Lagunin et al., 2005).
ITpuBeneHHbIE IPUMEPH] YOSAUTENBHO IEMOH-
CTPHUPYIOT, UTO C HUCIONb30oBaHreM PASS moxkHO
YCIIEIIHO MPeJICKa3bIBaTh Kak OCHOBHBIE (hapMaKo-
TepareBTUUECKUE, TaK U TOOOUHBIC YPPEKTHI yiKe
Ha CTaJ1 KOHCTPYHUPOBAHMS MOJIEKYII in Silico 1o
MPOBEJCHUSI PEaIbHOTO XUMHUYECKOTO CHHTE3a U
OMOIOTHYECKOTO TECTUPOBAHMUS.

3akjoueHue

IIpumenenue PASS no3BossieT pemars HEKo-
TOpBIE 3aJIa4l XEMOTEHOMUKH in silico, OIHAKO
00s13aTEIbHBIM YCIIOBUEM 3TOTO SIBISCTCS IPEA-
BapuTeIbHOE HaIMune HH()OpMaLuu 0 HEKOTOPOM
YHCIIe TUTaHA0B, KOTOPBIE MOTYT COCTaBHUTH 00yYa-
IOIIYIO BEIOOPKY. B cilyuae HOBBIX MUIIICHEH, JIs
KOTOPBIX TAKOI'O POJA JIMTAHBI €11[€ HE U3BECTHBIL,
CHayvaJja J0JDKEH ObITh MPOBEICH UX ITOUCK IKCIIE-
PUMEHTAITBHBIMU METOIAMHU.

IIpencraBnserca BecbMa NEPCHEKTUBHBIM
npumeHerne PASS 11 moncka MylbTHTareTHBIX
JIUTAHJIOB MyTEM BHUPTYaJbHOTO CKPUHHUHTA 0a3
JAHHBIX KOMMEPYECKH JOCTYITHBIX 00pa3OB XUMH-
YEeCKUX COEAMHEHH, TOCKOIBbKY TaKUE Ipenaparsl
MOr'yT 00J1aiaTh 3HaYNTEIbHBIMU IIPEUMYIIECTBA-
MU B CPaBHEHHHU C MOHOTAr€THBIMH JIEKapCTBAMH
(Wermuth, 2004).

CoBmecTHOE ucnonb3oBanue nporpaMm PASS
u PharmaExpert naetT BO3MOXHOCTb aHain3a
MEKJIEKapCTBEHHBIX B3aUMO/IEHICTBIH, UTO BEChbMa
AKTyaJIbHO KaK IIpU pa3paboTKe KOMOMHUPOBAHHBIX
CHHTETHYECKHUX INPENaparoB, TAK U IPU OLICHKE
JIEHCTBHS IPUPOAHBIX CyOCTAHIIHIA, TOTy9IEeHHBIX
Ha OCHOBE JIEKAPCTBEHHBIX PACTCHUM.
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COMPUTER-AIDED PREDICTION OF BIOLOGICAL ACTIVITY SPECTRA
FOR SUBSTANCES: VIRTUAL CHEMOGENOMICS

V.V. Poroikov, D.A. Filimonov, T.A. Gloriozova, A.A. Lagunin,
D.S. Druzhilovsky, A.V. Stepanchikova

The Orekhovich Institute of Biomedical Chemistry of Russian Academy of Medical Sciences,
Moscow, Russia, e-mail: vladimir.poroikov@ibmc.msk.ru

Summary

On the basis of predicted with computer program PASS biological activity spectra it is possible to reveal the
most probable molecular targets, with which chemical compounds interact in biological objects, and biological
effects caused by these interactions. Average accuracy of prediction is about 94 %, and the method is robust in
relation to the incompleteness of information in the training set. Wide utilization of this approach as a «tool» for
virtual chemogenomics (http://www.ibmc.msk.ru/PASS) provides the opportunities for independed experimental

confirmation of predictions in a dozen of cases.
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THE WITHIN-INDIVIDUAL BASIS OF BETWEEN-INDIVIDUAL
DIFFERENCES

V.G. Cherdantsev, V.A. Scobeyeva

Department of Biological Evolution, Faculty of Biology, Moscow State University, Moscow, Russia,
e-mail: VGCherdantsev(@yandex.ru; skobei-khanum@yandex.ru

From the analysis of quantitative morphological dynamics of amphibian gastrulation, we infer a general
law that, in the developmental series of repeatable embryonic areas subject to shaping, the proportion of
within- to between-individual variation in different areas depends primarily only on a spatiotemporal order
of their formation. The younger («distal») areas are more variable and develop at higher rates than the
older («proximaly) ones. Despite the absence of a notion of fitness, the general principle of morphogenetic
dynamics is mathematically the same as that of selection, since the system tends to minimization of within-
individual variance at a rate proportional to its amount. Thus, the within-individual component of varia-
tion seems to provide a driving force of morphogenesis, which means that the concept of developmental

canalization is a bias.

Key words: variability, morphogenesis, repeatability, selection.

Introduction

When in a sample of the adult organisms the
amount of variance in metric characters expressed
in the values of the coefficients of variation (CV) is
about 20 % and more the biologist would suspect
that something is wrong with sampling. Mean-
while, when we consider the embryonic structures,
the values of the CV at a level of 15-20 % corre-
spond not to the upper, but rather to the lower limit
of variation in morphological characters that are
subject to change in the course of normal develop-
ment (Cherdantsev, Scobeyeva, 1994; Scobeyeva,
Cherdantsev, 1999; Cherdantsev, 2003; Scobeyeva,
20006). Thus, the CV values of egg sizes in a single
clutch of the common frog (Rana temporaria)
spawn in nature never exceed 6—7 %. In the begin-
ning of gastrulation, the yolk plug diameter varies
in the same clutch at a 15-18 % level while char-
acteristics of the dorsal blastopore lip shape vary in
arange from 27 to 67 % (Cherdantsev, Scobeyeva,
1996; Cherdantsev, 2003). Variation of this order of
magnitude is common to genetically homogeneous
groups of embryos (siblings) developing in optimal
environmental conditions and having the same de-
velopmental age (Scobeyeva, 2006). It follows that

the normal developmental variation can be referred
neither to genetic nor environmental components
of variance. It merits being considered as a special
developmental component of natural phenotypic
variance — as the inherent developmental variability
(IDV, see Cherdantsev et al., 1996).

There is a principal difference between the IDV
and so-called «intangible» developmental variation
(Falconer, 1981). The last refers to «accidents»
or «errors» of development and, consequently,
should increase with time. In contrast to that, the
IDV is subject to increase with initiating of each
new morphogenetic shaping of the embryo and
decreases, as the developing structure acquires its
eventual shape. This holds both for the shaping
itself, such as the dorsal blastopore lip shaping
in amphibian embryos (Cherdantsev, Scobeyeva,
1994; Cherdantsev, 2003; Scobeyeva, 2006), and
positioning of gene expression domain boundaries,
such as those between anteroposterior segments
of Drosophila embryos (Houchmandzadeh et al.,
2002; Jaeger et al., 2004). In both cases, instead of
interfering with developmental pathways, the IDV
seems to drive them, selecting and differentially
enhancing the «appropriate» fluctuations, which
suggests that identification of the IDV dynamics



Becmnux BOI'uC, 2009, Tom 13, Ne

145

with Waddington’s canalization (Waddington,
1940) is not a matter of fact.

The nature of IDV seems to be the same as
that of within-individual differences between the
repetitively (serially) homologous structures of the
adult organism. The repetitive homology means
that a given series of structures, irrespective of
the degree of their morphological divergence,
arise with modification of parameters of the same
developmental (parametric) program (van Valen,
1982). By definition, if more than one measure-
ment of a morphological character can be made in
each individual in space and time, the phenotypic
variance can be partitioned into variance within
individuals and variance between individuals
(Falconer, 1981).

One of the basic principles of morphogenesis
is that of spatial unfolding stating that the shape
differences of embryonic areas display the suc-
cession of shaping of the same area (Cherdantsev,
2003, 2006). Therefore, a measurement made in
the structure can be partitioned into components
corresponding to the consecutive stages of its
shaping. This is sufficient for considering the
developing structure subject to shaping as an
analogue of repetitively homologous structures,
which provides an opportunity of partitioning of
their variance into the between- and within-indi-
vidual components.

Our aim here is to show that lying at the heart
of the IDV is the within-individual variation. The
point is simply that, if the differences between re-
petitively homologous parts form a one-parametric
set whose elements are at consecutive stages of the
same developmental transformation, then their own
variances are added by positive covariation being
proportional to the degree of within-individual spa-
tial differences. The between-individual variance
increases at the expense of the within-individual
one, that is, at the expense of spatial heterogeneity
of the developing structures in each given indi-
vidual. This explains why variation in quantita-
tive characters connected with embryonic shaping
proves not a hindrance, but rather an impetus of
their directional change. We will purpose to show
that in the developing structure consisting of repeti-
tively homologous elements each element moves
towards minimization of within-individual variance
of the whole structure at a rate proportional to the
amount of variance.

Spatiotemporal repeatability in amphibian
gastrulation and its implications

Analysis of variance in synchronously de-
veloping embryos fixed at consecutive stages of
morphogenesis. The hierarchical commitment in-
herent to determination of embryonic rudiments is a
particular case of the spatiotemporal series of repeat-
able serially homological structures. In amphibian
gastrulation this series begins with outlining of the
blastopore circumference, the so-called marginal
zone (MZ), whose inner diameter (Lyp, see Fig. 1, a)
is the only metric character that can be measured at
the vegetal view of the whole gastrula prior to the
appearance of the dorsal blastopore lip (DBL). The
further succession of morphological events develops
as a series of local shaping of the blastopore circum-
ference initiating at the dorsal pole of the MZ and
traveling to the ventral pole (Figs. 1, b—d).

The DBL appears as a cleft whose orientation is
that of the tangent to the blastopore circumference
(Fig. 1, b). It follows that at this stage the DBL has
no planar curvature on its own and the only mea-
surements characterizing the shape of DBL are that

Fig. 1. Spatiotemporal repeatability of morphogenesis
in frog gastrulation.

a—blastopore circumference prior to the onset of gastrulation,
b — initiation of DBL, ¢ — DBL develops its own curvature,
d — the DBL curvature forces out that of the blastopore cir-
cumference; B/ — blastopore, for other designations see text.
Pointers — cell flows at the blastopore circumference, arrows —
cell flows shaping the DBL arc.
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of'its linear (Larc, see Fig. 1, b) and angular (4arc,
see Fig. 1, b) lengths. Later on the DBL forms its
own curvature which is distinct from that of the
blastopore circumference and, starting from this
moment, the measurements can be added by the
linear height of the DBL arc (Harc, see Fig. 1, ¢),
which is a measure of the arc curvature. We con-
sider an interval between the arc formation and its
conversion into the semicircular DBL (Figs. 1, b—d).
At this interval, one can measure all listed charac-
ters and each of them does not change the direc-
tion of its temporal change: Larc, Aarc and Harc
are subject to increase while the Lyp is subject to
decrease up to the blastopore closure.

The repetitive homology of changes that occur
over the MZ both in space in time becomes evident
when we are considering patterns of the mass cell
flows (arrows in Fig. 1) molding new shapes of the
blastopore circumference. The MZ shape prior to
the onset of gastrulation implies that cell flows have
normal orientation, that is, the cells move along the
tracks that are coincident with the normal radii of
curvature of the blastopore circumference (Fig. 1, a).
The initial (straight) shape of the DBL means (for
the details see Cherdantsev, 2003, 2006; Scobe-
yeva, 2006) that cell flows deviate from normal
orientation to converge in the centre of the DBL
line (Fig. 1, b). Their convergence means that they
shape the DBL line converting it into the arc with
its own curvature. The arc formation normalizes the
orientation of cell flows at new radii of curvature,
which means deviating from normal orientation
of the bordering flows of cells and, consequently,
spreading of the DBL in space (Fig. 1, ¢). New cur-
vature of the blastopore circumference arising with
shaping of the DBL arc gradually forces out the
initial one (Fig. 1, d). Thus, the DBL arc develops
as a spatial unfolding of a single shaping process
generating a dorsoventral series of repetitively ho-
mological DBL shapes. In a correspondence to the
unfolding principle, at one pole of the series is an
«older» DBL fragment, whose own developmental
history is identical to that of the whole series, and
at opposites (lateral) poles are «younger» DBL
fragments having no developmental history on
their own. Older fragments are «distal» in the sense
that their curvature is most remote from the initial
one, while younger fragments are «proximal» in
the sense that their own curvature is close to the
initial curvature of MZ (see Fig. 1).

The relationships between the coefficients of
variation of metric characters and their specific
rates were studied in fixed embryos of the common
frog, Rana temporaria, developed synchronously
from the eggs of the same clutches spawn in nature.
The embryos were reared in the lab at optimal aera-
tion conditions and temperature (18 °C). The first
fixation was made just after the DBL had formed
its own curvature (see Fig. 2).

The next fixation was made in three hours, when
the DBL acquired the crescent-like shape. Each
fixation consisted of 300 embryos taken from the
same egg clutch. The specific rates of changes were
calculated as V' = (M, -M,)/M , where M, and M,
were the mean values of measurements made in the
first and second fixations, and matched to the values
of the coefficients of variation (CV) calculated for
the first fixation.

The arrangement of quantitative characters in
the phase space {V, CV} shown in Fig. 2 demon-
strates a clear-cut positive connection between CV
and V values. The DBL arc height (Harc) leading
in the amount of both variance and developmental
rates is a youngest character, as it arises at later
gastrulation stages by bending of the straight DBL

14
4l
i Harc
3 —
2 i g
e Aarc
1 _ Larc
Lyp
1 1 1
20 40 60 cv

Fig. 2. Interdependence between variation and specific
rates in the DBL shape characteristics in the frog gas-
trula.

CV (abscissa) — coefficients of variation at the crescent-like
DBL arc stage, V' (ordinate) — specific rates of changes between
the crescent-like and semicircular DBL arc stages. Designation
of characters is the same as in Fig. 1.
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line and, consequently, can develop under the
constancy of the characters Aarc and Larc. The
last two characters arise by shaping of a fragment
of the blastopore circumference and, as referred to
the tangent of this circumference, can develop on
their own under the constancy of the MZ diameter
(Lyp). As for the character Lyp having the least
variance and slowest developmental rate, it refers
to the «oldest» part of the MZ zone whose shape
has formed prior to the gastrulation onset.

The additional variance of younger characters,
especially Harc, is a direct consequence of the
convergence of cell flows, which provides an op-
portunity of changing of the DBL arc curvature
under the constancy of its linear and angular
lengths. This, in turn, provides a positive feed-
back between the arc shaping in both space and
time. In fact, both the lateral spreading of DBL
and the increase in its curvature at the dorsal pole
lead to an increase of spatial heterogeneity of the
DBL as a whole. This stimulates lateral (young-
est) DBL fragments to take over the dorsal ones
until the new curvature becomes uniform over
the whole DBL. Earlier we have shown (Cher-
dantsev, 2006; Scobeyeva, 2006) that this occurs
just at a transition of DBL from the crescent-like
to semicircular shape when the orientation of cell
flows normalizes in all DBL fragments (cf. ori-
entation of the cell flows shown in Figs. 1, b—d).
It follows that the decrease of variation is not ca-

nalization in Waddington’s sense. Rather, this is a
direct and natural consequence of vanishing of the
positive feedback between the local and non-local
behavior of the DBL parts.

Analysis of variance in the individual pathways
by repeated measurements of quantitative char-
acters in living embryos. Up to this point, we have
been considering the spatial repeatability of the de-
veloping structure. In order to evaluate its temporal
component in the explicit form, one needs to have a
series of measurements made at the same individu-
als, which presumes measuring of the living embryos
rearing in standardized lab conditions. From the
same egg clutches of R. temporaria spawned in
nature, we selected embryos with the synchronous
onset of gastrulation. Selected embryos develop in
individual plastic wells at 18 °C. At40 min intervals,
we oriented each individual embryo the vegetal pole
upwards and made the photographs at which we
measured the metric characters Lyp, Larc, Aarc and
Harc (see Figs. 1, a—). In total, we measured 150
embryos from seven egg clutches, each character in
each embryos being subject of 5 successive measure-
ments. The mean values of characters we expressed
in conventional units equal to 0.05 mm.

The time dynamics of the coefficients of varia-
tion (CV) and mean values (M) of the characters
Harc, Larc and Aarc is shown in Fig. 3, the number
of'a measurement (1-5, abscissa) being the measure
of time.

60| CV 4.0 60| CV 40 60/ CV 40
M M - M
50 35 50 35 50| F 0 e 35
Aarc Larc i
40| ™. 3.0 40| " 3.0 40|/ 3.0
---- Harc
30 25 30 25 30 25
20 '
20 20 20 20 20
10 1.5 10 1.5 0 1.5
1.0 1.0 1.0
1 2 3 4 5 ¢ 1 2 3 4 5 7 1 2 3 4 5

Fig. 3. The time dynamics of variation and means in the frog gastrulation.

Abscissa (T): measurements numbers (1-5). Ordinates: coefficients of variation (CV, dotted line) and mean values (M, solid
line) of characters (for designations see text) are shown at corresponding graphics. These data are those of measuring of the
living embryos in 40 min intervals from the appearance of the gastral cleft to the semicircular DBL arc. For each character,

their mean values are those normalized to the initial means.
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The variation is at a highest level at the onset
of the DBL arc formation and decreases, as the
arc acquires the spatially homogeneous shape,
the semicircular one, whose formation roughly
corresponds to a measurement number five. Note
that for the characters Aarc and Larc the maximum
of variance corresponds to the very beginning of
gastrulation when the DBL line has no a curvature
on its own. As for the character Harc, its variability
reaches the maximum just at a stage (see Fig. 1, ¢)
at which the change in the DBL arc curvature be-
comes the preponderant morphogenetic process. In
total, the general variation of the character Harc is
much higher than that of the characters Larc and
Aarc (cf. Figs. 2, 3).

Thus, as it concerns with the proportion of
variability of the characters, the study of succes-
sive developmental stages yields the same general
results as that of variation in synchronously fixed
embryos. The same refers to matching of the varia-
tion of characters to their developmental rates. The
DBL arc curvature (Harc) changes at a much higher
rate than the arc linear and angular lengths (4arc
and Larc).

A model of morphogenesis based on within-
individual selection analog. Our starting point
is that the between-individual differences are
reproducible, if (and only if) they have a within-
individual analog. One can infer an appropriate
model from the unfolding principle, as it matches
between-individual differences to within-individual
ones. We make use of a simple geometric construc-
tion shown in Fig. 4, a.

80
60
40
20

60 -40 -20 0 20 40 60 80

R.-Rp

Fig. 4. Amodel of the DBL shaping based on the analysis
of variability.

a—partitioning of the DBL arc into younger (R,) and older (R )
circles, b —plot, c and d — DBL shaping modes corresponding
to two parabola branches; X —a distance between their centers;
pointers — movement vectors of the dynamical system, arrows —
cell flows allowing for the corresponding DBL shaping.

In each individual embryo having the crescent-
like DBL, we partitioned the arc into three
fragments of equal angular lengths, a dorsal
(median) one and two lateral fragments that flank
the dorsal region. Then, as shown in Fig. 4, a, we
constructed two circles, one having a radius close
to that of the dorsal region (R ), and the other circle
with a radius close to that of the lateral DBL regions
(R)). For the simplicity, we assume that both lateral
fragments have equal curvature.

The reason for such a construction is the
unfolding principle, which permits to consider
these circles as corresponding to consecutive stages
of'the DBL shaping (see Fig. 1). Then, the evolution
of shape fits to one-dimensional dynamics of a
variable X, which is the distance between the
centers of «younger» (R,) and «older» (R,) circles
shown in Fig. 4, a.

The empirical dependence of X on (R,—R))
obtained from the analyses of variance of the DBL
shaping and shown in Fig. 4, b perfectly fits to a
parabolic curve in the phase space {X, (R,—R))}.
It follows from the distribution of data that a point
at which (R —R,) and X are also close to zero is
an attractor of the dynamical system. This means
that the system moves towards minimization of
spatial variance of the DBL shape (see pointers
in Fig. 4, b}, which, owing to the unfolding
principle, is equivalent the achievement of a state
at which dX/dt is also equal to zero. The DBL
moves to this state by adapting R, to R | (Fig. 4, c,
a dominating shaping mode), or vice versa (Fig. 4, d,
a minor shaping mode) as shown by arrows in
corresponding figures.

It follows that, in a rough approximation,
dX/dt=X (R,-R,),

where (R,—R,) is obviously proportional to
the amount of within-individual variance in all
quantitative characters whose dynamics concerns
with the DBL shaping and tends to zero when the
DBL acquires a uniform curvature. In general, if,
in amphibians, the dorsal pole were not beforehand
fixed, we would have had dX/dt = X (R—-R*),

where R were a radius of curvature of a given
DBL fragment, and R* — mean radius of curvature
of the whole DBL. Again, (R—R*) is obviously
proportional to the amount of variance.

Thus, we can conclude that the morphogenetic
system moves towards minimization of within-
individual variance at a rate proportional to the
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amount of variance, which is mathematically
indistinguishable from what Fisher’s «Fundamental
Theorem of Natural Selection» states.

Conclusion

The above data show that within-individual
variability inherent to normal dynamics of morpho-
genesis is the main source of between-individual
differences that are highly reproducible with no
respect to a contribution of both the additive ge-
netic variance and fitness. As a dynamical system,
morphogenesis is subject to the same mathematical
principles as those of selection, where the notion
of fitness is absent being replaced by the account
of relationships between the shapes of embry-
onic areas involved into the same shaping process.
Among a variety of shaping trends, each embryonic
area selects those that can be readily continued by
neighboring areas. The situation is very similar
to that arising in fallacious genetic experiments
in which the animals with better characteristics
get the better diet. In our case, this is a premise to
within-individual selection based exclusively on
differential capacity of different shapes of the areas
to involve surroundings into their own shaping. An
opportunity of this kind of selection means, first,
that selection is a wider concept than fitness and,
second, that the shape of a developing area carries
information on its developmental trend.

It follows, in particular, that it is erroneous to
identify the dynamics of inherent developmental
variation (IDV) with developmental canalization.
The reason why variation decreases with approxi-
mating of the form to the eventual state lies not in
the enhancement of regulation, but rather in the
exhausting of within-individual variation com-
ponent allowing for both the direction and rate of
morphological changes.

What is worthy to stress is that the within-
individual component of variation, owing to the
unfolding principle, is reproducible despite its
inheritance and contribution to fitness may be
close to zero. Then, insofar as within-individual
differences manifest at individual level, they might

correspond to what Darwin understated under the
vague term of «indefinite» variation (cf. Cherdant-
sev et al., 1996).
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MOIEJIUMPOBAHUE 3BOJIIOIU TPOPNYECKHU 3AMKHY ThIX
COOBHIECTB C KOMIIEHCATOPHBIM
N HEKOMIIEHCATOPHBIM METABOJIN3MOM

C.A. Jlammmu -2, B.B. Cycaos!, }0.I. Marymkuu 2

"'Vupexaenue Poccniickoit akageMunt Hayk MHCTUTYT IIUTOJIOTUU M TEHETHKH
Cubupckoro oraenennst PAH, HoBocubupck, Poccust, e-mail: lashin@bionet.nsc.ru;
2 HoBoCHOHMPCKHIi TOCYIapCTBEHHBIN yHUBepcHuTeT, HoBOCHOUpCK, Poccus

[TpoBeneHO cpaBHHUTENBHOE MOACIMUPOBAHUE AUHAMHKU aIalTUBHOCTH M OMOPa3HOOOpa3us MOIYJISLUH
CUMOHMOTHYECKUX OJHOKJICTOYHBIX I'aIUIOMJHBIX aCeKCYaJbHBIX OPraHM3MOB, OOUTAIOLMIMX B OHOTOIE
KOHEYHOTO 00beMa, B KOTOPHII H3BHE MocTymaeT Hecneruduyaeckuii cyoctpar (HC), HeoOxommumeril Bcem
0c00sM. CHMOHOTHYHOCTB 3aKITIOUaeTCs B 0OMEHE MEXKTy TIOMYIISAIIUSMHE CIICTH(PHISCKUMHU CyOCTpaTaMi.
C NOMOIIBIO OPUTHHAIBHOTO KOMILIEKCA MPOrpaMM « DBONIOLHOHHBIN KOHCTPYKTOPY, HO3BOJIAIOIIETO
BapbHPOBaTh M TCHETHYECKYIO, M TPODUUECKYIO CTPYKTYPY MOJIEIH, ITOKA3aHO, YTO NMPH CyOlIeTalbHOM
rononaany o HC momymsiwm ¢ koMneHcaTopHbIM MeTabomm3MoM (Hepoctatok HC MokeT OBITh 9aCTHIHO
KOMIICHCHPOBaH 0J1arogapsi KOOBOJIIOIMHA CHMOMOHTOB) 00JIaIaf0T JTyUIIeH aIanTHPyeMOCThIO (MyTaIis B
OIHOH M3 MOIYJSAIMK CracaeT BCe MOy CHMONOHTOB), HO TTOCTEIIEHHO TEPSIOT OHopazHooOpasue.
[TonysA1y ¢ HEKOMITIEHCATOPHBIM MeTa00JIM3MOM, HAaIlPOTUB, COXPAHSIOT OHOpa3HOOOpa3ye BILUIOTH J10
BBIMHpPaHHS. [JIs MOMYISNUI ¢ KOMIIGHCAaTOPHBIM METa0OIM3MOM BBISBIICHO KPHTHYECKOE COOTHOILICHHUE
YHCJICHHOCTH NONYJISIUHK U iputoka HC, pr KOTOpOM CyOCTHTYLIMOHHBIN I'Py3 3aMEHBI HOPMAJILHOTO aJl-
JIeNsl Ha MyTaHTHBIH BBLICpKaTh HEBO3MOXKHO. OOCYKIAaI0TCs HEJOCTATKH U MPEHMYILECTBA SBOJIFOLIMOHHOM
cTparernd GOpMHUpOBaHHs OMOTHI Ha 6a3e HEMHOTHX TAKCOHOB — YHHBEPCAJIOB U CTPAaTETHHU, CBI3aHHOMU ¢
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ToJIIep>KaHIeM BBICOKOTO OHOpPa3HOOOpasusl.

KurwueBsble ciioBa: MOJCIIUPOBAHUC IBOJJIIOIUH, FOpPI30HT8.J'IbHI:-II71 MEPEHOC.

BBeaenue

JKuzup Ha 3emuie cymiecTByeT B (opMe B3au-
MOZACHCTBYIOIIUX COOOIIECTB ABYX THIIOB: MOITY-
Ui 1 9kocucteM. [lonymsanuu oOecnieynBarOT
BO3MO)KHOCTB BOCITPOM3BOICTBA M OCYIIIECTBICHHS
JapBHHOBA 0TOOpa. OOMEH BEIIECTBOM U DHEPTHUEH
KaK C BHEIIHEH CPEAO, TaK U MEXKY IOIYJIsLN-
SIMH — OJIHA U3 OCHOBHBIX (DYHKIHH SKOCUCTEM, B
pe3ysbTaTe KOTOPOH 00eCIIeUnBAIOTCS yCIIOBHS IS
BOCTPOM3BOCTBA oOprann3MoB (Kamros, 1974;
Mapraied, 1992; XKepuxun, 1994). 3nauwnT, 1r0060it
SBOJIOIIMOHHBII MTPOIIECC JIOTUYHO PacCMaTPUBaTh
B3aMMOJIOTIOJIHUTENBHO: KaK C MOMYIISIIHOHHOM,
TaKk M C 3KOCUCTEeMHOI Touek 3peHus. Crenosa-
TEJIbHO, HBOJIOLIMOHHBIN yCIIEX HOCUTEIS TOTO MU
WHOTO TeHOTHIIA CBS3aH HE TOJIBKO ¢ (prukcaruei B
TIOTTYJISIITAY, HO ¥ C BIMSIHUEM TaKOW TOITYJISIIHH
Ha (QYHKIIMOHUPOBaHUE dKocHucTeMbl. OHAKO B

OTJIMYME OT TOMYJSIUHA MPUHIKI KOHKYPEHTHO-
ro MCKIIIoUeHUs (MpuHUuN ['ayse) He mo3BossieT
OZIHO3HAYHO CBA3ATh YCIEX C YUCICHHOCTHIO WIN
4acTOTOM I'eHOTHIa B 3kocucTeMe. OnpeneneHue
9BOJIFOLIMOHHOTO YCI€Xa I'eHOTHMNA (BHA, TaKCO-
Ha) MOXKHO JIaTh JIUIIb Yepe3 yCIeX dKOCHUCTEMBI
B 1enom (Kammmmios, 1974; Mapraned, 1992;
Kepuxun, 1994).

Tak Kax BHEIIHSS CPEAa MOCTOSIHHO MEHSETCH,
9BOJIIOLIMOHHBIA ycleX B 00ILEM BUIE MOXKHO
OIIPENENIUTh KaK CHIKCHHE BEPOSITHOCTH rudenn
coo0IIecTBa OT HEONPEICIICHHBIX, HEMTPEABHICH-
HeIx ipuanH (Kpacuios, 1986). MoxHO BBIIETUTD
JIBa YHUBEPCAIBbHBIX CIIOCO0A JOCTHKEHHUS TAKOTO
ycrexa: CIoOCOOHOCTh K MOCTOSHHOMY HOMCKY
HOBBIX [TOTOKOB 9HEPruu M Beuectsa (JIeBuenko,
1993, 2003) 1 TOBBINIICHHE CTAOMIBHOCTH H 3aM-
kayTOoCcTH cucteMbl (Omym, 1986). Ecnn uckiro-
YUTh MUTPAIMIO U3BHE, Y DKOCHCTEM OCTaeTCs
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€IMHCTBEHHBIN CII0CO0 TOCTHKEHHS TAaKOTO ycIiexa
— 1apBHUHOB 0TOOp B oMy siuusix. Takum o0Opazom,
SBOJIIOLIMOHHBIN yCHEeX CBs3aH ¢ OaJaHCOM IBYX
XapaKTePUCTHK: YCTOMIUBOCTH (CIIOCOOHOCTH
COXpaHATh CTPYKTYPY M FOMEOCTa3 HECMOTps Ha
W3MEHEHUS BHEIIHEH Cpe/ibl) M alalTHPyeMOCTH
(crtocoOHOCTH OTBEYaTh Ha HEKOHTPOJIHPYEMbIE
M3MEHEHUS Cpelibl ' 3a CYEeT HEeoNpeIeIeHHOH 13-
MEHYUBOCTH).

W3 BbIIIECKA3aHHOTO CIIEYET, YTO Mporpam-
MHas cpeja JUIsi MOJEIHPOBAHUS IBOIIOINUH
JIOJDKHA HE TOJBKO 00ECIICUHTh aHallu3 Orpeie-
JICHHOTO CTaTHYECKOTO (CTPYKTYPHO) COCTOSTHHS
9KOCUCTEMBI, HO U /1aBaTh BO3MOKHOCTb pacyera
MPaKTUYECKH JIFOOBIX BAPUAHTOB 3KOCUCTEM, MOT'y-
IIMX BO3HUKHYTb Ha 0a3e TaKoro 3TaJ0HA 3a CUET
€ro TMHAMUKH (00paTUMbIe N3MEHEHHS ), PA3BUTHSA
(3aKOHOMEpHBIE HEOOPATUMBbIC U3MEHEHHUSI ) U HBO-
JIOIMH (CTIOHTaHHBIE U3MEHEHUS B 3aKOHOMEPHO-
CTSIX Pa3BUTHS, TECTUPYEMBIC OTOOPOM).

B nacrosimee BpeMs co34aHO OKOJO 4 ThIC.
MoJeJIei IMHAMIKH dKocucTeM (Jmrgensen, 1995,
1999). Ix MOHO pa30UTh HAa NOPTPETHBIE (MH/H-
BU/yaJIbHO-OpPUEHTHPOBAaHHbIE), 0000IICHHBIC U
CTPYKTYpHO-IMHAMUYECKHE (ONTHMHU3AOHHBIC)
(JIeBuenko, 1993; Jergensen, 1999; Fog, 2000;
CyxoBomnbckuii, 2004). TlogpoOHBIE TOPTpETHBIE
MOJIESI HAIVISIIHBI, HO BBIYUCIIUTENIBHO CIIOKHBI
(B mmeane xaxmas ocoOb TpeOyeT omucaHus),
TPYAHO PACHIMPSIEMBI H CTATUYHBI — UX CTPYKTYpa
B XOJl¢ YHCJICHHBIX PacdeTOB MEHSETCS JIHUIIb B
peIeTePMUHUPOBAHHBIX IKCIIEPHUMEHTATOPOM
npeaenax. O600IIeHHbIC MOZIEJIN BEIYUCIUTEIEHO
Ipolie, 3a YTO NPUXOAUTCS IUIATUTh MEHbIIEH
MOAPOOHOCTHIO OTIMCAHMUSL, OITYCKasl IETaJIN CTPYK-
TYpBI 9KOCHUCTEM HJIU 3a]1aBasi UX B HESIBHOM BHJIC
MyTeM B3aMMO3aBUCHUMBIX KO3 ¢uuneHtos. B
CTPYKTYPHO-TMHAMHUYECKOM (OTITUMU3ALITOHHOM )
MOZETMPOBAHUU NPOOIEMa CII0KHOCTH ONUCAHUS
peabHOT0 6Mopa3HO0Opa3Ms peNIaeTCs IyTeM aHa-
n3a 0000IIEHHBIX [eNeBBIX (DYHKIHH (MAKCUMYM
UCTIONB3YEMOM SHEPT U, MUHUMAIIbHASI SHTPOIIHS,
MaKCUMyM OMOMAacchl M JIp.) C HUM CBSI3aHHBIX.

! Jlx. Xaxcau (Huxley, 1943, 1954) Beiensn TpeTuii myTh
K BOJIOLMOHHOMY YCIIEXy — KOHTPOJIb Haj CPeoii, 3a 4To
€ro ynpeKajd B aHTPOINOLEHTPU3ME. DTOT IyTh 4acTo pea-
JIM3YyeTCs B Mapa3UTAPHBIX SKOCHCTEMAX: MMapasuT U3MEHSET
I0JIOBO3PACTHYIO CTPYKTYpy momyisinny xo3sinHa (Iopstaesa,
2004, IOpnoBsa, 2003) u maxe ero noseaenue (Bakker et al.,
1997; Hansen, Poulin, 2005), He roBOpsI ykKe O TOIABICHUN
nmmynurera (Cynoraunkuii, 2005).

Tak, B pabote G. Bendoricchio u S.E. Jergensen
(1997) mpennoxena 1eneBas QYHKIHS «MaKCH-
MaJbHas 3armaceHHas sk3eprusi». OHa MO3BOISET
OIIEHWBATH JIISI K&JKJIOTO TAKCOHA B YKOCHCTEME HE
TOJIEKO OMOMaccy, HO U KOJINYeCTBO HH(POPMAITUH,
OTTAJIKMBAsICh OT CPEAHEr0 KOJIMYECTBAa 'CHOB B
ero renome. Takoll crmoco0 MO3BOJIIET XOPOIIO
MO/JIEIIUPOBATH IBOJFOIIHEO IKOCUCTEM, COCTOSIIIAX
13 BOIIOIMOHHO JTAIEKHX TAKCOHOB.

BaxHoit 0cOOEHHOCTRIO pa3BUBAEMOM aBTOpaMH
METOJIUKH TIONIArOBOTO MOJICITUPOBAHUS, Pean-
30BaHHON B KOMILJIEKCE MPOTPaMM «DBOJIIOLIHOH-
HbIH KoHCTpyKTOp» (DK), sIBIISIeTCS BO3MOXHOCTD
rUOKOTO BapbUPOBAHHS CTETEHU JICTATbHOCTH
OTMCAHUS MOJIETUPYEMBIX OOBEKTOB. DTO AOCTH-
raercs MOCPENCTBOM apu(METHKH T€HETHIECKNX
criekTpoB (cM. Matepuansl U MeTobl). Takum
o0Opaszom, Mojienu, peain3oBannbie Ha DK, MoryT
I10 KEJIAHHIO TTOJIh30BAaTENsl MPUOIMKATHCS KaK K
0000MIEHHBIM, TaK U K MOPTPETHBIM MOEIISIM, HE
SIBIISISICH B YHCTOM BHJIe HU omHOM n3 HUX (Lashin
et al., 2007; Jlammmua u np., 2008). DK Taxke 1mo3-
BOJISICT B XOJIC MOJICJTUPOBAHUS U3MEHSATH TPO(H-
YECKYI0 CTPYKTYpPY B3aUMOOTHOIICHUN MEXKIY
MOMYJISIUSIMUA M TPOPHUESCKUH CIICKTP OTICIIbHBIX
TIOITYJISITIHIA (UTO MOYKET BBIPAXKAThCS B U3MEHEHUH
YHUCJIa TIEPEMEHHBIX MOJIENN) 3a CUeT MyTallui,
TOPU30HTAIBHOTO TIEPeHOCa TeHOB, BHYTPH- U
MEKBHUJIOBOM KOHKYpeHIiH 1 otoopa. [Tox Tpodu-
YeCKOH CTPYKTYpOH MoJpa3zyMeBacM OpraHnu3aluio
COO00IIECTBa, OCHOBAaHHYIO Ha TPOPHUUYECKHUX B3a-
MMOOTHOINICHUSX TMOIY/SIHANA, TIOA TPOQUISCKIM
CIIEKTPOM — HA0Op KOPMOB, HEOOXOTUMBIA IS
HOPMaJIbHOM KU3HEAESTETLHOCTH MPEICTaBUTENCH
OTJCNbHBIX MOMYJISALUNA, U UX KOJIMYECTBCHHYIO
MIPOTIOPIHIO, & B HEKOTOPBIX CITydasx — 3aMelac-
MocTh KopMOB (Omym, 1986; buron u np., 1989).
CriexTp MyTanuii IPUHIUIHAIBHO HE TPEeTePMHU-
HUPOBAH, XOTSI MOXKET OBITh OTPaHUYEH, HAIIPUMeED,
MCXOOs W3 BBEIYUCIATEIBHBIX MOIIHOCTER. DK
MIO3BOJISIET BapbUPOBATh CTEINCHb MOPTPETHOCTH
OITMCaHUS MOJICNIHN, YTO COOTBETCTBYET PEaIbHOMY
9BOJIOLIMOHHOMY Tpoueccy (0TOOp MOXKET ObITh
KaK WHIWBH]yaJbHBIM, TAaK U TPYIIIOBBIM) U TIO-
3BOJIAET MPH HEOOXOTMMOCTH OIIEHUBATh TTOBEIe-
HUE TeeBhIX (DYHKINH.

B mpupone yacto HaOrOmaeTCs KOMITCHCAIHS
ucnonb3yembix pecypcoB (Oxym, 1986; buron u
Ip., 1989), xorma HEOOCTATOK OAHOTO U3 HUX BU[
YaCTUYHO KOMITEHCHUPYET 3a CYET JAPYroro (3aKoH
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KomreHcanuu pecypcos Probens (Rubel, 1935)),
100 B3aNMOJICHCTBUE PECYPCOB U3MEHSET IOTPeO-
HOCTb BHJIa B OTHOM U3 HUX (KOHAMIMOHUPOBAHHE
pecypcoB) (bexnmemuties, 1970; Omym, 1986).

B nanHo# pabote mpoBeAEHO CPaBHUTEIBEHOE
MOJICIMPOBaHUE AMHAMUKU YCTOWYHBOCTH, a/1all-
TUPYEMOCTH M OMOpa3HO00pa3usi TpopuUecKu
3aMKHYTBIX COOOIIECTB C KOMIICHCATOPHBIM U He-
KOMIIEHCATOPHBIM THUIIaMH MeTabonusma. HyxHo
HNOAYEPKHYTh, YTO BCE OOCYKIECHUE MPOBOIUTCS
B MPEATION0KECHUU O CTaOUIBLHOM COCTOSIHUU
9KOCHCTEMBI (CTAlMOHAPHOM WJIM IUKIUYECKU
M3MEHSIOoIEMCs1), 0€3 KOTOPOTO TOBOPHUTH O JIH-
TEJTLHOM CYILIECTBOBAaHUH SKOCHCTEMBI BOOOIIIE HET
cMbicaa. OObIMHO B MOZEISAX SKOCHUCTEM OITICAaHHE
MeTabo3Ma 0co0eil He OTIIMYAeTCsl OT OIMCAHMS
XUMHMYECKON pEeaKkUUH, UMEIOLIEH MOCTOSHHbIE
crexuomerpryeckue koddhunmentsl. Habop Taknx
KO3((PUIIMEHTOB 3a7aeT yCIOBHS CYILIECTBOBAHMS
BUJ1a, TOJUMHSIOLHMECS 3aKOHY MUHUMYMa JInOuxa,
cthopmynupoBanHomy B 1840 . (Omym, 1986).

MaTepna.nbl U ME€TOAbI

ITpu pazpabotre DK MbI nCXOAMIN U3 TOTO, YTO
0TOOpY B MOAABIISIFOIIEM OOJBINMHCTBE CITy4acB
BCE paBHO, KaKUM 00pa3oM B OHTOTeHe3e (op-
MUPYIOTCS] TIPU3HAKH, HY>KHBIC JIJISI BBITIOTHEHUS
Kakoi-1ubo Ouonorudeckoit Gpynkuuu (I"ayse,
1941; IlImaneraysen, 1968; Uepaanues, 2003).
MHoro4uciIeHHbIe TpUMepbl KOHBEPTEHIIMH MO/~
TBEPIKIAIOT, UYTO ITO JOMYIICHHE COOTBETCTBYET
peanbHOCTH. JIeWCTBUTENBEHO, 0TOOP MOXKET BIHSATH
Ha OHTOTCHETHYECKHI TPOIIECC JIUIIb B CITyYae He-
YCTOHYMBOCTH TakoBoro mporecca (Llmanbrayses,
1968; Nopnanckuii, 2004; ['ynOuH u 1p., 2007), uto
OIISATH-TAKU TPOSIBISIETCS B BBHICOKON BapHadesb-
HOCTH MPU3HAKOB — B aHOMAJIBHO IIIUPOKON HOpME
peaknuu Ha monynsnuoHHoMm yposHe (Benses,
1979) unm Ha ypoBHE BBICOKHX TaKCOHOB — IIPH
OTCYTCTBHUHU BBIpaKeHHOTO apxerumna’ (PoxxHOB,
2006). DBonrOIMOHHOE POPMUPOBAHUE B3AUMHON
CKOPPETUPOBAHHOCTH MIPU3HAKOB (apXeTHUIia) or-
paHUYMBACT MX BapbupoBaHue. Kak reneTndeckue,
TaK M MaJCOHTONOTUYCCKHUE AHHbIC MOITBEPXK-
JAI0T, YTO MEPHOJ BHICOKOH BapuaOeIbHOCTH

2 ApXETHII — CBOETO POJIa CTAHAAPT TAKCOHA, MHBAPHAHTHAS
KOMOMHAIMs NMPHU3HAKOB, OMpPEACIAIONas OCHOBHbBIC Xa-
paKkTepUCTUKHU IpeacTaBuTeneil Takcona (3aBap3uH, 1973;
JIrobapckuii, 1993; Vasilyeva, 1999).

(denoTHma B puiIoreHe3e OTHOCUTEIBHO KPATOK —
OOJBIITYI0 YacTh CBOGH JKM3HU TaKCOH UMEET yC-
ToMuuBbIN apxeTun. C MOMEHTa BO3ZHUKHOBEHUS
TaKOH KOPPEIAIMOHHON pemeTk GHUIoreHeTHYIe-
CKasl Ki1accu(pMKaIHs HAYWHAET XOPOIIIO COBIA/IATh
C TUMOJIOTUYECKOM (CXOICTBO = POACTBO) (3aBap-
3uH, 1973; Vasilyeva, 1999). Orot dakt mo3osui
CYIIECTBEHHO YIPOCTUThH MOJXOJ K OIMHCAHUIO
o6unopaznoobpasus B OK.

B DK mpobrema cioxxHOCTH OITUCaHUs Oropas-
HOOOpa3ust IIEMEHTOB PKOCUCTEM pPelIeHa TyTeM
OTKa3a OT alpHUOPHOTO BBIJICIICHUS KaK KIAccOB
9NIEMEHTOB, TaK ¥ (PUIETHIECKUX OTHOLICHUH MEX-
Iy knaccamu. JIFo0oii aneMeHT (0Co0b, TIOITYIISAIuS,
BHJI) HE BBIJICISCTCS allPHOPHO, & OTPEIeTSeTCs
(1 mepeonpenesieTcst B X0Ie pacueToB) 0 KOMOH-
HaIMY 3HAYCHU I HeCKONbKUX npu3HakoB (Lashin et
al.,2007; Jlammn u np., 2008). B Tekymieii Bepcuu
OK ato: 1) MHOXKECTBO MOTpebIsieMbIX cyOcTpa-
TOB; 2) MHOXKECTBO TIPOIYIIMPYEMBIX MTPOIYKTOB;
3) MHOXECTBO cKopocTel (3¢ heKTHBHOCTEH ) yTH-
JIU3AIMN COOTBETCTBYIOIINX CYOCTPATOB M CHHTE3a
COOTBETCTBYIOIIHX MPOAYKTOB.

Cuanraercs, 4TO KaKI0My PU3HAKY COOTBETCTBY-
€T KOHKPETHBIH I'eH (IIOTeHIHAILHO MOJIBEP/KEHHBIN
MYyTaIysM ), Orarogapst 4eMy mpu3HaK MOXKET HacJie-
JIOBAThCS ¥ I3MEHSATHCS. TakuMm 00pazom, eeH 6 DK
npeocmasisiem cooou eOuHUYy HACIe008aAHUsL.

B texymieit Bepcun 9K mMonmenupyeT ko3BoII0-
LU0 OMYJSIIUH TPO(QUIECKH CBSI3aHHBIX OJTHOKIIE-
TOYHBIX aCEKCYaJIbHBIX TalUIOMJHBIX OPraHu3MOB
(oco0eti min KIIETOK), OOUTAIOIINX B OKpYJicarouyelt
cpede KOHEYHOTO 00beMa ¢ HAeabHBIM TIepeMe-
muBanreM. C BHEITHUM MHPOM OKpYXKaroIas
cpea CBsi3aHa npoyeccamu npumokda u Ommoxa
cyoctpatoB U ocobeil. Ocodu MOTYT OTPEOIATH
cybcmpamul v CEKPETUPOBATH NPOoJyKmbl. | eHOTHUIT
0COOU COCTOUT M3 TeHOB OTPEOIeHUs CyOCTparoB,
TeHOB TTPOU3BOJICTBA MPOIYKTOB, IIPH ATOM BapH-
aHTHI (aJUTEITH ) TEHOB PA3JIMYaloTCs 10 00eCTeun-
BaeMOH MU 3PPEKTUBHOCTH COOTBETCTBYIOIINX
nporeccoB. [ €eHbI MOTYT MyTHPOBATh, BCIECICTBHE
Yero KOJIMYECTBEHHO MEHSIETCS COOTBETCTBYIOLIAS
saddexrusaocts (Lashin et al., 2007; Jlawmun u ap.,
2008)°. bananc Mex 1y TpyInamMu reHOB ONpe/iesi-
eT GEHOTHIT 0COOH — ee TTIOTPEOHOCTH B CyOCTpaTax,

3 MyTanuu o TeHaMm HecTelU(HUIECKOro CyOCcTpara B TeKy-
e Bepcuu JieTanbHbl. Takke BO3MOKEH FOPU30HTAIbHBIN
nepeHoc reHoB mMexay opranuszmamu (Lashin et al., 2007,
Jlamms u ap., 2008).
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CHOCOOHOCTh KOHKYPHUPOBATh 338 HUX M UCTIONB30-
BaTbh WX JJIsl IPOU3BOJICTBA JPYTUX CyOCTpPaToB U
pa3MHOxeHHs1. OcoO0H 00bEANHSIOTCS B HONYIAYUU
10 TPUHITAITY TeHETHIeCKor Onmm3octu. [lomyms-
U 00pa3yloT mpopuuecKu ces3aHuble Cemu.
ITpoaykThl, CEKpeTUpyeMble OIHOM MOIYJISILUECH,
MOTYT CIIY’KUTb CyOCTpaTaMu JUist JPYTroH MormyJisi-
UM (TIOMyYJISIKE ), BIMsLs Ha ee pazMHoxeHue. [Ipo-
IYKTbI/CyOCTpaThl, CEKPETUPYEMBbIE MOIYIISALIISIMH,
OyneMm Ha3bIBaTh cneyuguueckumu. KoHueHTpanus
cnenupUUECKUX CyOCTPATOB B OKPYIKArOILEH cpese
oTpe/eNnsieTcss OTHOIICHUEM CKOPOCTH UX CHHTE3a
K CKOPOCTHU HX MOTPEOJICHHUS, a TAKKE K CKOPOCTH
M KOHLEHTpauuu oTToka. CyHIeCTBYIOT TaKXe
Hecneyuguueckue obwue cyocmpamol, 9be TpH-
CyTCTBHE HEOOXOIUMO IS JKM3HU BCEX OCOOCH.
Konnentpanuu Hecrienupuyeckux cyocTparoB
B OKpY)KalOLIel cpelie 3aBUCAT OT COOTHOLICHHUS
MPUTOKA U OTTOKA U OT MHTEHCUBHOCTH HX MOTPE0-
nenus. Ha puc. 1 mpencrasnena cxeMa OCHOBHBIX
00BEKTOB M MPOLIECCOB NpeAIaracMoi METOAUKU
MOZIETIMPOBaHus (IIOKa3aH Cly4yail ¢ eIUHCTBEH-
HbIM Hecrienuduyeckum cyocrpatom N)).
CoueTaHue MOPTPETHOTO U 0OOOIICHHOTO
MOAXO/I0B MOJIEJIMPOBAHHUS MTO3BOJISAET BBIYHCIIH-
TENbHO AP PEKTUBHO MOJIETTPOBATH MOTMMOP(HU3M
110 MHOTMM T€HaM, U3MEHEHHUs IeHEeTUYECKON

CTPYKTYpbI MOMYJISALNHA, BEAYIIHE K 3HAYUTEINb-
HOM TIepecTpOrKe CTPYKTYphl MOAEH (BILIOTH 10
HM3MEHEHUS YNCJIa yPaBHEHUH M IepeMeHHBIX). K
TaKMM M3MEHEHHUSM OTHOCSTCS KaK M3MEHEHUS
4acTOT aJuleel BCIE/ICTBHE O0TOOpa W MyTaluil,
TaK M TOPU30HTAIBHBIA MEPEHOC NE€HETHYECKOTO
marepuana (Lashin et al., 2007; Jlammu u np.,
2008). Taxxe DK mo3BossieT 3a1aBaTh pa3InvHbIC
CTpaTeruy pa3MHOKEHHS U TPO(YUUECKUE CIICKTPBI
JUISL pa3HBIX MOIMYJISILIUH.

PesyabTarsl

CpaBHuBaeTcs 3BOJIOUMS JIBYX Tpoduyec-
kux kxoner| (TK) nmpu cybmeransHOM nedwurmmre
O6ompmuHCTBA cyOcTparoB. B oboux ciaydasx
HOMYJISIAH, BeIIENss cienuduyeckue cyocTpa-
Thl, aKTUBUPYIOT pa3Butue cocena mo TK. s
MPOCTOTHl HA PUCYHKAX KOJIUYECTBO MOMYJf-
uuii B TK orpanuuuBaiock Tpems: MOMYJALUS
P, yrunusupyer cneunduueckuit cyoerpar S,
poayuupyeMsll P,, u cama mpoxynupyer cre-
nupuyeckuit cyocrpar S,; P, yrunmusupyer S,
U TIpOAyLHUpYeT S;, KOTOPBI B CBOIO OUepeb
notpebnsieTcs: nomynsiuued P, (puc. 2). Kpome
TOTO, BCE MOMYJSLUH HYXKJAIOTCSI B SAUHOM IS
Bcex HecrennduueckoM cyoctpare N, BBOTUMOM

o Cy6cTpat

“a N1 Hecneunpuyeckmn

o Cy6cTtpar

A, Si cneynunyeckmin
AKTMBUpPOBaHMe

— UHrnbuposaHue

Monynauus
UE==) [potok

Puc. 1. Cxema 0CHOBHBIX OOBEKTOB U MPOIIECCOB, MOJEIUPYEMBIX B DK.

B npotounoit cucteme naxonsarcs nonynsuuu (P, P, P,) u noctynaer necnenuduaeckuit cyoerpar N,. [Tomynsiuu norped-
JITIOT crienU(UIecKre 