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Annotanus. Paree Mb1 mokasanu, uro npu obnydernu JJHK ympTpa3BykoM IpOHCXOISIT MHOKECTBEHHEIE
Pa3phIBHI €€ IeTel, MpUYeM X MHTCHCHBHOCTh 3aBHCUT KaK OT THIA TUHYKJICOTHIOB, MEXIy KOTOPBIMHU
MIPOUCXOIUT Pa3phlB, TaK M OT OKPYKAIOIINX MECTO pa3pbiBa mociefoBarensHocTed. Ha ocHoBanum
JAaHHBIX TeNeBOro 3JeKkTpodopesa HaMHM ObUIM TIOMYYEHBI OLEHKH CPEJHUX OTHOCHTENIBHBIX YacTOT
pacmerieHust kaxkaoro u3 16-ti muaykiaeotinos JJHK, a takxe 256 terpanykieorunoB. Oxas3anock, 9To
OTHOCUTECIIBHBIC YaCTOThI PACHICIUICHUSA KOMINVIEMCHTAPHBIX TUHYKIJICOTUI0B pa3jInvaroTCA. ‘{ame Apyrux
pacUICIUISIOTCS MEXHYKIICOTHIHBIC CBSI3H, CJIEYIOIIME 3a LUTO3WHOM, NpHYeM Haubojee 4yacto B
munykiaeotune CpG. Yacrora pacmiemienuii yosiBaeT B psay d(CpG) > d(CpA) > d(CpT) >> d(CpC).
BriociieacTBiM MBI MOKa3ajy, YTO 3TH COOTHOUIEHUS OYeHb OJM3KH COOTHOIIEHHSIM YacTOT PacHIeTICHHS
nuHykieotunoB renomuor JJHK B mponecce e€ ¢parMeHTHpOBaHus NpU MOAroToBKEe 00pas3noB k NGS-
CEKBEHHMPOBAHUIO. MBI CBSI3bIBAEM  pa3iiMuuMe YacTOT pACIUEIUIEHWST B  pPa3HBIX  IO3UIMAX
nocnepoBaresnibHocTH JIHK ¢ pasznudneM MHTEHCHMBHOCTH JIOKAJIBHBIX KOH(OPMAIMOHHBIX JBIKCHUH,
TJIaBHBIM 00pa3oM ¢ 0COOCHHOCTSIMH TICEBIOBpAIeHHs (hypaHO3HOTO LUKJIA. MBI MPUILIA K BEIBOIY O
CYIIECTBOBaHWH BTOPOTO YPOBHs KoaupoBaHMs uHpopmMarmu Moinekynod JJHK — o cymecrtBoBanum
«KOH(OPMAITMOHHOTO KO/1a». AHAIIN3 OOJIBIIOTO YKCa (U3NIECKHUX M CTPYKTYpHBIX Xapakrepuctuk JJHK,
YCPEIHEHHBIX TI0 PENPE3CHTATHBHBIM BBHIOOPKAM DPAa3HBIX BUIOB XKMBOTHBIX, PACTCHHH M TMPOKAPUOT
MmoKaszall, 9To TpouiIN HWHAEKCOB, XapakTepusyrommue pacmiermieane JHK ymprpasBykoM mmMeror
XapaKkTepHbIE CBOMCTBA B 00JIACTH, KOTOpas COOTBETCTBYET Yy MHOTOKJIETOUHBIX OPTraHM3MOB
nocienoBatenbHocTH Mexxay TATA OokcomM m HadanoMm caiita uHUIMAruu TpaHckpumuuu (TSS).
[TockonbKy 3TH MHIEKCH HECYT MH(POPMAIMIO O KOH(POPMAIMOHHBIX IBM)KEHHSX B OTJEIBHBIX HUTSIX
mosiekyisl  JIHK, MOXHO yTBep)KAaTh, YTO MHTCHCHBHOCTh KOH(OPMAIMOHHBIX JBIKCHHH B
KOMIUIEMCHTAPHBIX LECIMAX Ha 3TUX YyYaCTKaxX U3MCHIACTCA B HpOTl/IBO(i)aSe BJOJIb OCH ﬂByCHHpaﬂbHOﬁ
MoJjekyssl. HanbGonee BBIpaKeHBI Takne 3aKOHOMEPHOCTH Ha MPOQHISIX HHIEKCOB pacLICIUICHHS B
peryiaropubix obmactsx JHK w3 kmerok wmiexkonuratromux. Ha HHTEHCHBHOCTB —pacIleIUICHUS
muaykineotaa CpG BIMSeT Takke METHIMPOBAHUE IIMTO3MHA 1O 5-MY IOJIOXKEHHIO MHPUMHUINHOBOTO
KOJIbIIa. MBI OIEHWIIN BIMSHUE METWIMPOBAHUS IIUTO3WHA HA PACIICIVICHWE AWHYKICOTHAOB B TKaHAX
YeJI0BEKa, a TAK)Ke Ha pacuieiuIeHne TUHYKIeoTH10B B CpG-0cTpoBax B KOHTPOJIBHBIX U PAKOBBIX TKAHIX
(umpome m remarokapumHome). OKaszanoch, YTO Ha YYacTKaxX CKOIDICHUS MeTHIMpoBaHHBIX CpG-
quHykineotna0B reHomHas JJHK paciieruisercs 3HaunTeNbHO Yalle, YeM Ha aHAIOTHYHBIX YIaCTKax, HO C
HU3KHUM YPOBHEM METHIHMpOBaHMS. bojee Toro, ObUIO ycTaHOBIEHO paznuuue B pacmernennu CpG-
OCTPOBOB B PAaKOBBIX M KOHTPOJIbHBIX O0Opaslax, M 3TO TaKXKe CBA3aHO C Pa3IW4MsAIMH B YPOBHE HX
MCTHUJIMPOBAHUA. HOBTOMy TMOABJIACTCA BO3MOXXHOCTBH BBIABJICHUSA MPEAPAKOBOI0 COCTOAHHA TKaHEl Ha
OCHOBAHUHM OLCHKH YaCTOT PaCHICIICHUA CpG-OCTpOBOB Ppas3IMYHbIX KJICTOYHBIX JIMHUHA 110 JAHHBIM
¢parmentupoBanust JJTHK npu NGS-cexkBeHupoBanun. OOHapykeHHble HaMU (DUIUKO-XUMUYECKHUE
cpoiicta /IHK MoryT ObITh HCIIONTB30BaHBI KaK B TEOPETHYECKUX MCCIICOBAHUIX, TAK U IPU JJUarHOCTHKE
3a00JIeBaHUH.

Knioueswie cnoga: noxanvnas cmpyxmypa u xongopmayus [JHK, cneyupuunoe x nocniedosamenvuocmu
pacwennenue JHK ynompaszeykom, npomomopwr PHK nonumepaser 1I, memunuposanue ocnosanuii JJHK,
InUSEHEMUKA, KAHYEPO2eHe3.

B 2006 romy C.JI. I'poxoBckuii 0OHapy>XWII, YTO B pe3yJNbTaTe YIbTPa3ByKoBOro oOmydeHus monexyn JHK
TIPOMCXOMAT MHOXKECTBEHHBIE Pa3pBIBBI €€ IIETIeH, IPUUeM NX HHTCHCUBHOCTD 3aBHCHUT OT THIIA JUHYKIIEOTHIOB, MEXIY
KOTOPBIMH IPOUCXOJHT Pa3phiB, a TAKKE OT OKPY)KAIOIIUX X TOCIEI0BATENBHOCTEH, OT Temneparypsl, pH n nonHo#i
CHJIBI PacTBOpa, HO HE 3aBHUCHT OT HCIOJIB3yeMOM HYacTOTHl yibTpa3Byka [1]. Hambonee wacto nBoifHas crmpaib
paspeiBaercsi mo punykneoruny d(CpG). beuio mokazaHo Takxke, uto ¢ocdarHas rpynna ocraercs Ha S5’-KOHIE
o0pa3zyronmxcs GparMeHToB, a XapakTep Mpolecca UMeeT YepPThl MEXaHOXUMUYECKOW peaKinH.

CraTuCTHYECKMI aHaNM3 WHTEHCUBHOCTEH moJioc, cooTBeTcTBytommx ¢parmentam [IHK, nBwxymmxcs B
MOJIMAKPUIAMHUTHOM Tele U 00pa30BaHHBIX MPU Pa3pbiBaX B M3BECTHBIX MECTaX MOCIEA0BATEIILHOCTEH, TO3BOIMI HaM
MOJIYYUTh OTHOCHUTENBHBIE YAaCTOTHI Pa3phIBOB LEHTPAJIBHBIX MEKHYKICOTHIHBIX CBsI3el B KaXXJOM M3 16 BapHaHTOB

AxmyanvHble sonpocsl duonocuueckou gusuku u xumuu, 2018, mom 3, No 4, c. 884-887



MEDICAL BIOPHYSICS AND BIOPHYSICAL CHEMISTRY 885

TUHYKICOTHIIOB, U B 256 TeTpanyneotuaax [2, 3]. OcoOeHHOCTH METOIMKH MX HMOJTYYECHHUS AETATBHO OMMCAHBI TAKXKE B
pabotax [4-6], a mocTpoeHHe MO MEXaHOXUMUYecKoro paspbiBa renei JJHK mposexeno B padore [7].

ITpu coBpeMeHHBIX MeTo/ax cekBeHHpoBaHusi Bcsi reHomHas JIHK paspeiBaeTcss Ha KOpOTKHME KyCcKH (Tak
Ha3bIBacMbIe "puUbl"), KOTOPBIC BCE MPOUYUTHIBAIOTCS, M IOTOM 3TH PHUJBI, KaK Ma3Jibl, COOUPAIOTCS B CIUHBIA TEKCT,
HCIOJIB3Yysl NMEPEKPLIBAIOIUCCA KOHIIEBBIC YYAaCTKU. B aBromarmueckux CCKBCHATOpax I0BOJIBHO 60J'II)LHOI>1 MMPOUECHT
OLIMOOK CYMTBHIBAHMS, U JJISl HAJISKHOTO NIEPEKPBIBAHNSI KOHIIEBBIX ITOCIIEI0BATEIBHOCTEN NP cOOPKM 3THX "masnos",
Tpebyercsi, 4yTOObl CyMMapHasl JUIMHA IIPOYHMTAHHBIX PHJIOB B HECKOJBKO JIECATKOB pa3 INPEBOCXOAWIA JUIMHY
AQHAIM3UPYEMOTO TeHoMa (TakuM 00pa3oM, YTOOBI BCS TMOCIEN0BATENIFHOCTD «IEPEKPHIBAIACH» PUAAMH MHOTO pas).
ITocne cexBenmpoBanust ¢parmentoB JIHK mpoumsBoaurcst kommploTepHas cOOpKa BCEro I€HOMa C MHOTOKPAaTHBIM
HaJIOXKCHUEM TIePEKPBIBAIONINXCSI yIaCTKOB. B 0CHOBE Takoro noaxoja K CeKBEHHPOBAHUIO JISKHT IIPEIIOJIOKEHUE, YTO
pa3peiBel JIHK Ha ¢parMeHTHI IPOMCXOAAT CITydaifHO M HE 3aBUCST OT MOCJIEI0BATEIbHOCTH HyKi1eoTu10B. OTHAKO IpH
¢parmenrarn  /IHK TeHOMOB TpM TOMOIIM METOIOB, OCHOBaHHBIX Ha paspeiBe JHK mox neiictBuem
THIPOAMHAMHUYECKUX chII (YIBTpa3ByK, HeOynm3anus u «KoBapucy), oOHapykeHO, 9T0 pparMeHTHI U3 OOHHUX oOIacTei
MPHUCYTCTBYIOT B U30BITKE, & U3 APYTHX - B HEJOCTATKE. ITO CBUACTEILCTBYET O HECITy4aiiHOM XapaKkTepe Pa3phiBOB.

MbI mpoBenH aHanu3 5’-KOHIEBBIX Y4acTKOB (DparMeHTOB, BBIPOBHEHHBIX Ha COOTBETCTBYIOLIHME pedepeHTHbIe
TC€HOMBI, U 06Hapy)1<mm, YTO YaCTOTHI pa3pbIBOB BCEX BAPHUAHTOB AH- U TCTPAHYKICOTHIOB Ha KOHIAX d)paFMeHTOB
HaXOJATCSl B XOPOILEM COOTBETCTBHH C JaHHBIMH YJIBTPa3ByKOBOTO pacIerieH s pecTpUKTHBIX (hparmentoB THK [8].

MBI MPEIIoNoKHIN, YTO OTHOCHUTEIbHBIE YacTOTHI YJIbTPAa3BYKOBOTO DPACIIEIICHUS] MOXKHO HCIOJIB30BAThH LIS
(PU3MUYECKOTO KapTHPOBAHHS TEHOMA, TO €CTh JUIS ONpE/ICIEHHs YYaCTKOB MOCIIEA0BATEIbHOCTH, UMEIOIINX aHOMAaINU
1o psny (U3MUECKUX XapaKTepUCTHK [9], KOTOpbIe CBsI3aHBI, KaK MPAaBHJIO, C PETYJIATOPHBIMH ydacTKaMH T'eHOB. B
pabore [10] Ha ocHOBaHMM aHa/IM3a OOJIBIIOTO YHCHIA PU3NIECKUX M CTPYKTYpHBIX Xapakrepuctuk JIHK, u nocrpoenns
nx npoduiei mo ycpeJHeHHBIM pPerpe3eHTaTHBHBIM BEIOOPKAM Pa3HBIX BUAOB KUBOTHBIX, PACTEHUH U OJHOKIETOYHBIX
rpuboB mns mpomotopoB PHK mommmepassr 11 (Pol II), MBI mokaszamu, 9TO TPOQIIN OTHOCHUTEIBHBIX YaCTOT
YJIBTPa3BYKOBOT'O PACIIEIICHNUS - 1 TeTpanykieoTn 0B JJHK (manee - nHIEKCOB pacuierieHNs ) IMEIOT XapaKTepHbIe
CBOHMCTBa Ha y4yacTKax IIOCIIEIOBATEIBHOCTEH, KOTOPHIE COOTBETCTBYIOT Y MHOTOKJIETOYHBIX OPraHM3MOB 00JacTH
mexny TATA Gokcom u HayamoM caita mHUIHAnUH Tpanckpunuud (TSS). THaekcs, XxapakTepu3yromue paciienjieHne
JHK ynpTpa3sByKOM, HECYT MH(OPMAIIMIO O CBOWCTBaX OTAENbHBIX HUTeW Mojekynsl JHK (B omnmmumm ot mpyrmx
nHzekcoB). [lomydeHHbIe JaHHBIE TOKA3bIBAIOT, YTO HAPSALY C JIOKAJbHBIMU XapaKTEPUCTUKAMU CTPYKTYPHI ABOMHON
cnupann  JIHK, xoroprle ompenensioTcs B3aWMMHBIM paclOIOKEHHEM KOMIUIEMEHTApPHBIX Iap OCHOBaHUI B
JUHYKJICOTHAaX U BIMSIOT, B YaCTHOCTH, Ha ITUPUHY OOpPO3J0K, HAIlla XapaKTEpUCTUKHU — uHAeKC pacieruienus JJHK
yIBTPa3BYKOM, CBSI3aHHAsl C JAMHAMUKOW KOH(OPMAIMOHHBIX JBIKEHUI (ypaHO3HBIX LUKIOB B KOMIUIEMEHTapHBIX
uersax Monekynsl JIHK, momoraer BeISIBUTH AMHAMHUYECKHE 0COOCHHOCTH perynsiTopHbIX yuyactkoB JIHK n oOHapyxuTh
CXOJHBIC CBOWCTBAa IIPOMOTOPOB Yy pasHbIX BUAOB. JIeHCTBUTENBHO, O3TH WHIEKCHl HECYT HH(GOPMALMIO O
KOH(OpMaMOHHBIX IBMKEHHUSAX B OTAEIBHBIX HUTAX Mosekynsl JJHK, a momydenHsle HamMu podnim 1MoKas3bIBaroT, 4TO
WHTEHCHBHOCTHh KOH()OPMAIIMOHHBIX JBI)KEHHH B KOMIUIEMEHTApHBIX LemsiX Ha ydacTkax or TATA-0Ookca jo Havana
TPAHCKPUIINHI U3MEHSIOTCS B POTHBO(ha3e BIOJIb OCH 1BOWHOM crinpainu Monekyisl [IHK. Hanbonee BoipakeHb! Takue
3aKOHOMEPHOCTH Ha MPO(QUIAX MHAECKCOB PACUICIUICHHUS B PErysATOpHBIX obmacTsax JJHK U3 KIeTok MIeKOMUTaroImux
[10]. HUtak, oTHOCHTENBHBIE YAaCTOTHI YIBTPA3BYKOBOTO PACIIEIICHUS] MOTYT OBITh MCIIOJIB30BAHBI IS KAPTUPOBAHHA
reHoMOoB. B Oyaymiem oOHapykeHHBIE HaMH (GU3UKO-XUMUYeckne cBoiicTBa Monekynbl JJTHK MoryT OBITh HCTIONBE30BaHBI
B T€HETHUECKOW MH)KEHEPUH [T UCKYCCTBEHHOIN MOIYIISAIINH CHIIBI TpoMOTOpoB [11].
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Pucynok 1. OTHOCHTENBHBIC YaCTOTHI pacUICIUICHHE AWHYKICOTHIOB. [loka3aHel maHHBle s 18 BapuaHTOB
JquHykieotioB. CG — aHHBIC MO PACIICIUICHUI0 CMECH METHJIMPOBAHHBIX U HEMETHIMPOBAHHBIX JIMHYKJICOTH/IOB;
UG u MG — nmanHble I IUHYKICOTUIOB, B IIEPBOM IOJOKEHHH KOTOPBIX CTOMT IUTO3MH HEMETWJIMPOBAHBIH U

MeTPUIPIpOBaHHBIfI, COOTBETCTBECHHO
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B JIHK uenoBeka 3HAYUTENBHBINA MPOICHT IIUTO3MHOB METHIIMPOBAH, YTO ONpPEIEISeT STUTeHETUIECKIE CBOMCTBA
TKaHHW, B YaCTHOCTH, MAaTTEPHBI SKCIPECCHUH TeHOB TKaHW, M3 KoTopoil B3sita JJHK mns ananmuza. OnHako panee He
MIPOBOIMIIOCH HCCIICIOBAHMUS, HACKOJIBKO METHIIMPOBAHHUE BIIUSCT HA BEPOATHOCTH paciieruieHus aunykineotuaa d(CpG).
Mp1 MPUBCIIA TAKOE€ MCCICIOBAHUC IPU IMOMOIIU aHaJiu3a pUIAO0B, CTATyC MCTWJIMPOBAHUA KOTOPLIX HM3BECTCH - U
MTOKA3aJIM, YTO METHJIMPOBAHUE MPUBOJINUT K 3HAYAMOMY YBEJIIMICHUIO BEPOSITHOCTH paciieruieHus (puc. 1).

Takum 00pa3oM, MOSBISACTCS BO3MOXKHOCTh HAa OCHOBAaHHH PHIOB, OMOMH()OPMATHYCCKH OIPEICIATH CTaTyC
nocnenoBarensbHocTu JIHK u e€ snurenernyeckue cBoiictBa. Mbl npoBenu aHanu3 pacuierieHus: CpG ocTpoBOB s
psna TKaHeH, TIie UMEroTCs naHHbIe o pacmeruieHnn JJHK B cirydae pakoBoi OmyXoid W B KOHTPOJIE - U OOHAPY KU,
YTO MATTEPHBI PACHICIUICHAS TAKUX O00pPa3llOB 3HAYUMO OTIHYAIOTCA. [103TOMY Ha OCHOBaHWH aHAIN3a PUIOB MOXHO
OTIPENICITUTE HE TOJIBKO OOIIUI CTaTyC METHIIMPOBAHUS TKAHH, HO U HAXOJUTh T€HBI, KOTOPBIE MOTYT OBITH OTBETCTBEHHEI
3a 37I0KaUeCTBEHHOE NIepEPOKICHNE TKaHU.

Paboma noooepocana Ilpocpammott GpynoamenmanrpHbix UCciedo8anull 20Cy0apCmeeHHbIX aKademull HayK Ha
2013-2020 20001 (memor Ne01201363818 uNe 01201363820) u makarce epanmom Ilpezuduyma PAH no Monexynsphoii u
KAEeMOYHOU 6U0I02UU.
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PHYSICO-CHEMICAL PROPERTIES OF DNA IN REGULATORY SITES OF GENOMES, EPIGENETICS
AND CANCEROGENESIS
Nechipurenko Y.D.!, I’icheva I.A.!, Abdullaev E.T.2, Uroshlev L.A.3, Grokhovsky S.L.!
! Engelhardt Institute of Molecular Biology, Russian Academy of Sciences
119991 Moscow, Russia
2 Max Planck Institute for Molecular Genetics
Berlin 14195, Germany
3 Vavilov Institute of General Genetics RAS
119991, Moscow, Russia

Abstract. Earlier we have shown that ultrasound irradiation causes multiple breakages in DNA and
cleavage intensities in different positions of sugar-phosphate chains depend on dinucleotide types and the
surrounding sequence. The relative intensities of cleavage of the central phosphodiester bond in 16
dinucleotides and 256 tetranucleotides were determined on the data of polyacrylamide gel electrophoresis.
We observed a remarkable enhancement of the mean values of the relative intensities of cleavage (cleavage
rates) in phosphodiester bonds following deoxycytidine, which diminished in the row of dinucleotides:
d(CpG) > d(CpA) > d(CpT) >> d(CpC).The cleavage rates for all pairs of complementary dinucleotides
were significantly different from each other. Subsequently, we showed that the frequencies of dinucleotides
cleavage of genomic DNA in the process of its fragmentation during NGS sequencing is very close to our
cleavage rates, obtained earlier. These differences in cleavage intensity in different positions of DNA
sequence may be caused by the differences of local conformational motions, mainly with singularities of
pseudorotation of the furanose cycle. Thus, we came to the conclusion that there is a second level of
information coding by a DNA molecule - the existence of a “conformational code”. Analysis of a large
number of physical and structural characteristics of DNA averaged over representative samples of different
species of animals, plants and prokaryotes has shown that the index profiles characterizing DNA cleavage
by ultrasound have characteristic properties in the areas that corresponds to region between the TATA box
and the beginning of the transcription initiation site (TSS) in multicellular organisms. Since these indices
carry information on conformational motions in individual strands of the DNA molecule, it can be asserted
that the intensity of the conformational motions of the complementary chains in these regions varies in
antiphase along the axis of the double-helix molecule. The most pronounced is this type of index profiles
in the regulatory regions of DNA from mammalian cells. The intensity of cleavage of the CpG dinucleotide
is also affected by the methylation of the cytosine at the 5-position of the pyrimidine ring. We evaluated
the effect of methylation of cytosine on the cleavage of dinucleotides in human tissues, as well on the
cleavage of CpG islands in control and cancer tissues (lymphoma and hepatocarcinoma). It turned out that
on the sites of methylated CpG-dinucleotide clustering, genomic DNA is cleaved much more often than in
similar sites, but with a low level of methylation. Moreover, a difference in the cleavage of CpG islands in
cancer and control samples was established, and this is also due to differences in the level of their
methylation. Therefore, it is possible to identify the precancerous state of tissues based on an estimate of
the cleavage frequencies of CpG islands of different cell lines from DNA fragmentation data in NGS
sequencing. The physical and chemical properties of DNA discovered by us can be used, both in theoretical
studies and in the diagnostics of diseases.

Key words: Local DNA structure and conformation, sequence-specific ultrasonic cleavage, RNA
polymerase Il promoter sequences, methylation of heterocyclic basis in DNA, epigenetics, cancerogenesis.
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