BHODU3UKA, 2023, mom 68, Ne 3, c. 466—473

MOJIEKYJIAPHAA BUO®U3UKA

VIIK 615.322, 577.32,573.6

K BOITPOCY O B3AUMOJEVCTBUU PECBEPATPOJIA
C HYKIIEOCOMAMMA

© 2023 r. H.B. Mamouenko*-#, T.B. Augpeea*, O.B. I'epacbkuna*, H.C. I'epacumoBa*,
A.B. JIioourenes*, A.B. @eodanos*, B.M. Cryaurckmii*: **

* buonoeuueckuil ghaxyrvmem Mockoeckoeo eocyoapcmeenHozo yHusepcumema umenu M. B. Jlomonocosa,
Jlenunckue eopot, 1/12, Mockea, 119234, Poccus

**[Ipoepamma snueenemuxu paxka, Llenmp uccaedosarnuii paka Poxc Yeiiz, Puradenvghus,
wmam Puaadenvehua 19111-2497, CIIIA
*E-mail: mal_nat@mail.ru
IMoctynuna B pemakiuuio 30.11.2022 r.

ITocne mopa6orku 30.11.2022 1.
IMpuHsara k nyonukanuu 07.12.2022 1.

ITpuponHkIit ToAMdEHO pecBepaTpoJ 06J1agaeT MPOTUBOBOCHATUTEILHBIMYA, aHTUHOKCUIAHTHBIMU, TIPO-
TUBOOITYXOJIEBBIMU M T€POINPOTEKTOPHBIMU CBOMCTBaMU. IIIMPOKUIT CIEKTp aKTUBHOCTEN pecBepaTposia
OTIpEIEIISIETCS €T0 CMOCOOHOCTBIO MOIYIMPOBATh pa3HOOOPa3HbIEe CUTHAJIBHBIE ITyTH B KJIETKE Y B3aUMO-
NeCTBOBATh C PA3IMYHBIMU MOJEKYJIaMU-MUIIEHSIMU. VI3BECTHO, UTO pecBepaTpoJl B3aUMOIEUCTBYET C
JHK, HO BIUsTHUE 3TOTO B3aUMOJEUCTBUS Ha CTPYKTYPY XpOMaTHHa He n3ydeHo. B HacTosieit paboTe mc-
CJIEIOBAHO BIIMSIHME peCBEepaTposia Ha CTPYKTYPY HYKJI€OCOMbI — (hyHKIIMOHABHOM U CTPYKTYPHOM enu-
HUIIBI XpoMaTHHa. MeTtogaMu (pIyopeclieHTHON MUKPOCKOTIMM OMMHOYHBIX HYKJIEOCOM Ha OCHOBE (hEp-
CTEPOBCKOI'O PE30HAHCHOTO MEPeHOCca SHEPTUM U aHAJIM3a U3MEHEHU B 2J1eKTPO(hOpeTUIEeCKOM MOIBUXK-
HOCTM HYKJIEOCOM B TIOJMAKpWJIAMHUIHOM TeJjie YCTAaHOBJIEHO, 4TO TIpM KOHIeHTpamuu ~100 MM
pecBepaTpos1 0Ka3blBaeT BIMSHME Ha KOH¢opMalMio JUHKepHbIX ydyacTkoB JJHK u orpaHnymBaeT KOH-
dopmarmonnyto nuHaMuky JIHK BOIM3M rpaHUIIBI HYKJIEOCOMBI, HO HE BBI3bIBACT 3HAYUTEITbHBIX M3ME-
HeHuii B ykianke HykiaeocoMmHoit [IHK Ha oktamepe ructoHoB. HebGouiblioe 1o cpaBHEHMIO ¢ KBEpLETU-
HOM BJIUSTHUE Ha CTPYKTYPY HYKJIEOCOMBI IMPEIITOIOXUTEIILHO ONPEHe/ISIETCsS] CITOCOO0M CBSI3BIBAHUS pe-

cBepaTpoJa B y3koii 6oposnke JHK.
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I[Ipuponnerii mommdeHon pecBeparpona (3,5,4'-
TPUTUAPOKCUCTUIILOSH) OTHOCUTCS K TPYIIIIE IPOU3-
BOJHBLIX CTHJIbOEHA M CYILIECTBYET B BUIE UUC- U
mpaHc-u30MepoB. Brosornyeckn akKTUBHBIM SIBJISI-
ercs mpanc-uzomep (puc. 1a) [1]. PecBeparpos cuH-
TE€3UPYETCSI B BUHOTPAIHBIX, aPaXUCOBBIX U SITOTHBIX
BUJIaX pacTeHUI, BKIIIOYAsI YePHUKY, KIIOKBY, MaJIv-
Hy U menakoBully [2—4]. boabiioe Koam4ecTBo pe-
cBepaTpoJjia HaKaIUIMBAeTCs B paCTEHUSIX B OTBET Ha
CcTpecc, HapuMep, IpU BO3IEiiCTBUM YabTpaduroe-
TOBOTO U3JIy4YeHMUs], 030HA, TSDKEJIbIX METaJUIOB WU
rocJie GpU3NIeCKOro rMmospexaeHus [2, 5, 6]. Jlokasa-
Ha aKkTUBallUMsl CMHTE3a pecBeparposia U ero (PyHIru-
UIHOE ACMCTBUE B OTBET Ha aTaKy MHMEKIIMOHHBIX
areHTOB, B YaCTHOCTU IpudKa Botrytis cinerea [4,5].

Coxpawenus: spFRET-mukpockonuss — iayopeciieHTHast
MUKPOCKOIMSI OIMHOYHBIX HYKJIEOCOM Ha OCHOBE (DEPCTEPOB-
CKOro pe3oHaHCHOro mepeHoca sHepruu, TIRF — dmyopec-
LEHIUS TIPU TTOJTHOM BHYTPEHHEM OTpakeHUM BO30YKIaole-
ro cBeTa.

PecBepaTpon akTUBUPYET BPOXICHHBIN 3aIlIMTHBIN
MEXaHWU3M PacTeHUI 1 00eCIIeuBaeT YCTOMYNBOCTh
K 6ose3HsM. [TocTyIast B opraHn3M 4eJI0BeKa BMECTE
C MUIIE, pecBepaTposl MOTEHIIMAIbHO MOXET TIPO-
SIBJISITh aHTUOKCUIAHTHYIO, aHTUATEePOCKJIepPOTHUYE-
CKYI0, aHTHMarperaHTHYIO, IIPOTHMBOBOCIIAIUTEIIb-
HYI0, aHTUOAKTEepUAJIbHYIO, IIPOTUBOBUPYCHYIO,
MPOTUBOTrPUOKOBYIO, TEPOIPOTEKTOPHYIO, TPOTHUBO-
OMYyXOJIEBYIO U JIMITOIUTUYECKYIO aKTUBHOCTb [3, 7—
13]. MHOXecTBEHHOCTh OMOJIOTHUECKNX 3P (PEeKTOB
pecBepaTpojia OIpenesieTCsI ero CIIOCOOHOCThIO B
MUKPOMOJISIPDHOM Araria3oHe KOHLIEHTpaLuii MOIy-
JIMpOBaTh pa3iUuvyHbIC KJIETOUHbIE CUTHAJIbHBIE ITYTU
Y1 B3aMMOJCUCTBOBATh C (PYHKIIMOHAIBHO BaXXHBIMU

MOJIEKYJIaMU-MHIIEHSIMHI, cpean Kotopbix HAIL'-
3aBucuMas neauetunasa (SIRT1), nukiookcureHa-
3pI, JMnookcureHaspl, JIHK-metunrpancdepassr,
dakropel TpaHckpunimn (NF-kB), nurokuHbI,
JHK-nonuMmepasza a, tonousomepasa I, ameHunar-
1uKiaaza, ¢ocdoauscrepasa, aaeHO3UHMOHOMOC-
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Puc. 1. UccrenoBanue B3anMOIEMCTBYSI pecBeparpolia ¢ HykiieocoMamu metonaMu sp FRET-Mukpockornuu u asektpocdopesa B
noJiMaKpuJiaMuaHoM rejie. (a) — CTpykTypHas ¢hopMyJia TpaHC-pecBepaTpoda; (6)—(n) — mpoduian pacnpeneacHUs HyKJIeOCOM
no 3¢dexkruBHOcTH FRET B nipucyrctBum u B orcyrerBue 100 MKM pecBepatpoiia. McciaenoBaHbl HYKJIEOCOMBI, B KOTOPBIX
¢nyopecuentHoie Metku Cy3/CyS Haxonsitcs B crimpaisix JiuHkepHoit JJHK Ha paccrosinuu 10 m.H. OT rpaHuubl KOp-
HYKJIEOCOMBI (0), B cOceIHMX cyrnepBUTKax HykieocoMHoi JIHK BOIM3M rpaHuIl KOP-HYKJIEOCOMBI B MojioxkeHustx 13 u 91 m.H.
(B), B mosoxkeHusix 57 u 135 m.H. (T) Wiy JajieKo OT TPaHUIbl HYKJIEOCOMBI B TiooxkeHusix 35 u 112 m.H. (1). Ha puc. (e) —
a51eKTpodope3 B MOTUAKPUTIAMUIHOM rejie HyKJIEOCOM, IPOMHKYOMPOBAHHBIX C Pa3IMYHBIMU KOHLEHTPALUSIMU pECBEpATpOSIa
(25, 50 m 100 MxM).
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daTKkrHa3a, puOOHYKJICOTUIPEayKTa3a, apoMaTas3a u
peuenTopsl acTporeHa [14—17]. B HacTosiiiee BpeMmsi
BeneTcs Oosee 150 KIMMHUYECKUX UCIIBITAHUNA C MC-
nmojib3oBaHueM pecBeparpojia  (https://clinicaltri-
als.gov). Pactymuii uHTepec K BO3MOXXHOMY ITpHUMe-
HEHMIO pecBepaTpojia B KadeCTBe JIEKapCTBEHHOTO
CpeacTBa ompeaessieT HeoOXOIUMOCTh TOKCHKOJIO-
TMYEeCKMX MCCeTOBaHUN JaHHOTO NMojudeHosa, U B
YaCTHOCTHU, €ro reHOTOKCUYHOCTHU [17]. YcTaHOBIE-
HO, yTOo moyimdenon B3anmopeiicteyet ¢ JHK [18—
21], n npennojaraeTcs, YTO USMEHEHUST, UHAYLIUPY-
eMBbIe UM B CTPYKTYp€ XpOMaTHUHA, MOTYT SIBISITHCS
TPUTTEPOM, 3aITyCKAIOIINUM CHUTHAIBHYIO CETh, CBSI-
3aHHYIO C 93KCIPECCUEN CEpUH-TPEOHUHOBOI MpOTe-
nHKMHa3el ATM u oTBeydawllylo 3a penapaunuio
JHK, ocTaHOBKY KJIETOYHOI'O IIMKJIAa U aKTUBALIUIO
anonTo3a [17]. C uenapio mpoBepKU TUIOTE3bI O BO3-
MOXXHOM BJIMSTHUM pecBepaTpoJia Ha CTPYKTYpPY Xpo-
MaTWHa B HacCTosIIeil paboTe M3ydeHO B3aMMOIEii-
CTBME 3TOro nojudeHosa ¢ Hykjieocomamu. Hykie-
ocoMa sBJsieTcsd (PYHKIMOHAJBHONM M CTPYKTYpPHOM
eIUHUIIeH XpoMaTUHA, a UCC/IeNOBaHUSI HYKJIEOCOM
in vitro MO3BOJISIIOT IIPOSICHUTb MEXaHU3Mbl MHOTHX
MTPOIIECCOB, IIPOUCXOISIIMNX B KJIETOUHOM siape [22].

J11st 3ydyeHUs1 B3aMMOJEICTBUS C pECBEPATPOIOM
KCIIOJIb30BaJIM MOHOHYKJIEOCOMBI, COOpaHHbIe Ha
OCHOBE OKTaMepa TMCTOHOB U (pIyopeclieHTHO-Me-
yeHort Matpunbl JHK, comepxamieit HykKieocoMm-
MO3ULIMOHUPYIOIIYIO MOCea0BaTeIbHOCTb. K cce-
JIOBAHUSI BHITIOJIHEHBI C TPUMEHEHUEM METOIOB (pI1y-
OPECUEHTHOI MMKPOCKOIINY OIWHOYHBIX HYKJIE-

MAJIOYEHKO u ap.

OCOM Ha OCHOBE (PEPCTEPOBCKOI0 PE30HAHCHOTO T1e-
peHoca osHeprun (SpFRET-mMmkpockonuu) B
pacTBope U aHaJiu3a UBMEHEHUI B 2JIEKTpOPOpeTU-
YECKOM MOABMXKHOCTU KOMILJIEKCOB HYKJIEOCOM C pe-
CBEPATPOJIOM B MOJMaKpUIaMUIHOM Telie. JIuHamu-
Ka MW3MEHEHMUI CTPYKTYpbl HMMOOUIN30BAHHBIX
HYKJIEOCOM B KOMILJIEKCE C pecBepaTpoJIoM Obljia Uc-
cienoBaHa MetogoM spFRET-mukpockonuu Ha oc-
HoBe 3ddeKTa MOTHOTO BHYTPEHHEIro OTpaxKeHUs
(TIRF-spFRET-Mukpockomnum).

MATEPUAJIBI U METO/1bI

B pabore wucnonb3oBajiu mpaHc-pecBepaTpoI
(mpanc-3,4',5-TpurnapoKcucTuiibbeH) pupmsel Roth
(TepmaHnust).

It spFRET-mMukpockonuu  ¢yopeclieHTHO-
meueHblie JIHK -marpunipl mmmHoit 187 1.H. moay4danu
METOIOM IIOJIMMEpPa3HOM HEeNMHOM peakKluu C UC-
noJib30BaHMeM TasMuael plZ57R, comepskamieit
HYKJIEOCOM-TO3UILIMOHUPYIONIYI0  MOCJIeI0BaTEb-
HocTh 603 [23]. ast aMIuinduKauy UCIIOIb30BaIn
CUHTETUYECKME OJIMTOHYKJIEOTUIBI, MEUeHHbIE (hITy-
opodopamu Cy3 u Cy5 («Lumiprobe», Poccus).
HyxneorunHble mOCIemOBaTEIBHOCTA MIpaiiMepoB
mrst cuaTe3a Matpuubl JJHK, meuernnoit Cy3 u Cy5
0 TUMHUHAM B TojiokeHUsaAX 13 u 91 mH. u 35 u
112 1.H or Havyayia mociegoBareibHOCTH 603, ObUIU
onyoJauKoBaHbl paHee [24]. s cuHTe3a MaTpULIbI
AHK, meuenHoii Cy3 1 Cy5 110 TUMMHAM B MOJIOXe-
Hugx 57 n 135 11.H. OT Hayaja Mocjaea0BaTeaIbHOCTU
603, UCITONB30BaJIU CIIeAYIOLINE TpaiiMephl:

D-npsimoii — 5'-CAAGCGACACCGGCACTGGGCCCGGTTCGCGCTCCCGCCTTCCGTGTGTT-
GTCGTCTCTCGGGCGTCTAAGTACGC[Cy3-dT|[TAGGC-3';
D-o6parssblit — 5'-GAACCATGATGGGCACTGGGTACCCCAGGGACT[Cy5-dT|GAAGTAATAAGGAC-3'.

Jnsa meuenns mnHKepHBIX yuyacTtkoB JIHK Ha pac-
crosiHuM 10 IT.H. OT HaYaJia ¥ KOHILIA HYKJIEOCOM-TTIO31-

OUOHMPYIOLIEH nmociaenoBaTeabHoCcTH B MaTpuiie JJTHK
JITTMHOM 227 11.H. [25] ucronb30Baiu MmpaitMephl:

L-npsmoit — 5'-ACACGGCGCACTGCCAACCCAAACGACACCT[Cy3-dT|GCACGAG-3';
L-o6patnsblit — 5'-TAAGGCGAATTCACAACTTTTTGGCAAGAAT|[Cy5-dTIATGAGCT-3'.

IMonyuennbpie JJHK-MaTpuiisl CIIoab30Baiu IJIsT
cOOpPKU HYKJIEOCOM METOJOM CTYIEeHYaTOIo Auajinui3a
MPOTUB OyepHBIX PacTBOPOB C MOHUXKAOIIEHCs
WoHHOM cwioii [28]. JIoHOPOM THUCTOHOB CIIYXKWJI
XpOMaTuH 0e3 JTUMHKEPHbBIX TMCTOHOB, BbIIEIEHHBIN
M3 3pUTPOLUTOB KYp, KaK OIrcaHo paHee [28].

st mpoBeeHUsT SKCIIEPUMEHTOB C MCITOJIb30Ba-
arneM TIRF-mumkpockonnm OBIIM CHMHTE3MPOBAHBI
¢byopeclieHTHO-MeUeHble MOHOHYKJIEOCOMBI C JIUH-
kepHbIM yyacTkoM JIHK nnunoit 123 m.H. ¢ OuoTu-
HOM Ha 5'-KOHIIE.

Jasa storo dmyopeciieHTHO-MedeHble JIHK-maT-
puibl UHKyOupoBanu ¢ ¢pepmeHToM TspRI, opmu-
pys «JIUTIKUI» 3'-KOHEeIl, U OYMIIATN METOIOM Ipe-
mapaTUBHOTO 3JjieKTpodopesa B 1.5%-M arapo3Hom
reje ¢ nobaskoit 4 M moueBunHbl. Ha JIHK-matpu-
11aX ¢ «JIMITKMM» KOHIIOM COOMpPaId HyKJIEOCOMBI TTO
MeToauke [28], Kak OrMcaHo BhIIIIE.

buoTuHMAMPOBAHHLINM JIMHKEPHBIN (pparMeHT
JHK, roroBnam 1mo metoamke [27], UCTIONB3yS 3a-
TPaBOYHBIE OJIMTOHYKJICOTUIBI:

bio282Forwhst — 5'-0notuH-CCGGGATCCAGATCCCGAAAATTTA-3';
134rev40 — 5'-CGCGAACTGGGCCCCAGTGCCGGTGTCGCTTGGGTTGGCT-3".
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Irtot pparmeHT JJHK obpadbaTeiBanm (pepMeHTOM
TspRI mist co3maHusT TUIIKOTO 5'-KOHIA ¥ OYMILATINA
METOIOM IIperapaTUBHOTO 3JIeKTpodopesa B 1.5%-Mm
arapo3HoM rejie ¢ mo6aBkoif 4 M MOYEeBUHBI, HC-
noyb3yss Habop peakTuBoB Cleanup Standard («EB-
poren», Poccus). IloaydeHHbII OMOTUHWINPOBAH-
Herii ¢pparment JHK nuruposanm K HyKJIeocoMe C
«JIMIIKMM» KOHIIOM C ucrojb3oBaHueM JHK-nura-
3bl (para T4 npu 4°C B TeyeHue 16 4.

st spFRET-MuUKpocKomuM B pacTBOPE UCIIOJb-
3oBanu yctaHoBky LSM710-Confocor3 (Zeiss, I'ep-
MaHUsl) C CUCTEMOI AETEKIIMM HAa OCHOBE JJABUHHBIX
dotonmomoB Kak ornucaHo paHee [29]. KoHueHTpa-
IO HYKJIeOCOM B pacTtBope (~ 1 HM) nmogbupaim Ta-
KMM 00pa3oM, 4ToObI B (hoKyce Jiazepa B JII000I MO-
MEHT BpeMEHM HaxoIWJIOCh He 0ojiee OHOM HyKJIe-
ocoMbl. Bpems nuddy3um HykiaeocoMbl yepe3 hoKyC
Jlazepa cocrtapisier <6 Mc. HykieocoMbl B KOHILICH-
Tpauuu ~1 HM, conmepxamue napy FRET-metok
Cy3/Cy5, nHKyOMpOBaau C pa3IMYHBIMUA KOHIICH-
TpanusMu pecBeparpoia (25—100 MxM) B TeueHue
20 MuH B IIpobMpKax ¢ HU3KOI anre3ueii B oydepe
TB150 (20 MM Tpuc-HCI (pH 7.5), 5 MM MgCl,,

150 MM KCI, 1 MM B-Mmepkanroaranona). KoHieH-
TpallMM pecBepaTpojia ObUIM BBIOpAHBI Ha OCHO-
BaHuM gJaHHBIX 0 JIHK-TpomHbIx cBoiicTBa nojude-
Hona [18, 19]. Ilpenaparbl MepeHOCUIU B JIYHKU
cunnkoHoBoi KioBeThl (Ibidi, 'epmanust), mpukper-
JIECHHOI K MOKpPOBHOMY cTekJly (Assistent, I'epma-
HUs1). VMI3amMepeHHble MHTEHCUBHOCTH (hJIyopeclieH-
nnu MeToK Cy3 1 Cy5 B cocTaBe OIMHOYHBIX HYKJIE-
OCOM MCHOJB30BAIM [Jis pacdeTa KodahdHlmeHTa
omm3octu E, xak ormmcaHo paHee [30]. Koadbduim-
eHt E saBnsercd aHamoroM >ddektuBHoctTn FRET
0e3 yuyeTa MoIpaBOK Ha KBAHTOBbIE BLIXOABI (hJTyOopoO-
(OpOB 1 YYBCTBUTEIIBHOCTh CUCTEMBI AeTeKIIMU. [1J1s1
aHaIM3a U3MEPEHHBIX CUTHAJIOB M pacyeTa 4acToT-
HBIX pacropeieieHUil HYyKJIeoCOM Mo BeluduHe E
ucnonp3oBamu  nporpammy  FRETty  (https://
github.com/intbio/FRETty). Beioopky 3HayeHuii F
n3MepeHHbIX yacTtull (He meHee 3000 yacTuir) mpen-
CTaB/SUIM B BHUAEC YaCTOTHOIO pacHpeae/IcHUS
(E-npodumiist). MaMepeHMsT BBIIIOJHSIJIM HE MEHee
YeM B TPEeX HE3aBUCUMBIX 9KCIIEPUMEHTAX, a pacCUn-
TaHHbIe E-Tiponian yCpemHsIIM U alllIPOKCUMUPO-
BAJIM JIMHEMHOUN CyNEepHO3ULIUEN HECKOJBKUX rayc-
COBBIX pachpeieiieH!il, OMUCHIBAIOIIMX OTIUYaIO-
IIMECs 10 CTPYKTYpe CYOHOMYISIIIUY HYKJICOCOM.

Hnst uamepenuin metonoM TIRF-spFRET-muxk-
pOoCKONMU OWMOTUHWIMPOBAaHHBLIE HYKJICOCOMBI C
MeTKaMu B TiogoxeHusX 13 um 91 mH. wim 35 u
112 m.H. UMMOOMIN30BAJIM HA CTEKJaX, IMOKPBITHIX
MOHOCJIOEM TOJIMATUJICHTJIMKOIb-cudaHa ¢ 1%-it
JT00ABKOW OMOTMHMJIMPOBAHHOTO TOJMITUJICHTIN-
KOJIb-CHUJIaHA U aKTUBUPOBAHHBIX CTPENTABUINHOM,
Kak ormcaHo paHee [27]. VI3aMepeHUsT BBIIOIHSUIN C
HMCIOJIb30BaHMEM IKCIIEPUMEHTAIbHON YCTAHOBKM C
YYBCTBUTEJIBHOCTHIO HAa YPOBHE OJWHOYHBIX MOJIC-

BUOD®U3HUKA Ne 3

ToM 68 2023

469

KyJ1 Ha OCHOBE MHBEPTUPOBAHHOTO (hJIyOPECIIEHTHO-
ro Mukpockora Axio Observer D1 (Zeiss, 'epmaHust)
¢ na3epHBIM MoaysieM 1 agantopom st TIRF-muxk-
pockonuu [27]. @ayopecuenunio Cy3 Bo30yXaaau
JIa3epoM C AJIMHOI BOJIHEI 514 HM, MOIITHOCTb Ha 00-
pasie cocraBisuia 300 MkBT. M300paxkeHust HyKJie-
OCOM PEruCTPUpPOBAJIM C TOMOIIBIO OOBEKTHUBA
aPlan-FLUAR100%/1.45 Oil (Zeiss, I'epmanusi) u
cucteMmbl OptoSplitll (Cairn Research Ltd., Bemuko-
OpuTaHMs) CUHXPOHHO B KaHayax (payopecleHIINU
Cy3 u Cy5. H3MmepeHus BBLIIIOJHSJIM B PacTBOpe
20 MM Tpuc-HCI (pH 8.0), 150 MM KCI, 5 MM
MgCl,. Pecseparposn 106aBisiiin K MUMMOOMIN30BaH-

HbIM HYKJIEOCOMaM B KOHEYHOH KOHIEHTpaluu
100 MxM wu3 pactBopa 10 MM B nuMeTUICYIbGHOKCHU-
e, nHKyoupoBaiau 10 MuH, a 3aTeM aHAJIM3UPOBAJIU
metogoM TIRF-spFRET-mukpockonuu. B KoH-
TPOJIBHBIX U3MEPEHUSIX HYKJICOCOMBI TPEeIUHKYOU-
poBasmm (10 MuH) ¢ 1%-M TUMETIICYTb(MOKCHUIOM.
Bpemennsbie cepun n3odpaxeHuii HykiaeocoM (100—
150 nzobpaxxeHnit Ha cepuio) U3MEPSUIA B TEUEHUE
30 ¢ c uarepBaiaoM 300 mc (3xkcno3uiust 240 Mc, HyK-
JICOCOMBI C METKaMM B ToJjoxXeHusx 35 u 112 m.H.)
unn 200 Mc (akcno3unusa 140 Mc, HYKJI€OCOMBI C
MeTKaMu B TojioxxeHusix 13 u 91 n.H.). B usmepen-
HBIX CEpUSIX JJIS1 KaXA0H HYKJIEOCOMbI pacCUMThIBa-
JIV AVMHAMUKY BeJIWYMHBI £ BO BpeMeHU U CTPOUIU
YacCTOTHOE paclipelie/ieHUe COCTOSTHUI HYKJI€OCOMBbI
no BeanunHe E. C yu4eToM JaHHBIX, TTOJTYIEeHHBIX Me-
tonoM spFRET-Mukpockonuu B pacTBope, s
JaJIbHEHI1Iero aHaIM3a OTOMpaiu HyKJI€0COMbI, UMe-
e E-nipodunu ¢ makcumymom > 0.4, Otu E-1tipo-
¢bwin mpoBepssIM Ha COOTBETCTBHME HOPMAaJIbHOMY
pacripelieJIeHUI0, UCMOIb3ysl KpUTEpHUit HOpMaTbHO-
ctu 1’ Aroctuna—IInpcona. I1o ob1meit COBOKYITHO-
CTU JAHHBIX OJIsI OTOOpaHHBIX HyKjiIeocoMm (50—
100 yacTuil) paccUMTHIBAIM O0O0IIEHHOE YaCTOTHOE
pacripefieJIeHUe COCTOSIHUI HYKJIEOCOM T10 BEJIMYMHE
E, onuceiBanu ero Kak Cymneprio3uliMio ABYX HOP-
MaJIbHBIX (IrayCCOBBIX) paclipelieJieHUid U cpaBHUBa-
JIU B OTCYTCTBUME U B IPUCYTCTBMU PECBEPATPOJIA.

BinusiHue pecBepaTpoia Ha CTPYKTYpPY HYKJI€OCOM
W3y4Jajid IO U3MEHEHMIO JIEKTPOPOpEeTHIECKOI TT0-
MBUKHOCTH KOMILIEKCOB B 5%-M MoIMaKpyIaMul-
HOM TeJie B HaTUBHBIX ycioBusix. [lepen HaHeceHeM
Ha Teab HyKJieocoMmbl (2—3 HM) MHKyOMpOBaIu C
pas3IMyHbIMU KOoHIeHTpauusamu (25—100 MxM) pe-
cBepatpoJia B 0ypepe TB150 B TeueHue 20 MyuH npu
25°C. Bnexrpodope3 IIPOBOAMIN B TeUeHHe 1 9 mpu
temiiepatype 4°C. ITonyyeHHBIE T€IM aHAJIU3UPOBa-
Ju ¢ momMmolibio ckaHepa Amersham Typhoon RGB
Imager (Cytiva, CIIIA), peructpupys (payopecieH-
O1Io MeTOK, BBeaeHHBIX B JIHK-marpuiry.

PE3VJIBTATBI 1 OBCYXIAEHHWE

s uccnegoBanuit MetomoM SpFRET-mMukpo-
CKOTIMM BIWSHUS pecBepaTposia Ha CTPYKTYPY HYK-
JeocoM B obynactu auHkepHout JIHK ncnonb3oBanu
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HYKJIEOCOMBI C METKaMu B CIUpAJISIX JUHKEPHOM
JHK (N(-10,-10), puc. 10). Hanuuue u xapakrep u3-
MEHEHWI B CTPYKType HYKJIEOCOM aHAIM3WPOBAJIH,
cpaBHUBAas TIPOMUIU paclipeieIeHUs] HYyKJIEOCOM 10
BeanuuHe FE (E-mipodunn), mM3MepeHHbIE METOIOM
spFRET-Mukpockonuu 1o 1 Iocje MHKyOaru HyK-
JIEOCOM C PECBEpaTpPOJIOM.

E-nipopurnu Hykiieocom N(-10,-10) xapaktepusy-
IOTCSI HaJIMYMEM ABYX MPUOIM3UTEIILHO PaBHBIX 11O
BeJIMYMHE MUKOB (puc. 10). [Iuk B 061acTH OOIBIINX
3HAYCHU E COOTBETCTBYET CYOITOMYJISILIMM HYKJIe-
0COM, Y KOTOpbIX criipanu JuHkepHoit JIHK B o611a-
CTH PACIIOJIOXKEHUS METOK COJIMKEHBI IPYT C IPYTOM
1 HaXoAsITCSl Ha pacCTOSTHUM ~5 HM, a ITMK B 00JIaCTU
MasbiX E — cyOnmonyisiiiuu, B KOTOPOU 3TU CIUpaIn
HaxomsTcs Ha yBeJudeHHOM (7—8 HM) pacCTOSIHUU
npyr oT apyra. Hajiudue y HykKieocoM aIByX KOHpOp-
mauuii amHkepHoit JIHK, pacmo3HaBaeMbIX MeTO-
noM spFRET-mukpockonnu, corjiacyercs ¢ JTaHHBI-
MU, OITYOJIMKOBAaHHBIMU paHee IJisi HYKJIEOCOM C
WHBIM PAcCIIOJIOXEHUEM METOK B 00J1aCTU JIMHKE PHOM
JHK [25]. Beuto obOHapyXeHO, 4YTO pecBepaTpolI
OKa3bIBaeT BIUSIHME Ha KOH(OpMaIUIO JUHKEPHBIX
yuactkoB JHK mpu KoHUIEHTpauusx OJU3KUX K
100 MKkM: cyOmmonynsiisi HyKJIEOCOM CO COJIMKEH-
HbIMU JUHKepaMu noctoBepHo (p < 0.05) Bo3pacraer
ot 61 1 mo 71 £ 4% (puc. 106).

JInst n3ydeHUs1 BIMSIHUSL pecBepaTposia Ha CTPYK-
TYpy HYKJIEOCOMBI B KOPOBOI 00JIaCTU MCIIOJIh30Ba-
JIU TpU BapuaHTa MedyeHUs1 HykJieocomHou JTHK:
BOMM3M rpaHulbl HykKiaeocoMbl (N(+13,+91) wnm
N(+57, +135), puc. 1B u 11 cCOOTBETCTBEHHO) 1 B 00-
JJaCTU, YOAJIEHHOM OT TpaHULbl HYKJIEOCOMBI
(N(+35,+112), puc. 1r). B atux HyKj1€eocoMax METKH
Cy3 n Cy5 pacrionaraigich Ha COCEIHUX CYTICPBUTKAX
AHK Ha paccrosiHuu, obecrieunBatoiieM 3¢ heKTHB-
Helii FRET Mexay Humu. E-tipodnian Bcex BapuaH-
TOB HYKJIEOCOM, MEYEHHBIX B KOPOBOIii 00acTu, xa-
pPaKTepU3yIOTCSI MHTEHCHMBHBIM MHUKOM B 00JacTu
OosibLIMX 3HaYeHW £ 1 MUHOPHBIM MHUKOM B 0bJia-
ctu Manbix E (puc. 18—m). Takue E-nipoduiau oTpa-
>KalOT JTOMUHMPOBAaHUE B pacTBOpe CyOMOMyJsiun
HYKJICOCOM C HAaTHUBHOI YKJIaIKOM CYIIEPBUTKOB
aykieocoMHoi JIHK Ha oktamepe rucToHOB B 001a-
CTU pacnojoXeH!s1 MeTOK. MUHOpPHBII TTMK B 00J1a-
CTUM HM3KMX 3HauyeHUil F oTpaxkaeT HNpPUCYTCTBUE B
pacTBOpPE HYKJIEOCOM C HapYLIEHHO! YKJIaJIKO HyK-
neocomHoit JIHK, n/unu ceodonHoii IHK, oopazy-
IOLIEICs IpU JUCcCOLMalny HyKiaeocoM. TTocae mH-
Ky0aluy HyKJIEOCOM C PeCBEpaTPOJIOM B KOHIIEHTpa-
muu 25—100 MxM E-npodunu He U3MEHSIOTCS
(puc. 1B—m), 4TO yKa3bIBaeT Ha OTCYTCTBUE pecBepa-
TPOJ-UHAYLUMPOBAHHBIX M3MEHEHUII CTPYKTYPHI B
KOp-HYKJIeOCOMe, BKJIIoYasi o0jacTu BOJIM3U M Ha
3HAYUTEJIbHOM YHAJICHMM OT IPaHMIIbI HYKJICOCOMBI
(puc. 1B—m).

Metonom anekTpodopesza B I[TAAIT B HAaTUBHBIX
YCJIOBUSIX YCTAaHOBJIEHO, YTO MPU KOHIEHTPALIMSIX
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pecBeparposia 25—100 MKM OH He BBI3BIBACT HU JUC-
COLIMALIMM HYKJIEOCOM C TIOSIBIIEHHMEM CBOOOTHOI
JHK, a1 cyniecTBeHHBIX U3MEHEHU B TTOABZKHO-
CTU HYKJIEOCOM, YKa3blBalOIIUX Ha 3HAYMUTEIbHOE
M3MEHEHHUE CTPYKTYPBI HYKJIeocoM (puc. 1e), 9To co-
rinacyetrcst ¢ naHnHeIMU Sp FRET-Mukpockonmm.

Wsmepenust cBobomHo mupPYHIUPYIOIINX HYK-
neocom metomoM spFRET-mMukpockornmm xapakre-
PUBYIOT CTPYKTYpPY HYKJIEOCOM TOJIbKO B MOMEHT UX
IpOXOXAeHUsT 4epe3 (POKyC JJaszepHOro Jyda. Jis
U3YYEeHUS CTPYKTYPHOU IMHAMUKY HYKJIEOCOMBI ObI-
JIM UMMOOUIM30BaHbl Yepe3 JIMHHbIN OMOTUHWIIU -
poBaHHBIM parMeHT JuHKepHO JJHK Ha moBepx-
HOCTU MOHOCJIOS MOTUATUICHTINKOJIsI, HAaHECEHHO-
ro Ha cTekJo, U ucciaegoBaHbl MeTogoM TIRF-
spFRET muxkpockormu (puc. 2). CpaBHUTEIbHBINA
aHanu3 E-mipoduiei, ITocTpOeHHBIX Ha OCHOBE BCeX
U3MEPEeHHBIX B TUHAMUKE CTPYKTYPHBIX COCTOSIHUI
(3Hauenmii FE) mnst BBIOOpKM HyKJIeocoM N(+35,
+112), He BBIIBWJI HU IO, HU MOCJe OOpa3oBaHUS
KoMmIuiekca ¢ pecBepaTposiom (100 MxM) cyie-
CTBEHHBIX IWHAMHYECKNX H3MEHEHMM CTPYKTYPbI
HYKJIEOCOM B 0O0JIaCTH, yAaJ€HHOUW OT €€ I'paHUIIbI
(puc. 21). AHaJIM3 UMMOOMIM30BaHHBIX HYKJIEOCOM
N(+13, +91) ¢ meTkamu B mtojioxkeHus1x 13 u 91 mn.H.
nokxasai, 9yTo E-mipoduiin MTHIUBUAYAIBHBIX HYKJIC-
OCOM Ha OCHOBE BeJIUUUH E, U3MEpEeHHbBIX B TUHAMU -
Ke (puc. 2B,r), HE COOTBETCTBYIOT KPUTEPUIO HOP-
MaJIbHOCTM (IaHHBIC HE MOKa3aHbl) M, MO-BUIANMO-
MY, OTpaXkarmT CYIIeCTBOBaHWE KaK MUHUMYM IBYX
CTPYKTYPHBIX COCTOSIHMIA, B KOTOPBIX MOXET Hax0-
IUThCS Kaxaasi HyKJieocoMa. AHaJIOTMYHBIM BBIBOJI
ObLI caefiaH Mpu aHanus3e E-npoduseit MHIANBUITY-
aJIbHBIX KOMIUIEKCOB HyKieocoM N(+13, +91) ¢ pe-
ceepatpojiom (100 MkM). CpaBHeHue E-tipoduneit,
paccyMTaHHBIX HA OCHOBE BCEX M3MEPEHHbBIX B TMHA-
MUKe 3HadYeHuit £ nj1s BEIOOpKU HykKiteocoMm N(+13,
+91) BeIIBUIIO oT/IMuMA E-Tipodhuieit HyKJIeocoM U
X KOMIUIEKCOB ¢ pecBeparpojioM (puc. 2¢). C yue-
TOM BBIBOJAa O BO3MOXHOM CYIIECTBOBAHMU IBYX
CTPYKTYPHBIX COCTOSTHUI E-Tipodmiim HyKJIEOCOM M
X KOMILJIEKCOB C pecBepaTpoIoM ObUIN MTpeacTaBe-
HEI B BUE CYNEPHO3ULIMH IBYX FayCCOBBIX ITMKOB C
makcumyMamu 0.46 n 0.82 (puc. 2:x,3). DTU ITUKU CO-
OTBETCTBYIOT ABYM KOH(MOPMAIIUSIM, MEXIY KOTOPbI-
MU HYKJIEOCOMA MOXKET OCYILECTBISATh IIEPEXO/ B U~
Hamuke. I Hykiieocom N(+13, +91) 3aceneHHOCTH
cocrostHuit £=0.46 u E=0.82 cOCTaBJISIOT COOTBET-
ctBeHHO 70 11 30%, a 1711 KOMILIEKCOB C pecBepaTpo-
oM — 82 u 18%. [1o3TOMy MOXHO HPEAITOOXKUTH,
YTO pecBepaTpOJ BOJIU3U rpaHUIIbl HYKJIEOCOMBI CTa-
ounmsupyeT KoHdopmauuw ¢ £ = 0.46, 3aTpyaHss
nepexon HyKJIeoCOMBI B KoH(opManmio ¢ £ = 0.82.

HccnenoBanust moKasajiu, YTO B3aUMOACHCTBUE C
HYKJIEOCOMOI 6e3 BHECEHMSI 3HAUUTEJIbHbIX U3MCHE-
HUIi B €€ CTPYKTYPY CYLIECTBEHHO OT/IMYaeT pecBepa-
TPOJI OT MO eHOIa KBepLeTUHA, KOTOPBIiA ITO TaH-
HbIM SpFRET-Mukpockonuu npu 24 MKM BBI3BIBacT
3HAYUTEJIbHbIE M3MEHEHUsI B YKJIAJIKe HYKJICOCOM-
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Puc. 2. MccnemoBanue B3anmoneicTBus pecBepatpoia ¢ Hykieocomamu MeronoM TIRF-spFRET mukpockonuu. (a), (6) —
M3o0paxeHus1 OAMHOYHBIX UMMOOUIN30BaHHbIX HyKieocoM N(+35, +112) (a) u N(+13, +91) (6), monyueHHsle Mmetogom TIRF-
mukpockonun: diyopecueHus Cy3 u CyS5 B pesyiasrate FRET-a¢¢dekra B cocTaBe HykiieocoM I1pu Bo30yxkaeHun Cy3 mImHOi
BOJIHBI 514 HM. MaciutabHast MeTka — 2 MKM. (B), (r) — M3mepenust nuHamuku BennduHbl FRET (£) onmMHOYHBIX HYKJI€OCOM
N(+13, +91) B oTcyrcTBUE (B) U B pucyTcTBUM (T) pecBeparposia (100 MkM). laHHbIE TTOTY4YeHbI C BpeMEHHBIM pa3pelieHUeM
0.2—0.3 c. (n), () — YacroTHble pacnpeneneHusi CocTosTHMM HykieocoM N(+35, +112) (o) u N(+13, +91) (e) nmo Benrnuune E,
paccuMTaHHBIC HA OCHOBE BCEX M3MEPEHHBIX B JAMHAMUKE 3HauYeHUU £ Il BRIOOPKM MMMOOMIM30BAaHHBIX HYKJIEOCOM B
OTCYTCTBUE U B IIpUCYTCTBUU pecBeparposa (100 MkM). (k), (3) — INpencraBnenue E-npodueii, mokazaHHBIX Ha ITaHeu (€), B
BHUJIE CYNEPHO3ULIMHK (YEPHAsT TMHUS) IBYX rayCCOBBIX ITMKOB ¢ MakcuMmyMamu E = 0.46 (kpussie 1) u E = 0.82 (kpuBble 2).

Hoit [IHK Ha oktamepe TucToHOB B 40% HyKIIeOCOM  KBEpLETMHA C WHTEPKAJIATOPOM aKPUIUHOBBIM
[31]. ITo maHHBIM CIIEKTPOCKONUU KPYTOBOT'O INXPO-  OpaHXeBbIM 3a cBsi3biBaHue ¢ JJHK, ocHOBHBIM TH-
n3Ma U (QIyOopeCLEHTHOIo aHajiu3a KOHKYPEHIIMU oM B3auMopaeicTBus kBepluetuHa ¢ JJHK sBasercs
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WHTEPKAISILIMS MEXIy IMapaMu HYKJIeoTuaoB [21].
PecBepaTpon, mo maHHBIM crOekTpockonuu AMP,
KPYTOBOTO IUXpor3Ma U (hJIyOpeCLIEHTHOTO aHau3a,

COBJIIOAEHUE 5TUYECKHUX CTAHIAPTOB

HacTrosmas ctaTths He COIEPKUT KaKMX-JIN00 NC-
CJ€IOBAaHUM C yUaCTUEM JIIOAEH WU XKUBOTHBIX B Ka-

cBs3bIBaeTcs B y3Koil 6oposnke JJHK [20, 21, 32].
AnHanus B3auMonelictBust pecBeparpona ¢ JJHK u3
TUMyCa TeJIeHKa CBUAETEIbCTBYET, UYTO KOHCTaHTa
JUCCOLMAliMM KOMILIEKCa BapbUMpyeT B OUaria3oHe
52—180 MxM B 3aBUCHMMOCTU OT TeMIepaTyphbl pac-
TBopa [18, 19]. PasHuua B Tune B3auMoneiicTBUS

YeCTBE 0OBEKTOB MUCCJIEIOBAHUM.
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On the Interaction of Resveratrol with Nucleosomes

N.V. Maluchenko*, T.V. Andreeva*, O.V. Geraskina*, N. S. Gerasimova*, A.V. Lubitelev*,
A.V. Feofanov*, and V.M. Studitsky*- **

*Faculty of Biology, Lomonosov Moscow State University, Leninskie Gory 1/12, Moscow, 119234 Russia
**Cancer Epigenetics Program, Fox Chase Cancer Center, Philadelphia, PA 19111-2497, USA

The natural polyphenol resveratrol has anti-inflammatory, antioxidant, antitumor and geroprotective prop-
erties. The wide range of resveratrol activities is determined by its ability to modulate a variety of signaling
pathways in the cell and interact with various target molecules. It is known that resveratrol interacts with
DNA, but the effect of this interaction on the structure of chromatin has not been studied. In this work, we
studied the effect of resveratrol on the structure of the nucleosome, the functional and structural unit of chro-
matin. Fluorescent microscopy of single nucleosomes based on Forster resonance energy transfer and anal-
ysis of changes in the electrophoretic mobility of nucleosomes in polyacrylamide gel showed that, at a con-
centration of ~100 uM, resveratrol affects the conformation of DNA linker regions, limits the conformational
dynamics of DNA near the nucleosome boundary, but does not cause significant changes in the folding of
nucleosomal DNA on the histone octamer. A small effect of resveratrol on the structure of the nucleosome
compared to quercetin is presumably determined by the binding mode of resveratrol in a minor groove of
DNA.

Keywords: resveratrol, chromatin, nucleosome, spFRET, TIRF
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