doi 10.18699/bgrs2024-11.1-03

B3anmoneiicreue PHKa3b1 H1 u3 xinopomnacros A. thaliana
(AtRNH1C) ¢ mogenbHbIMU R-neTsiMu pa3InyHON CTPYKTYPbI
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Momusayus u yenv. TpaHCKpUILIMA U PEIUIMKALUSA SBISIOTCS BaKHEHILIUMHU
MOJIEKYJISIPHO-OMOJIOrMYECKUMH TIPOLIECCAMU, ITOCTOSIHHO MPOTEKAOLUIMMHU B KJIETKaX.
O6a mporecca mpoucxoasT Ha omHoi u ToW ke Mmarpuiie JHK, B cBsa3u c dem
BEPOATHOCTb BCTpPEY MEXJY OTUMH BaKHEHIIMMU KIETOYHBIMH MEXaHU3MaMH,
OTBETCTBEHHBIMH 32 HKCIIPECCUIO TCHOB M AYIUIMKALMIO T€HOMA, JOCTATOYHO BBICOKA,
4TO MOXET BbI3BaTh KOH(IMKT TpaHCKpumniuu-perviukanuu (Transcription-Replication
Conflict, TRC) [1]. Cneayetr oTMETUTB, YTO OJHUM U3 CTPYKTYPHBIX d51eMeHTOB TRC
apisiercss GopMmMHupoBaHHE R-merenb, CTPYKTyp, COCTOSIIMX W3 TeTepomdyIieKca
JHK:PHK wu conmepxammx BBITIETIICHHBIN ofHOIIeTIOUeqHbIN Pparment JJHK.

Jis  Toro, dToOBl yCTAaHOBUTH POJb OTHENBHBIX OENKOB, YYacTBYIOIIMX BO
B3aUMOJEHCTBUM C R-TIeTiisiMu, clieyeT yUUuThIBaTh HE TOJIBKO MPOLIECC TPAHCKPHIILIH,
B KOTOPOM 3TH CTPYKTYpPbl (QOPMHUPYIOTCA, HO TakXe HEOOXOOUMO OTMETHTh
OMOJIOTUYECKH BAXKHBIEC MTPOIIECCHI, HA IPOTEKAHNE KOTOPBIX 3TH CTPYKTYPHI OKa3bIBAIOT
BrusiHue [2—4]. Tak, ¢ ogHON CTOpPOHBI, R-TIeTIN UrparoT BaXKHYIO POJib B PETYISALUU
SKCIIPECCUX TEHOB, BIWSSA Ha TepMHUHAIMIO TpaHCKpummmy, Moaupukammo JJHK u
TOTIOJIOTHIO XpOMAaTHHA, a TaKXke YYacTBYIOT B mpoueccax perumkamua JIHK,
pemapauuu JJHK u pekomMOMHaNNK C EpeKIroYeHeM KIacCOB HMMYHOTTI00yIHHOB. C
Ipyroil cropoHsl, R-mernu moryt mpuBogutTh K nospexaeHuto JHK, mockonbky
onHouenoueuynsle yyactku JJHK, oOpasyromuecs: B pesynbraTe ruOpuan3anuy OJIHON
m3 ueneit ¢ PHK, momBep)keHBI MOBPEXKACHHUSIM, YTO, B CBOIO OYepeb, MOXKET
MPUBOIUTH KaK K MyTareHe3y, Tak M K pa3pblBaM LENH, U, TAKUM 00pa30M, BEI3BIBAET
HECTaOMIIBHOCTH T€HOMA.

Cuutaercd, 4to R-mernm sBIAIOTCA KOPOTKOXKHUBYIIMMH CTPYKTYpaMmH, OJIHAKO B
HEKOTOPBIX YCIOBHSIX OHA MOTYT OBITh 3HAUYNTENFHO cTabminn3npoBansl [5]. [TockoiabKy
R-netnin MmoryT npuBoauth Kk nospexaeHuto JJHK n HectaOunbHOCTH reHOMa, YPOBEHb
R-meTens B KieTKax CTporo KOHTpoaupyercs [6]. XoTs, Kak MpoKapuoTHYECKUE, TaK U
9YKapUOTHYECKHE KIJIETKH MMEIOT MHOKECTBO MEXaHH3MOB KOOPJMHAIIUU TPOIIECCOB
TPAHCKPUIILUH ¥ PEIUIMKALNH, B HACTOSAIIEE BPEMsI OYEBUAHO, YTO KOH(IIUKTHI MOTYT
BO3HHMKATh H3-32 a0EPPaHTHOM peEryMsiuM TPAHCKPHUIILUK M NPEKICBPEMEHHON
nponudeparyn [7, 8].

AKTyalbHBIMH BOIIPOCAMH B HACTOSAIIEE BPEMsI OCTAIOTCS KaK MOHMMAaHHE KIETOYHBIX
nociencteuii TRC, Tak u maeHTH(UKALUSA KIETOYHBIX PETYISTOPHBIX MEXaHHU3MOB,
OTBETCTBEHHBIX 32 JIebIoKpoBaHue perummkanuy B npouecce TRC, a Taxke uzydeHue
MOJIEKYJISIPHBIX MEXaHU3MOB, KOTOPBIE HCITONIB3YIOTCS KIETKaMHU JJIs IPEIOTBPAICHHS
HeraTuBHBIX 3QdekToB R-merens, Gopmupyromuxcs B TRC. Ogua n3 MexaHM3MOB
paspetenust TRC B renomuoit JIHK ocymiecTBisieTcs: ¢ IOMOIIBIO WIEHOB CEMEMCTBa
dbepmenToB, odnanaronux aktuBHocThi0 PHKa3e! H. IToka3zano, 4To Juist moaaepKkaHust
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CTaOMIBHOCTH FeHOMa XJIoporutacToB A. thaliana u ymeHbiieHns: HeraTuBHOTO Y Qekra
R-nerens Tpedyercs cormacoBannoe nericteue PHKazer H (AtRNH1C), JIHK-rupass
(AtGyr) u npaiimassl (ATH) [9-10]. B cBsi3u ¢ 3THM B paMKax HACTOSIICH pabOThI C
LEJIbI0 PEKOHCTPYKIHMU N VItr0 MOJEKYJSPHBIX B3aMMOJCHCTBUI MEXay OeiKamu-
yuacTHuKamu Tpouecca TRC mpoBeneH KHHETHYECKHMH aHalU3 OCOOECHHOCTEH
B3anmopeiicteus PHKaser H1 AtRNHIC u3 xnopormtacroB Arabidopsis thaliana ¢
MOJIEJIBHBIMHU R-IIETIIsIMM pa3IUuHON CTPYKTYPBHI.

Memoowr u aneopummur: Co3gansl MOZIENbHBIE CHHTETHUECKHE R-meTnu, comeprkarne
(hiyopecieHTHbIE METKH B pa3indHbix noioxenusx JJHK- u PHK-tieneld, muis netexium
0€JIKOBO-HYKJICMHOBBIX B3aUMOJECHCTBUI MEXIy OTAEIbHBIMU (epMEHTAMH W/UIH UX
KOMIUIEKCAMU € OeNKaMH-PeryiiaTopaMH ¢ MOJENbHBIMH R-mermnsmu. Metosl
(GIIyopecueHTHOTO TUTPOBaHUS ¥  MHKPOCKONHMYECKOro TepMmodopesa Obun
WCTIONIb30BaHbl UL ONPENEJICHUs] KOHCTAHT CBS3bIBAHUS M TEPMOJMHAMHYECKUX
XapaKTepUCTUK  OCJIKOBO-HYKJICHHOBBIX B3aMMOICHCTBUI MEXAYy OTIEIbHBIMU
(depMeHTaMH, a TaKKe KOMIUICKCaMH (EPMEHTOB C JAPYTHMH YYaCTHUKAMH
(epMeHTaTUBHOTO TIpolecca M OClKaMHU-PETYJSITOpaMH B COCTaBe MOJAEIBHBIX R-
neTenb.

Pezynomamur: Ananns xoH()OPMAIMOHHONW TOABMKHOCTH (pepMeHTa U cyOcTpaTa mpH
WX B3aMMOJCHCTBHM B ciy4yae wu3ydeHHst BiaumoperctBuii mexnay AtRNHIC u
MOJEJIBHBIMU R-neTnsmu mpencrasisier co00il HETpUBHAIBHYIO 33Aa4y, TPeOyOLIyIo
mu3aiiHa tuOpumgHoro rereponymiekca JIHK:PHK, comepikamiero BeIETIEHHBIIH
onHouenoueynblii pparment JHK u ¢uyopecueHTHBIH Mapkep KOH(pOpPMaIlMOHHBIX
m3meHeHuii. Ha mepBoM »srtame pabotei Hamu co3maH Habop JIHK-mymrekcos,
COJEepKALIMX B LEHTPAIBHON YaCTH HEKOMIUIEMEHTAPHBIA y4acTOK (Iy3bIpb) UIMHON
10, 11, 12, 16, 21 u 31 wmywieotumoB. Ilpu 3TOM C TpaHCKPUOMPYEMOM IICIIBIO
(hopMHpOBaIH TeTEPOAYILIEKC C TIOMOIIBI0 pUOOOIUIOHYKIIEOTH A [UIMHHOHM oT 10 10
37 HyKIEOTHIOB, TakuM oOpazoMm, uToObl 3'-koHIEeBoi HykieoTun PHK-mpaiimepa
pacrojaraics B pa3HBIX TOJIO)KEHUSAX OTHOCHUTENHFHO HEKOMIUIEMEHTApHOI'O y4YacTKa
JHK-nymiekca. Ha 3'-konnie PHK-nipaiiMepa ObL1 paciiosioskeH Jud0 aaeHO3MH, JTU00
ero (uIyopecleHTHBIN aHaor — 2-amuHONypHH (aPu). Kpome Toro, 66T cCHHTE3MpOBaH
psa MaTpUuHbIX ¥ HemaTpuuHbix uenei [JHK-nynnekca, cogepskanmux ocratok aPu Ha
pa3HOM PACCTOSHHUM OT HEKOMIUIEeMeHTapHOro ydactka. Octatok aPu Obul BEIOpaH B
KadyecTBe (IIyopecLeHTHOro MapKkepa KOH()OpMallMOHHBIX NpeBpalleHuii B R-netne Ha
OCHOBAHUH €T0 YyBCTBUTEIBLHOCTH K OKpPYXEHHIO. Tak, o CpaBHEHUIO CO CBOOOIHBIM
HYKJICOTHJIOM HMHTEHCHUBHOCTH (uiyopecteHIMu aPu B cocTaBe OJNUTOHYKJICOTHAA
CHID)KAETCSl M3-3a CTIKMHIa C COCEJHMMH OCHOBAHHMSAMH, KPOME TOT0, 0Opa3oBaHUE
IYTUIEKCHOW CTPYKTYpBl W3 OJHOLEMOYEYHBIX OJIMTOHYKJICOTHIOB, KakK IpPaBUIIO,
MPUBOJIUT K JOTOJIHUTEILHOMY YMEHBIICHUIO HHTEHCUBHOCTH (hiryopecueHnu aPu 3a
CcYeT CTa0WIM3allMd  CTIKHHT-B3aWMOJICHCTBUH C  COCENHUMH  a30THUCTBIMHU
ocHoBaHusAMH. HecMoTpst Ha TO, yTO aPu siBisieTcs aHAMIOroM aJleHO3KMHAa U CIIOCOOEH
(dbopMHupOBaTH I1B€ BOJOPOAHBIE CBSI3M C TUMHHOM B KOMIIEMEHTAPHOM LEMH, HE
NPUBOJI K CTPYKTYPHBIM HM3MEHEHHSIM JyIUieKca, Jjsi Bcex paszpaboranabix PHK-
MpaiiMepoB, cofepamux 3'-KOHIEBOM ocrtarok aPu, B KkadecTBe KOHTpPOJISL
KCIIOJIb30BAIM OJIUTOHYKIIEOTH, COAEpKAIIMM 3'-KOHIIEBOU aJIEHO3UH.

st opmupoBanus R-nerens PHK-npaiimepst oTxuranuch ¢ MaTpudHoi mnenbsto JJTHK
B OydepHom pactBope 40 MM Tris-HCl pH 7.9, 40 MM KCl u nHKYOHpOBANKCH C
HemarpuyHoil uensto JAHK 35 mun nmpu 37 °C mmbo 30 mun npu 25 °C B ToM xe
Oydeprom pactBope. Koneunas cmech cogepxkana 1 mxkM PHK-mpaiimep, 1.1 MxM
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Matpuunyto nens JHK, 5 MxM nematpuunyro wnens JIHK. bruta nmposepena
CTaOMIIBHOCTh MOJIETILHBIX R-mieTenb B 3KCIIepUMEHTAIBHBIX YCIOBUSIX, HEOOXOIUMBIX
IUIS McciteioBanus hepMeHTaTHBHOM akTuBHOCTH PHKa361 H.

Jna ananuza mporecca gerpaganuu PHK-mpaiimepa B monuakpuiaMHUIHOM Tresie
ucnonp3oBau pudoonuronykiaeoruapl 5'-FAM-CUCACAUCCAGAGAGCX (X —
ageHo3nH jubo aPu), comepkamme Ha 5'-koHIE Kpacutenb QuyopecuenH (FAM),
MTO3BOJISAIONTNI BU3yalM3UPOBaTh MPOAYKTH aerpanarmu PHK-mpaiimepa dhepmentom
AtRNH1C.

Bce paspaboTaHHble MoOneNnbHBIE R-TIETIM HCHONB30BAIM AJS  ONpEAeSICHHS
KHHeTHYeCKHX mapameTpoB B3aumoaeiicteus PHKa3er H1 AtRNH1C u3 xmoporiactoB
Arabidopsis thaliana. J{ns kaxaoro cyocTpara noxyueHa cepysi KIHSTUYECKHX KPUBBIX,
B KOTOPOH KOHILIEHTpaNus CyOCTpaToB ObLIA MOCTOSHHOM, a KOHLEHTpauuio GepMeHTa
BapbHUPOBAIH, YTO TO3BOJIMIIO OLCHUTH 3PdekTuBHOCTL nerpamaruun PHK-mpaiimepa.
[Nockompky ob0mast a¢dextuBHOCTh pacmierienuss PHK-mpaiimepa 3aBucuT kKak OT
CKOpocTH (QopMUpoBaHHs (HEPMEHT-CyOCTPaTHOTO KOMILIEKCAa, TaK M OT CKOPOCTH
KaTaJIMTHYECKON CTaguu B paMKax pa6OTI>I OIpeACJICHbl KOHCTAHTBI CBA3BIBAHUA
AtRNH1C ¢ monenpHBIME R-TIETIIIMA METOZIOM MUKPOCKOITUYECKOTO TepModopesa.
Buvisoowi: B paboTe TpoBeleH KHHETUYECKHH aHajIM3 IpoIecca B3aMMOICHCTBUS
PHKa3er H1 AtRNH1C wu3 xiopormiactoB Arabidopsis thaliana ¢ moaensHbiME R-
MeTIAMA  Pa3NUYHONH CTPYKTYyphl. llomydeHHBIE naHHBIE BBIABHIN OCOOEHHOCTH
¢dbopmupoBaHus (hepMEHT-CyOCTpAaTHOTO KOMIUIEKCA W KATaTUTHYECKOW CTaaull B
3aBUCHUMOCTH OT CTPYKTYPBI MOJICTBHBIX R-mieTens.

Qunancuposanue’ Vccnenopanne noguepxano rpanrom PH® Ne 23-44-00064.
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Motivation and Aim: Transcription and replication are the most important molecular
biological processes that occur at high frequency in cells. As they share the same DNA
template, a high incidence of encounters is expected between these most important
cellular machineries responsible for gene expression and genome duplication, which can
cause a transcription-replication conflict (TRC) [1]. It should be noted that one of the
structural elements of TRC is the formation of R-loops, structures consisting of a
DNA:RNA heteroduplex and containing a looped single-stranded DNA fragment. It is
necessary to take into account the role of individual proteins involved in interaction with
R-loops as well as influence of which these structures at the course of the biologically
important processes [2—4].

Thus, on the one hand, R-loops play an important role in the regulation of gene
expression, influencing transcription termination, DNA modification and chromatin
topology, and also participate in the processes of DNA replication, DNA repair and
recombination with immunoglobulin class switching. On the other hand, R-loops can
lead to DNA damage, since single-stranded DNA regions formed as a result of
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hybridization of one of the strands with RNA are susceptible to damage, which, in turn,
can lead to both mutagenesis and strand breaks, and thus causing genomic instability.

It is believed that R-loops are short-lived structures, but under certain conditions they
can be significantly stabilized [5]. Since R-loops can lead to DNA damage and genome
instability, the level of R-loops in cells is strictly controlled [6]. Although both
prokaryotic and eukaryotic cells have multiple mechanisms to coordinate transcription
and replication processes, it is now clear that conflicts can arise due to aberrant
transcriptional regulation and premature proliferation [7, 8].

Current issues remain both understanding the cellular consequences of TRC and
identifying the cellular regulatory mechanisms responsible for unblocking replication in
the TRC process, as well as studying the molecular mechanisms that cells use to prevent
the negative effects of R-loops formed in TRC. One of the mechanisms for resolving
TRC in genomic DNA is carried out with the help of members of a family of enzymes
with RNase H activity. It has been shown that to maintain the stability of the genome of
A. thaliana chloroplasts and reduce the negative effect of R-loops, the coordinated action
of RNase H1 (AtRNH1C), DNA gyrase (AtGyr) and primase (ATH) is required [9-10].
In this regard, within the framework of this work, in order to reconstruct in vitro
molecular interactions between proteins participating in the TRC process, a kinetic
analysis of the interaction features of RNase H1 AtRNH1C from Arabidopsis thaliana
chloroplasts with model R-loops of various structures was carried out.

Methods and Algorithms: Model synthetic R-loops containing fluorescent tags in various
positions of DNA and RNA chains have been created to detect protein-nucleic acid
interactions between individual enzymes and/or their complexes with regulatory proteins
with model R-loops. Fluorescent titration and microscopic thermophoresis methods were
used to determine binding constants and thermodynamic characteristics of protein-
nucleic acid interactions between individual enzymes, as well as complexes of enzymes
with other participants in the enzymatic process and regulatory proteins in model R-
loops.

Results: Analysis of the conformational mobility of the enzyme and substrate during
their interaction in the case of studying interactions between AtRNH1C and model R-
loops is a non-trivial task that requires the design of a hybrid DNA:RNA heteroduplex
containing a looped single-stranded DNA fragment and a fluorescent marker of
conformational changes. At the first stage of our work, we created a set of DNA duplexes
containing in the central part a non-complementary region (bubble) with a length of 10,
11, 12, 16, 21 and 31 nucleotides. In this case, a heteroduplex was formed with the
transcribed strand using a ribooligonucleotide from 10 to 37 nucleotides in length, so
that the 3'-terminal nucleotide of the RNA primer was located in different positions
relative to the non-complementary region of the DNA duplex. At the 3' end of the RNA
primer, either adenosine or its fluorescent analogue, 2-aminopurine (aPu), was located.
In addition, a number of template and non-template strands of the DNA duplex were
synthesized, containing an aPu residue at different distances from the non-
complementary region. The aPu residue was chosen as a fluorescent marker of
conformational transformations in the R-loop based on its sensitivity to the environment.
Thus, compared to a free nucleotide, the fluorescence intensity of aPu in the
oligonucleotide decreases due to stacking with neighboring bases; in addition, the
formation of a duplex structure from single-stranded oligonucleotides, as a rule, leads to
an additional decrease in the fluorescence intensity of aPu due to the stabilization of
stacking interactions with neighboring bases. Despite the fact that aPu is an analogue of
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adenosine and is capable of forming two hydrogen bonds with thymine in the
complementary strand without leading to structural changes in the duplex, for all
designed RNA primers containing the 3'-terminal residue of aPu, an oligonucleotide
containing 3'-terminal adenosine.

To form R-loops, RNA primers were annealed to the template DNA strand in a buffer
solution of 40 mM Tris-HCI pH 7.9, 40 mM KCI and incubated with the non-template
DNA strand for 35 min at 37 °C or 30 min at 25 °C, including the same buffer solution.
The final mixture contained 1 uM RNA primer, 1.1 uM template DNA strand, and 5 uM
non-template DNA strand. The stability of model R-loops was tested under experimental
conditions necessary for studying the enzymatic activity of RNase H.

To analyze the process of RNA primer degradation in a polyacrylamide gel, we used
ribooligonucleotides 5'-FAM-CUCACAUCCAGAGAGCX (X — adenosine or aPu),
containing the fluorescein dye (FAM) at the 5' end, which allows visualization of the
products of RNA primer degradation by the AtRNH1C enzyme.

All developed model R-loops were used to determine the kinetic parameters of the
interaction of RNase H1 AtRNH1C from Arabidopsis thaliana chloroplasts. For each
substrate, a series of kinetic curves was obtained in which the concentration of the
substrates was constant, and the concentration of the enzyme was varied, which made it
possible to evaluate the efficiency of degradation of the RNA primer. Since the overall
efficiency of RNA primer cleavage depends both on the rate of formation of the enzyme-
substrate complex and on the rate of the catalytic stage, the binding constants of
AtRNH1C to model R-loops were determined using microscopic thermophoresis.
Conclusion: The work carried out a kinetic analysis of the interaction of RNase H1
AtRNH1C from Arabidopsis thaliana chloroplasts with model R-loops of various
structures. The data obtained revealed the peculiarities of the formation of the enzyme-
substrate complex and the catalytic stage depending on the structure of the model R-
loops.

Funding: The study is supported by the Russian Science Foundation, grant No. 23-44-
00064.
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