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Momusayus u yenv: Jxcum3uoHHas penaparus ocHoBaHui (BER) oTBeuaer B xuBoi
KIJIETKE 3a penapanuio Takux noBpexaeHnii JJHK, kak amypuHOBBIE/amnpuMUIUHOBEIE
caitftel  (AP-caiiTel), MoaudUIMpPOBaHHBIE OCHOBAHMS, OJHOICTIOUEYHBIC DPa3PHIBBI.
BER — 3T0 cJI0>XHBII MHOTOCTaAMIHBIA IIPOIIECC, B KOTOPOM Y4acTBYET psijl GepMEHTOB
penapanuyu 1 BCIOMOTraTeIbHbIX OEIKOBBIX (hakTOpoB. B uncio kioueBbIX GepMEHTOB
BER y denoBeka BXOAAT amypuHOBas/anMpUMUIMHOBAs SHAOHYKineaza 1 (APE1) u
JHK-nonmmepasa B (Polf). HecMoTpst Ha TO 9TO MEXaHU3M peaKIuu, KaTAIN3UPYEeMOit
APEI1, peranpHO wm3ywancs Bo MHOTHMX paborax [1, 2], mo cux mop ocraercs
JUCKYCCHOHHO POJIb HEKOTOPBIX aMUHOKUCIJIOTHBIX OCTaTKOB (pepMeHTa B KaTajuse, a
TaKxke akTopkl, odecneunBarome cyocrpatHyto cnenupuanocts APE]. [ns nonHoro
noHuManus npouecca BER crnenyer BBISICHUTE HE TOJIBKO MEXaHU3MBI B3aUMOACHCTBHUS
¢depmentoB pemnaparuu ¢ JAHK, HO W mX KoopauHammio Mexmy co0oil, KoTopas
Tpedyercs mis 3ddexTuBHoro ycrpanenus noppexnenuit JJTHK. Koopaunanus BER
OCYILIECTBIISIETCS 32 CYET MHOKECTBEHHBIX OEJIOK-OEIKOBBIX B3aUMOACUCTBHIA MEXKIY
YYaCTHUKaMHU IIpoLiecca U aKTUBHO M3y4YaeTcsl MCCIEA0BATENSIMH B TEUCHHUE TIOCIIEAHNX
20 net [3, 4]. Tem He MeHee He Bce B3aMMOJICHCTBUS MeXIy ydacTHHMKamu BER
M3y4YeHbl Ha JIAHHBIA MOMEHT, a OOJIBIIIMHCTBO OCJIOK-OCIKOBBIX B3aMMOJICHCTBUN HE
0XapaKTepU30BaHbl B CTPYKTYPHOM U KHHETUYECKOM ACIIEKTax.

Lenp nanHOM paboThHI COCTOSUIA B I€TAIbHOM KHHETHYECKOM HCCIEJOBaHUM IpolLecca
COTJIACOBAaHHOTO  B3aMMOJICHCTBUSL  allypUHOBOW/aTUPUMHUIMHOBOW  DHJIOHYKJIEa3bl
yenoBeka APE1 u JIHK-mommmmepassr ¢ JJHK B mporecce 3KCIIM3MOHHOM penapaiuu
OCHOBaHMil.

B xome wuccnenmoBaHWi  BBIMONHSIIOCH — ONpeneieHue (YHKIUOHAILHOW —POJH
aMUHOKHUCIOTHBIX ocTaTkoB His309, Tyr171, Argl77 u Argl81 APE1 B Mmexanuzme AP-
SHJIOHYKJICA3HOW peakuud M YTOYHEHHE MOJICKYJSIPHO-KMHETHYECKOr0 MEXaHH3Ma
B3anmozeiictBus APE1 ¢ monenpabiMu JIHK-cyOcTpaTamu; co3nanue 4yBCTBUTENBHON
CUCTEMBI pErHCTpalvy TpolieccoB B3ammoaeicTBuss gepmenta ¢ JJHK u npyrumm
6enkamu BER Ha ocHOBe duryopecuientHo meuernHolt APE1; uccrienoBanne B3anMHOTO
rusHYs Mexny APEL u Polf B mponiecce BER 1 ananmus addpexra JJHK-rmuko3mnas Ha
KaTINTHYECKYIO aKTUBHOCTH Polp.

Memoovt u aneopummsr: J{ns BHecenus mytaruii B reH APE1 ucmonb3oBaicst MeTon
CaiiT-HaIpaBJIeHHOTO MyTareHe3a, Ui BbIICJICHUS] H OYUCTKH OEITKOB MCIOJIb30BAINCH
noHooOMeHHast U adduHHas xpomaTorpaduu, JJs aHAIW3a HAKOIUICHHS MPOIYKTOB
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(epMeHTAaTHUBHBIX peaKkIUid HCIOIB30BAJICS METO AJEKTpodope3a B ACHATYPUPYIOILEM
nojuakpuiaMuHoM rese. [IpeacranmoHapHyo KHHETUKY B3aUMOACHCTBHSI JEePMEHTOB
¢ IHK wm3yganu MeTogoM «OCTaHOBJIEHHOH CTPYW» C perucTpaiueil (iryopecueHIm
ocratkoB Tpuntodana gepmenta, (pmyopeciienna B cocrae JIHK, 2-amunomypuHa B
cocraBe JJHK wnu kpacutens Alexa Fluor 488 B coctaBe meuenoro Oenka. O6paboTka
KHHETUYECKHUX JTaHHBIX MPOBOAMIIACE ¢ ToMoIIbio mporpamMm Origin 8.1 u DynaFit.
Peszynomamer: beina n3ydeHa akTUBHOCTh MyTaHTHBIX (popm APEI ¢ 3amenamu Y171F,
H309A, R177A, RI181A mo otHomeHuio K cyOcTpary, coaepxkamemy F-caift
(cuHTeTHUeCKUH XUMHYecKH cTaOwibHBIA anajor AP-caiita). [lokazaHo, 4To 3aMeHBI
Y171F n H309A He mpuBOIAT K N3MEHEHHIO TTPO(HIIST 3aBUCHMOCTH CKOPOCTH KaTaJln3a
ot pH. HccnenoBanue KMHETUKH B3auMojieiicTBusl MyTaHTHBIX ¢opm APE1 ¢ JTHK-
CcyOCTpaToM MO3BOJIMIIO YCTAHOBUTH BIUSHHUE 3aMEH Ha CTaJluM CBS3bIBaHHUA (hepMeHTa
¢ JIHK, memocpeactBeHHO pacimernicHus GochoaudbupHOr CBI3HM W AUCCOIHAINH
mpoaykra. lokasano, uro 3amensl Y171F mw H309A cHmXarOT HE TOJIBKO CKOPOCTH
pacmermienuss JJHK nHa 3—4 nopsinka, HO U CKOPOCTh U 3(P(PEKTUBHOCTH CBSI3bIBAHHS
¢depmenra ¢ JIHK. 3amena R177A He BiusieT Ha CKOpOCTh ctafuu pacierienus JJHK,
HO CYILIECTBEHHO 00JIer4aeT AUCCOLUALNI0 KOMIUIEKCa )epMEeHTa C POLYKTOM. 3aMeHa
R181A Toxe obnerdaer AMCCOIMALINIO MPOAYKTA, HO MPU ITOM €Il U CYIICCTBCHHO
CHW)KAET CKOPOCTh CTaiuu Tupoin3a hochoaudpupHoii CBA3H.

UcnonezoBanne ™eroma xumudeckodt woaudukammu APEl  dmayopectieHTHBIM
kpacutenem Alexa Fluor 488 B coueTaHmn c cailT-HamnpaBICHHBIM MYTareHE30M
OCTaTKOB IIUCTEUHA B OCJIKE ITO3BOJIMJIO TIOIYYHUTh O€I0K, MeUeHHBIH 1o ocTaTKy Cys99,
9T0 OBUIO HOATBEPKACHO MAaCC-CIEKTPOMETPUYECKUM aHaiu3oM. lcmonb3oBaHue
¢ayopecuienTHo MedeHHOH APE1 mo3Bommio 3aperucTpupoBaTh crenupuyecKue
nporecchl B3aumogercteust pepmenta ¢ JJHK-cyOcTpaTtamu B Xoae SHIOHYKI€a3HOM
peaxImy o U3MEHEeHHUIO (DITyopecleHIINN KpacuTels B cocTase Oenka. ®a3bl N3MEHEHUS
nHTeHCHBHOCTH (uryopectiennnn Alexa Fluor 488 ObuM COOTHECEHBI CO CTAaTUSIMHU
nporecca (EePMEHT-CYOCTPAaTHOTO B3aUMOJICHCTBYSI. BbUIO M3ydeHO B3aUMOJICHCTBUE
meueHord APE1 ¢ monenbubiMu 17- u 28-3BennbiMu JIHK-cyOcTparamu. [lomyyennsie
JaHHbIE CYIIECTBEHHO JONOJHWIM NPEAJIOKEHHYI0O paHee MoJelb (epMeHT-
CyOCTpaTHOrO B3aMMOJEHMCTBUS IyTEM JACTANM3ALUMM MEXaHH3Ma JUCCOLMALNN
KoMILIeKca (hepMeHTa C IPOAYKTOM PEaKIIHH.

®dnryopecuentHo meuenHass APE1 u 28-3sennsrit JJHK-aymnexc Obumn UCIIONB30BaHb B
pabote mis TOro, 4TOOBI M3y4uTh MexaHu3M BiusHusA Polf Ha aktmBHOCTH APEL
[Tokazano, uto Polf ciocobctByeT cBsi3piBannio APE] ¢ cyOcTpaToM 3HIOHYKIICa3HOH
peaxiuy 1 IMCCOLMAIUN ee U3 KoMIuiekca ¢ mpoaykroM (pacuierienHoi JIHK). beuto
n3ydeHo Biusare APE] Ha kuHeTHKy Katanusupyemoro PolB BcTtpanBanus HykiieoTnaa
B JIHK-cybcrparel, momenupyromue uaTepMmenuatel BER. B ciywae myrmutekca c
OJIHOHYKJICOTUIHON Opernibto jo0arienne APE] B peakIMOHHYIO CMECh HPUBOJIUT K
HEOOJBIIOMY CHIKEHHIO CKOpOCTH Kak cBsbiBaHuss Polf ¢ JIHK, Ttak wu
KaTaJIMTHYECKOH cTaguu. B ciyuae cyOcTpaTa, coiepikaliero OJHOHYKIICOTHIHYIO
Opemib ¢ F-catitom, konuenTpaus APE] He Binsiia Ha ckOpocTH cBsi3biBaHus Polf ¢
JHK u BctpauBanust nHyxieoTtuna. OgHako mpH BbICOKMX KoHueHTpauusx APEI Ha
(IIyOpecUeHTHBIX KPUBBIX MOSIBISUIACH AONOJHUTENbHAA (asza, MpearnoioKUTEeNbHO,
cooTBeTcTBytomas cBs3piBaHuio APEl ¢ mpomykToM monmMepa3sHOW —peakinu.
JlonoHATENbHBIE IKCIIEPUMEHTHI TI0Ka3alH, YTO IOBBIINIEHHWE KOHIeHTpanuu Polf
MPUBOIUT K MHTUOWPOBAHMIO JAHHOW CTaJWH, YTO CBUIETEIBCTBYET O KOHKYPEHIIMU
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Mexy nymst hepmenTamu 3a cBszbiBanue JJHK. Oqnako EMSA noka3zan, uro APE1 u
Polp moryrt cBszeiBathes ¢ JJHK-poaykTom nonrMepasHoi peakuuu 0JHOBPEMEHHO.
C uempto m3yuenns BiumstHua JIHK-rmmkosmnmaz Ha HykineoTHAWITpaHC(eEpazHYIO
akTUBHOCTh Polf Obput BBIOpansr 7 JIHK-rmmko3mimas, OTHOCSAIIMXCS K Pa3HBIM
CTPYKTYpHBIM ~ ceMmeiicTBaM W 0ONajalommx  pa3ii4HbIMA  CyOCTpaTHBIMHU
crrenudranoctsamu: AAG, OGG1, NEIL1, NTHL1, MBD4, UNG2 u SMUG]. Karanu-
supyemoe Polf BcTpamBanme mykneotuaa B JIHK-cyOGctpaTsl, umuTHpyromme
pasnuunble uHTepMenuatel BER, B mpucytcTBun xaxnon u3 stux JHK-riamkosnnas
ObUIO M3Y4EHO B YCJOBHUSIX KHHETHKH OJHOTO 00OpoTa. Pe3ynmbTaTel mokaszanu, 4To
JHK-rmuxo3mnazer AAG, OGG1, NTHL1, MBD4, UNG2 u SMUGI1 ctumyiupyroT
akTUBHOCTH Polf mo oTHomeHHIO K pa3nuuHbeiM nHTepMeanaTam BER.

Bvi6oovi: PesynpraThl uccleloBaHWS KMHETHKHA B3aUMOJCHCTBUS MYTaHTHBIX (OpPM
APE1 ¢ IHK-cybcTparamMu mMO3BONMHIN YTOYHHUTH (DYHKIIHOHAIBHYIO POJIb OCTAaTKOB
H309, Y171, R177 u R181 B mexanu3me AP-sunonykiieazHoit peakimu. Octatku Y171
1 H309 He TONMhKO KPUTHYECKHM BAXKHBI JJIs KaTaldn3a SHIOHYKICA3HOU peaKIuH, HO
take ydactByloT B cBs3biBanun APEl ¢ JIHK, 4to moarBepkmaer uUX poJib B
cTa0MIn3ali  MEPEeXOJHOT0  COCTOSHHUSL  peaklMu 3a CYeT KOOpAMHALMU
ruaponmzyeMoit gocdarnoit rpynmsl JJHK. R177 Basken anst cBsi3piBaHUs (epMeHTa C
pacmermiennoii IHK, Ho He ywacTByeT B ruaponuse gochoauddupnoii csazu. R181
BakeH 1A crabmmmsanuy komiuiekca APE] ¢ pacmerutennoit JIHK, HO momumo 3Toro
CIOCOOCTBYET MPOTEKAHUIO PeaKIuy THApon3a (hochoaudpupHOA CBS3H.

C THOMOIIBIO CO3JIJaHHON YYBCTBUTEJIBHOM MOJEIBHONH CHCTEMBI Ha OCHOBE (hiryopec-
meHTHO MedeHHoW APE1 3apeructpupoBaHbl crienu(UYECKHe IMPOIECCHl B3aMMO-
newictBus Gepmenta ¢ JJTHK-cyOcTparamu pa3nuaHoi IIHHBL, coaepkammmu F-caift, a
taxxe JIHK-omocpenoBannsie B3anmoneiicteus mexay APEL u npyrumu ¢pepMeHTaMI
BER. [lonyueHHble maHHBIC IMO3BOJMIM YCTAaHOBUTH IMOCICIOBATEIILHOCTD CTaJIui
JIucconuanuy komruiekca ¢epmenta ¢ pacmerienHod JJHK. Tlokazano, uTo B ciydae
17-3BeHHBIX JYTUIEKCOB IUCCOIMAIUS KOMIUIEKCa ()epMEHTa C MPOAYKTOM DPEaKIUH
WHHUIMUPYETCS BHICBOOOXKACHHUEM 5'-KOHIIEBOTO OJIMTOHYKJICOTHIHOTO (parMeHTa,
TOTZa KaK B cirydae OoJiee JUIMHHBIX MOJEIBHBIX CyOCTPaTOB MPOUCXOIUT COTIIACOBAH-
Has aucconmanus ¢pepmenta u nyruiekcHor JJHK, coneprkamieit pa3psis.

Wzyuensl mexanusMm BiusiHus PolB Ha B3ammopeiictBue APEID ¢ IHK u mexanusm
pmusHust APE1l Ha karanmsupyemoe Polf BcTpamBanme nykneormma B JIHK c
OJIHOHYKJICOTUAHOW Opemibto. [lomyyeHHbIe pe3ysIbTaThl CBUACTENBCTBYIOT O CIIOKHOM
MeXaHU3Me KOOpJAMHAIMK MEXAy 3TuMHu nByms (epmentamu BER, BeIXOmsimem 3a
npeebl MOJETH «Iepeadu dcTa(eTHON MamouKm».

[lony4yennsie B pabore paHHble O BiusAsHUM pasnuuHblx JIHK-rmukosunas Ha
HyKJIeoTHAUNTpaHcepazHylo peakuuio Polf 1m0 oOTHOWIEHHIO K  pa3iIu4YHbIM
untepmennaraMm BER cBunmerenscTByror B monbly npeanonoxenus, uto JIHK-
IIIMKO3MIa3bl (POPMHUPYIOT KOHTaKTHl ¢ Polf} B Xone ocymiecTBieHus monuMepazHOH
peakuuu B BER.

Qunancuposanue. ViccienoBanue IMPOBEAEHO B paMKaxX TOCYIapCTBEHHOTO 33a/JaHHUs
Ne 121031300041-4.
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Motivation and Aim: In living cells Base excision repair (BER) is responsible for the
repair of DNA damage such as apurinic/apyrimidinic sites (AP sites), modified bases,
and single-strand breaks. BER is a complex, multistep process that involves a number of
repair enzymes and auxiliary protein factors. Key BER enzymes in humans include
apurinic/apyrimidinic endonuclease 1 (APE1) and DNA polymerase B (PolB). The
mechanism of the reaction catalyzed by APE1 has been studied in detail in many studies
[1, 2]. However, the role of some amino acid residues of the enzyme in catalysis and the
factors ensuring the substrate specificity of APEL still remain controversial. To fully
understand the BER process, it is necessary to elucidate not only the mechanisms of
interaction of repair enzymes with DNA, but also their coordination with each other,
which is required for effective repair of DNA damage. BER is coordinated by multiple
protein-protein interactions between participants in the process and has been actively
studied by researchers over the past 20 years [3, 4]. However, not all interactions
between BER participants have been studied to date, and most protein-protein
interactions have not been characterized in structural and kinetic aspects.

The aim of this work was to perform a detailed kinetic study of the coordinated
interaction of human apurinic/apyrimidinic endonuclease APE1 and DNA polymerase f
with DNA during the base excision repair.

In the course of the studies we determined the functional role of amino acid residues
His309, Tyrl71, Argl77 and Argl81 of APEL in the mechanism of AP-endonuclease
reaction and clarified the molecular kinetic mechanism of interaction of APE1 with
model DNA substrates. Also we created a sensitive system for recording the interaction
of the enzyme with DNA and other BER proteins based on fluorescently labeled APEL.
Finally, we studied the mutual influence between APE1 and Polf during the BER
process and analyzed the effect of DNA glycosylases on the catalytic activity of Polp.
Methods and Algorithms: Site-directed mutagenesis was used to introduce mutations into
the APEL gene; ion-exchange and affinity chromatography were used to isolate and
purify proteins; electrophoresis in a denaturing polyacrylamide gel was used to analyze
the accumulation of enzymatic reaction products, The pre-steady-state kinetics of
enzyme-DNA interaction was studied by the “stopped flow” technique with registrating
the fluorescence of tryptophan residues of the enzyme, fluorescein in DNA, 2-amino-
purine in DNA or Alexa Fluor 488 dye in labeled protein. Kinetic data were processed
using Origin 8.1 and DynaFit programs.

Results: The activities of the APE1 mutant forms with substitutions Y171F, H309A,
R177A, and R181A toward substrates containing F-site (synthetic chemically stable
analog of AP-site) were studied. It is shown that substitutions Y171F and H309A do not
lead to a change in the profile of the pH dependence of the catalysis rate. The study of
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the kinetics of interaction of mutant forms of APE1 with DNA-substrate allowed us to
establish the influence of substitutions on the stages of enzyme binding to DNA,
cleavage of the phosphodiester bond and dissociation of the product. It was shown that
substitutions Y171F and H309A not only reduce the rate of DNA cleavage by 3-4 orders
of magnitude, but also reduce the rate and efficiency of enzyme-DNA binding.
Substitution R177A does not affect the rate of the DNA cleavage step, but significantly
facilitates the dissociation of the enzyme-product complex. Substitution R181A also
facilitates dissociation of the product, but also significantly reduces the rate of the
hydrolysis stage of the phosphodiester bond.

The chemical modification of APEL1l by the fluorescent dye Alexa Fluor 488 in
combination with site-directed mutagenesis of cysteine residues in the protein allowed
us to obtain a protein labeled by the Cys99 residue, which was confirmed by mass
spectrometric analysis. The use of fluorescently labeled APE1 allowed us to register
specific processes of interaction of the enzyme with DNA-substrates during the
endonuclease reaction by changes in the fluorescence of the dye in the protein
composition. The phases of the fluorescence intensity change of Alexa Fluor 488 were
related to the stages of the enzyme-substrate interaction process. The interaction of
labeled APE1 with model 17- and 28-nt DNA substrates was studied. significantly
supplemented the previously proposed model of the enzyme-substrate interaction by
detailing the mechanism of dissociation of the enzyme complex with the product.
Fluorescently labeled APE1 and the 28-nt DNA duplex were used in this work to study
the mechanism of Polf's influence on APE1 activity. Polf was shown to facilitate the
binding of APEL1 to the substrate of the endonuclease reaction and its dissociation from
the complex with the product (cleaved DNA). The effect of APEL on the kinetics of
PolB-catalyzed nucleotide incorporation into DNA substrates modeling BER
intermediates was studied. In the case of a duplex with a single-nucleotide gap, the
addition of APEL1 to the reaction mixture results in a slight decrease in the rate of both
Polp binding to DNA and the catalytic step. In the case of a substrate containing a single-
nucleotide gap with an F-site, the concentration of APE1 did not affect the rates of Polf
binding to DNA and nucleotide incorporation. However, at high APE1 concentrations,
an additional phase appeared in the fluorescence curves, presumably corresponding to
the binding of APEL1 to the product of the polymerase reaction. Additional experiments
showed that increasing the concentration of Polf resulted in inhibition of this phase,
indicating competition between the two enzymes for DNA binding. However, EMSA
has shown that APE1 and Polf bind to the DNA product of the polymerase reaction
simultaneously.

In order to study the effect of DNA glycosylases on the nucleotidyltransferase activity
of Polf, 7 DNA glycosylases belonging to different structural families and with different
substrate specificities were selected: AAG, OGG1, NEIL1, NTHL1, MBD4, UNG2, and
SMUGI. Polp-catalyzed nucleotide incorporation into DNA substrates mimicking
different BER intermediates in the presence of each of these DNA glycosylases was
studied under single turnover kinetics conditions. The results have shown that DNA
glycosylases AAG, OGG1,NTHL1, MBD4, UNG2, and SMUGT stimulate Polf activity
toward different BER intermediates.

Conclusion: The results of studying the kinetics of interaction of the APE1 mutant forms
APE1 with DNA substrates allowed us to clarify the functional role of residues H309,
Y171, R177, and R181 in the mechanism of the AP-endonuclease reaction. Residues
Y171 and H309 are not only critical for catalysis of the endonuclease reaction, but also

1934 BGRS/SB-2024



participate in the binding of APEL to DNA, which confirms their role in stabilizing the
reaction transition state by coordinating the hydrolyzable phosphate group of DNA.
R177 is important for the binding of the enzyme to cleaved DNA but is not involved in
the hydrolysis of the phosphodiester bond. R181 is important for stabilization of the
APE1 complex with cleaved DNA, but also contributes to the reaction of phosphodiester
bond hydrolysis.

Using the created by us sensitive model system based on fluorescently labeled APE1,
specific processes of interaction of the enzyme with DNA substrates of different length
containing F-site, as well as DNA-mediated interactions between APE1 and other BER
enzymes were registered. The data obtained allowed to establish the sequence of stages
of dissociation of the enzyme complex with cleaved DNA. It was shown that in the case
of our model 17-nt duplexes, dissociation of the enzyme complex with the reaction
product is initiated by the release of the 5'-terminal oligonucleotide fragment, while in
the case of longer model substrates there is a coordinated dissociation of the enzyme and
the duplex DNA containing the break.

The mechanism of Polf's influence on the interaction of APE1 with DNA Polf} and the
mechanism of APE1's influence on the PolB-catalyzed nucleotide insertion into DNA
with a single-nucleotide gap were studied. These results indicate a complex mechanism
of coordination between these two BER enzymes that goes beyond the “baton passing”
model.

The data obtained in this work regarding the effect of different DNA-glycosylases on
the Polf's nucleotidyltransferase activity toward different BER intermediates support the
assumption that DNA-glycosylases form contacts with Polf during the polymerase
reaction in BER.

Funding: The research was conducted under the state assignment No. 121031300041-4.
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