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Momueayus u yenv: Ilopexaenus JJHK moryT BbI3BaTh apecT peIUIMKALUM, YTO
TyOUTeNsHO IUis KuBOW KieTku. Tpancnesnmonusid cuate3 JJHK mpencrasmser coboit
MexaHu3M perukanuu nospexaenuii JJTHK, npexoTBpamaromuii apect perimkanum.
KoncepBatuBHbIli dykapuotndeckuid Oenok REV1 cnyxur mnmamgapmom s
koopauHanuu JIHK-mmonmmmepas Bo Bpems TpanciesmonHoro cmareza JIHK [1, 2].
[Mommmo ctpykTypHO#t pomm REV1 mnpencraBmser coboit JHK-mommmepazy Y-
ceMeicTBa ¢ COOCTBEHHOW JUCTPUOYTHBHOM  JC30KCHIMTUAMITPaHChEpa3HOH
akTuBHOCThIO [3]. Karamutudeckass axkTHBHOCTH 00€CIEYMBACTCS YHHUKAIBHBIM
MEXaHHU3MOM C y4acTHEM MaTpHIlbl OelKoBO# mpuposl, korga Bxozsumid dCTP u
ocHoBanue JIHK He B3aMMOJEHCTBYIOT Jpyr ¢ Apyrom Hampsimyio [4]. V3meneHus
SKCIPECCHU W/WIN KaTtanuThuueckor aktuBHOCTH REV1 cnocoOcTByroT MyTareHnesy u
KaHIIEPOTeHEe3Yy U MOTYT MOAYJINPOBATh 3PPEKT XUMUOTEPAIIEBTUIECKOTO JISUeHHUS [5].
UssectHo, yto REV1 in vivo yuactsyer B permukanun All-caiitos [6-8], 1,N6-ethenoA
[7, 9], G-kBagpymuiekcoB [10] u urpaet poib MpU COMATHYECKOH THIICPMYTAI[MH TEHOB
UMMYHOTTI00ynHHOB [ 11], ogHaK0, MaHHBIe 0 TOYHOCTH U 3¢ dekTrBHOCTH cnHTe3a JJHK
REV1 B nmureparype npoTuBopeduBsl. Llenpro paboThl sSBIseTCS pacuIipeHue 3HaHUN
00 aktuBHoctd REV1 Ha JTHK ¢ pa3HsiMu noBpexaeHUsIMH iN Vitro.

Memoowt u anzopummbi: Mbl S5KCIPECCUPOBAIIN U BBIACTHIN NOJTHOPA3MEPHBINA 010K
REV1 4enoBeka H3 SYKapHOTHYECKOH SKCIPECCHOHHOM CHCTEMBI Ha OCHOBE
Saccharomyces cerevisiae. Mpusr  oxapakrepuzoBaiu  ero JIHK-moaumepasnyro
akTUBHOCTHh Ha HemoBpexaeHHoNW JIHK u mmpokom cnextpe nospexaeHHbx JIHK-
cyoctparoB. OTCyTCTBHE NPUMECEH, BIMSIOIMINX Ha akTUBHOCTH REV1, mpoBepsiu c
UCIIOJIb30BaHUEM KaTauTHUeCckn HeakTuBHOTo Bapuanta REV 1. JIHK-nonumepassi Pol
iota u Pol eta yenoBeka ObLIM KCIOJB30BaHBI B KaueCTBE KOHTPOJIS Ui aHAKM3a
XyrcTUHOBCKUX U Y OTCOH-KpPHUKOBCKUX B3aUMOAEHCTBUI COOTBETCTBEHHO.
Pesynomamor. G sBisiercss npeanodrutenbHoi marpuneid REV1 [3, 12-15]. Mur
MPOAHAIM3UPOBAIH BIHMSHUE Psila OMONOTMYECKMX M MUCKYCCTBEHHBIX MOBPEXKICHHN
matpuyHoro G. Mur mnokasanmu, uro REV1 Ojokupyercs BHYTpHIICTIOUESYHOMN
nUcIIaTiHOBOM cumBkod 1,2-GG, mpeoGiagaroniuM MOBPEXICHUEM, BbI3bIBAEMbIM
XMMHUOTEPANEBTHYECKUM TpenapaToM IUCIIATHHOM. MICKyccTBEHHOE TOBpEkICHHE,
7-deazaG, wucrmonb3yemoe i HM3yueHHMss XYTCTHHOBCKHX B3aMMOJAEHCTBHIH, Tarke
narnoupoBano REV1, 4ro oObscHseTcss 00pa3oBaHWEM KOHTaKTOB XYTCTHHOBCKOM
CTOPOHBI MATPUYHOTO HYKJIEOTHAA ¢ OeJKoM. Taxke Mbl IPOTECTUPOBAIIN PETIIMKALINIO
HauOosiee pacrnpocTpaHeHHOro noBpexacHus G — 8-0X0G (¢ MpOTHBOPEYMBBHIMHU
JaHHBIMHU B Jutepatype [3, 13, 16, 17]) u nokazanu, uto REV1 unrubupyercs Gonee
yeM B ~360 pa3s. OpmnoBpemenno ¢ ostum  dpdekr O°%-meG  (~36-kparHoe
WHTHOMPOBAHNE) COOTBETCTBOBAN JIUTEPATYPHBIM JaHHBIM [3, 18].
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A sBnsercs BTopod mnpeamoururenbHoil marpuueii REV1 mocne G. Hcmombsys
nospexaenue Yorcon-Kpukosckoit mmockoctn  1,N6-ethenoA u  momupuxanuro
XyrcTHHOBCKO# utockoct 7-deazaA, mbl mokasanu, yro REV1 B ropasno Gosbiieit
CTENeHH WHTHOMPYETCS TMOBPEXACHWEM XyICTHHOBCKOW IUIOCKOCTH. /[laHHBIE
nurepatypsl s 1,N°-ethenoA nporusopeunssr [13, 19]. Mbl nokasanu, uto REV1
aktuBupyercs Ha matpuie ¢ 1,Né-ethenoA Gosee uem B 50 pas, B coorsercTBHM C [19].
Kpome TOro, Mel BHEpBblE NPOAHAIU3UPOBAIN AKTUBHOCTh HANpOTHB &-0X0A H
MOKa3ali, 4YTO TO MOBpEeXkIeHHe Jerko perumuupyercs REV1 B ommbouno# Manepe.
Cpenn MOAMGUIMPOBAHHBIX NHPHUMUAMHOB, TIPH TOM YTO HEMOBPEXKICHHBIC
MAPUMUINHBI  SBISIIOTCS HaWMEHee TMPEeATIOYTHTEIbHBIMUA — Marpuiiamu  REV],
metwiuro3ud (MC) u ruapokcumermnimrosud C (hmC) Heckonbko MHrHOMpPOBAIN
REV1. Tumunrivkons (TQ) HEOXKUAAHHO PEIUTMIMPOBAJICS OYeHb d(deKTHBHO: Oolee
geM B 1700 pa3 addekTuBHEE, YeM HETOBPEKACHHBINA |, U B OIMMMOOYHOW MaHepe.
CrielyeT OTMETHTb, YTO JUIs OOJIBIIMHCTBA UCCIIEN0BAHHBIX TTOBpEkKAeHuH (8-0X0G, O°-
meG, 1,Nb-ethenoA, Tg) IuCKpHMMHUHALMS HYKJIEOTHIHBIX CyOCTPaTOB IPOUCXOAMIA HA
JTare CBSI3BbIBAHMUS, YTO COIPOBOKIAIOCH 3HAYNTEIbHBIM M3MeHeHHeM Ku, HO He Keat.
Buisoowi: B manHO paboTe BiepBble ObUTa m3ydeHa akTHBHOCTH REV1 denoBeka Ha
JHK ¢ BHyTpuuenoyeyHodl mucmiiatuHoBoi cmuBkod 1,2-GG, ¢ anamoramu
HykieotunoB 7-0eazaG u 7-deazaA, ¢ BbI3BaHHBIMU OKHCIHUTEIBHBIM CTPECCOM
nmoBpexaeHusAMHU §8-0X0A u Tg, a Tarxke snureHeTndeckuMu Moauduranmsvu mC u
hmC.

Crpykrypel REV1 ¢ marpuniamu A, T u C B iuTepaType He onucanbl. Mbl IPUBOIUM
OMOXUMHYECKHE OKA3aTEIbCTBA BAKHOCTH XYTCTHHOBOHM IUIOCKOCTH MAaTPU4HOro A
st pabotel REV1. U3BectHO, uro MaTpuusblii G koHTakTHpyeT aromamu N7 u O6
cBoeli XyrCTHHOBCKOM IUIOCKOCTH C amuiaaMu ocHoBHOM memu His774 u Gly775
akTuBHOTO 1IeHTpa REV1 [4]. Hamm nanHble yKa3blBalOT Ha TO, YTO CBSI3bIBAHUE MATPHIL
G u A B akTuBHOM caiite REV] npoucxoaut mo cxoaHoMy Mexanusmy (A HaxXOoauTcs B
CBSI3BIBAIOIIEM KapMaHe (hepMeHTa B TO# ke KoHpopManuu, 4to u G).

REV1 «axtusupyercs» na JIHK ¢ 1,NS-ethenoA u Tg. Mntaktasie Mmatpuunsie A, T u
C sBnstOTCS TOpa3o MeHee MPeAroYTUTeNLHBIMU cyOcTpaTamu it REV 1, mockonbky
OHHU HE CTIOCOOHBI 00Pa30BBIBATH B3AUMOACUCTBHSA, crienuuIHbIe A1 MaTpuyHoro G,
rje arom O6 sBJIsETCS aKIENTOPOM BOIOPOAHOMH cBsi3u. [ToBbiienune aktuBHOCTH REV1
nanportus 1,N°-ethenoA MokeT 06BACHATHCS OTEPEt ATOMOM B MOJIOKEHUH 6 CBOWCTB
noHopa Boaopoa [19]. bonee Toro, cornacHo HalUM pe3yJbTaTaM U JUTEPATypPHBIM
nanabiM, npucoenuaenne CH3-rpymmer k' C ¢ oOpazoBanmem MC wmm k U c
obOpazoBanuem T [13, 20, 21] cHmwxkaer aktuBHOCTh REV1. Onnako aoGaBieHue
OH-rpyrrmsl HermocpeIcTBEeHHO K 3To# rpymie (k MC ¢ oopasoBanrem hmC) it BOIH3H
Hee (k T c oOpa3zoBanuem T(Q) BOCCTAaHABIMBAET WJIM AaXE YCHIMBAET aKTUBHOCTbH
REV1. Bmecte 3TH JaHHBIE IPOJIUBAIOT CBET HA PYHKIIMOHUPOBAHUE aKTHBHOTO LIEHTPa
REV1 na paznnunbix JJHK-cyOcTparax.

Pesynbrathl 4YacTHYHO OMNyOJMKOBaHBI B pabote https://www.mdpi.com/1422-
0067/25/7/14107 (Stolyarenko A., Novikova A., Shilkin E., Poltorachenko V., Makarova
A. The Catalytic Activity of Human REV1 on Undamaged and Damaged DNA.
International Journal of Molecular Sciences. 2024;25:4107-4120. doi
10.3390/ijms25074107).

Qunancuposanue. Vccienosanue nojaep:xxano roczagannem HUL «KypuaToBckuii un-
CTHTYT».

BGRS/SB-2024 1961



Human REV1 catalytic activity

Stolyarenko A.12*, Novikova A.>2, Shilkin E. 2, Kruchinin A.>2, Makarova A% 2*
! National Research Center “Kurchatov Institute”, Moscow, Russia

2 Institute of Gene Biology of the Russian Academy of Sciences, Moscow, Russia

* nanostol@gmail.com, amakarova-img@yandex.ru

Key words: REV1, DNA polymerase; translesion DNA synthesis; cisplatin intrastrand crosslink;
Hoogsteen interactions

Motivation and Aim: DNA damage can cause replication arrest which is detrimental to
the living cell. DNA translesion synthesis is a mechanism to bypass DNA lesions
preventing replication arrest. Conserved eukaryotic REV1 protein serves as a scaffold
for the coordination of DNA polymerases during DNA translesion synthesis [1, 2].
Besides its structural role, REV1 is a Y-family DNA polymerase with its own
distributive deoxycytidyl transferase activity [3]. It is driven by a unique protein-
template mechanism, when the incoming dCTP and the template base do not directly
pair with each other [4]. Alterations in REV1 expression and/or catalytic activity
promote mutagenesis and carcinogenesis and can modulate the effect of chemotherapy
treatment [5]. Although REV1 activity is known to function in vivo in the bypass of AP
sites [6-8], 1,N8-ethenoA [7, 9], G quadruplexes [10] and in somatic hypermutation of
immunoglobulin genes [11], data about the accuracy and efficiency of DNA synthesis
by REV1 in the literature are contrasting. The aim of this project is to expand the
knowledge on REV1 activity with a variety of lesions in vitro.

Methods and Algorithms: We expressed and purified the full-length human REV1
protein from a eukaryotic expression strain of Saccharomyces cerevisiae and
characterized its DNA polymerase activity on undamaged DNA and a wide range of
damaged DNA templates. The absence of impurities affecting the activity of REV1 was
verified using the catalytically inactive REV1 variant. Human Y-family DNA
polymerases Pol iota and Pol eta were used in control experiments to analyze Hoogsteen
and Watson-Crick base interactions, respectively.

Results: G is known to be the preferable template of REV1 [3, 12-15]. We analyzed the
effect of several biological and artificial modifications of template G. We showed that
REV1 is blocked by the 1,2-GG cisplatin intrastrand crosslink, the predominant lesion
caused by cisplatin chemotherapy. The artificial lesion constructed for Hoogsteen face
impairment studies, 7-deazaG, also inhibited REV1, which is explained by the necessity
of this face of the template nucleotide for contacts with the protein. Also, we analyzed
REV1 activity on DNA with the most frequent lesion of G, 8-0x0G, with contradictory
data in the literature [3, 13, 16, 17] and showed that REV1 is inhibited by over ~360
fold. At the same time, the result on the effect of O%-meG inhibition (~36-fold inhibition)
was in line with the literature data [3, 18].

A is the second preferred template of REV1 after G. By using Watson-Crick face
impairing 1,Né-ethenoA lesion and Hoogsteen face impairing 7-deazaA modification,
we showed that REV1 is much more inhibited by Hoogsteen face impairment. We tested
REV1 replication for 1,N®-ethenoA with contradictory data in the literature [13, 19] and
showed that REV1 is activated by over 50-fold, in accordance with [19]. Also, we
studied 8-oxoA for the first time and showed that this oxidative lesion was readily
replicated by REV1 in an error-prone manner.
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Among the lesions of pyrimidines, while undamaged pyrimidines are the least favorite
templates of REV1, methylcytosine (mC) and hydroxymethylcytosine (hmC) somewhat
inhibited REV1. Surprisingly, thymine glycole (Tg) was replicated in an error-prone
manner over 1700-fold more efficiently than undamaged T. It is important to note that
most of the measured catalytic efficiencies (8-0xoG, O°-meG, 1,Nb-ethenoA, Tg)
showed that REV1 depends on discrimination at the binding step accompanied by a
marked change in Ky and not Kea.

Conclusion: In this work, we for the first time studied the activity of human REV1 on
DNA containing the 1,2-GG cisplatin intrastrand crosslink, 7-deazaG and 7-deazaA
nucleotide analogs, 8-oxoA and Tg lesions caused by oxidative stress as well as
epigenetically modified nucleobases mC and hmC.

The structure of REV1 with templates A, T and C are still lacking in the literature. We
provided biochemical evidence of the importance of the Hoogsteen face of template A
for REV1 functioning. Template G is known to contact via its N7 and O® atoms of its
Hoogsteen face with REV1 main chain amides His774 and Gly775 [4]. Our data suggest
that the binding of templates G and A in the active site of REV1 is similar (i.e. Aand G
have similar conformations in the binding pocket).

REV1 was “activated” by 1,N6-ethenoA and Tg lesions. Intact templates A, T and C are
much poorer substrates for REV1 since they are unable to form interactions specific for
the G base, where OF is a hydrogen bond acceptor. Increase in REV1 activity opposite
1,N¢-ethenoA can be explained by the loss of hydrogen bond donor properties of the
atom in position 6 [19]. Moreover, based on our results and the literature data, addition
of a CH3 group to C yielding mC as well as to U yielding T [13, 20, 21] decreases REV1
activity. However, the addition of OH directly to this group (to methylC yielding
hydroxymethyIC) or in its vicinity (to T yielding Tg) restores or even increases REV1
activity. Altogether, the obtained data shed light on the functioning of the active center
of REV1 on different DNA substrates.

The results are partially available at https://www.mdpi.com/1422-0067/25/7/4107
(Stolyarenko, A., Novikova, A., Shilkin, E., Poltorachenko, V., Makarova, A., 2024. The
Catalytic Activity of Human REV1 on Undamaged and Damaged DNA. International
Journal of Molecular Sciences 25, 4107—-4120. doi 10.3390/ijms25074107).

Funding: The study is supported by the state task of the National Research Center
“Kurchatov Institute”.
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