
Base excision repair (BER) ensures correction of the

most abundant DNA lesions in mammals, such as modi-

fied nitrogenous bases, apurinic/apyrimidinic (AP) sites,

and single-strand breaks [1, 2]. BER is one of the essen-

tial systems for genome maintenance. DNA lesion repair

via various BER pathways is presented in Fig. 1. The

removal of damaged bases is initiated by DNA glycosyl-

ases specific to particular types of lesions. Mono- or

bifunctional DNA glycosylases catalyze generation of

intact or cleaved (through the β- or β/δ-elimination

mechanism) AP site. Intact AP site is hydrolyzed by AP

endonuclease 1 (APE1); next, DNA polymerase β (Polβ)

removes the deoxyribose phosphate residue (dRp) at the

5′-end of the break due to its dRp lyase activity. The
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Abstract—Base excision repair (BER) ensures correction of most abundant DNA lesions in mammals. The efficiency of this

multistep DNA repair process that can occur via different pathways depends on the coordinated action of enzymes catalyz-

ing its individual steps. The scaffold XRCC1 (X-ray repair cross-complementing protein 1) protein plays an important coor-

dinating role in the repair of damaged bases and apurinic/apyrimidinic (AP) sites via short-patch (SP) BER pathway, as well

as in the repair of single-strand DNA breaks. In this study, we demonstrated for the first time in vitro formation of the ter-

nary XRCC1 complex with the key enzymes of SP BER – DNA polymerase β (Polβ) and DNA ligase IIIα (LigIIIα) – using

the fluorescence-based technique. It was found that Polβ directly interacts with LigIIIα, but their complex is less stable than

the XRCC1–Polβ and XRCC1–LigIIIα complexes. The effect of XRCC1 oxidation and composition of the multiprotein

complex on the efficiency of DNA synthesis and DNA ligation during DNA repair has been explored. We found that for-

mation of the disulfide bond between Cys12 and Cys20 residues as a result of XRCC1 oxidation (previously shown to mod-

ulate the protein affinity for Polβ), affects the yield of the final product of SP BER and of non-ligated DNA intermediates

(substrates of long-patch BER). The effect of XRCC1 oxidation on the final product yield depended on the presence of AP

endonuclease 1. Together with the data from our previous work, the results of this study suggest an important role of XRCC1

oxidation in the fine regulation of formation of BER complexes and their functional activity.
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products formed by the activity of bifunctional DNA gly-

cosylases contain 3′- or 5′-terminal blocking groups

which are removed by the phosphatase activity of polynu-

cleotide kinase/phosphatase (PNKP) or 3′-phosphatase

and 3′-phosphodiesterase activities of APE1. The major

pathway of DNA base repair referred to as the short-patch

(SP) BER includes filling the one-nucleotide gap via the

DNA polymerase activity of Polβ and restoration of the

strand integrity by DNA ligase IIIα (LigIIIα). Another

pathway, known as the long-patch (LP) BER, takes place

if the 5′-dRp residue is modified (and cannot be removed

by the lyase activity of Polβ). Strand displacement DNA

synthesis is initiated by Polβ and continued by the

replicative DNA polymerases δ and ε (Polδ and Polε,

respectively); the overhanging flap is removed by flap

endonuclease 1 (FEN1), and the final ligation of the

break is catalyzed by DNA ligase I (LigI). The repair of

single-strand DNA breaks originating under the action of

damaging factors or during repair of modified bases and

AP sites, involves detection of the break, removal of the

blocking groups, filling the gap, and ligation of the break.

The breaks in DNA are detected mainly by poly(ADP-

ribose) polymerase 1 (PARP1); the 3′- and 5′-ends are

deblocked by APE1, PNKP, aprataxin (APTX), and tyro-

syl-DNA phosphodiesterase 1 (TDP1); Polβ and LigIIIα

fill the gap and catalyze ligation, respectively. When inter-

acting with damaged DNA, PARP1 becomes activated

and catalyzes synthesis of poly(ADP-ribose) (PAR) and

its attachment to the enzyme itself and to other proteins

participating in the DNA repair. The major target of this

modification (PARylation) in the BER process is XRCC1

protein (X-ray repair cross-complementing protein 1)

which is recruited to single-strand breaks in chromosomal

DNA mainly by PARP1 [1, 3]. XRCC1 does not exhibit

enzymatic activity but acts as a scaffold for organizing the

BER complex [3-5]. XRCC1 contains binding sites for

virtually all proteins participating in BER; these sites are

formed by all structural fragments of this protein, such as

the N-terminal (NTD), central (BRCTa), and C-terminal

(BRCTb) domains, and unordered linkers XL1 and XL2

[4, 5].

The efficiency of DNA repair in the multistep BER

process depends on coordinated activities of enzymes

catalyzing its individual steps. One of the coordination

mechanisms suggests formation of multiprotein complex-

es, repairsomes, composed of enzymes and scaffold pro-

Fig. 1. Schematic representation of repair pathways for damaged bases and single-strand DNA breaks. Terminal blocking groups of the DNA

breaks are as follows: PUA, 3′-phospho-α,β-unsaturated aldehyde; p, 3′-/5′-phosphate; OH, 3′-/5′-OН-group; dRP, 5′-deoxyribose phos-

phate; PG, 3′-phosphoglycolate; Ade, 5′-aldehyde group (reproduced from [5] with publisher’s permission).

DNA glycosylase

(monofunctional)

DNA glycosylase

(bifunctional)

DNA with a damaged base DNA with a single-strand break



290 VASIL’EVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  85   No.  3   2020

teins (e.g., XRCC1) [1, 6]. It has been shown earlier that

the XRCC1 complex with LigIIIα is critically important

for stabilization of this enzyme and successful DNA

repair in vivo [7, 8]. This complex was detected in the cell

extracts by non-equilibrium gel filtration and found to be

the most stable among protein complexes involving

XRCC1 [9]. Using both equilibrium and non-equilibrium

methods, we have detected the XRCC1 complex with

Polβ and evaluated its stability in comparison with com-

plexes of other proteins [10]. The necessity of this com-

plex for the efficient in vitro and in vivo DNA repair and

protein protection against proteasomal degradation was

established in [11-13]. Taking in consideration that the

binding sites for Polβ and LigIIIα are formed by different

XRCC1 domains (NTD and BRCTb, respectively) and

do not overlap with the binding sites for other BER par-

ticipants, we suggested that the ternary complex of these

proteins should exist as a stable “platform” for formation

of more dynamic multiprotein ensembles [10]. To con-

firm this hypothesis, we studied LigIIIα interaction with

XRCC1 and Polβ by the fluorescent titration method

(earlier used by us for characterization of XRCC1 com-

plex with Polβ [10]) in order to compare the affinity of

different proteins for each other under identical condi-

tions. The equilibrium method has allowed us to detect

complexes of different proteins involved in BER, which

could not be detected by the frequently used non-equilib-

rium methods of affinity co-precipitation and gel-filtra-

tion [5, 10]. We also studied the role of ternary complex-

es containing reduced or oxidized XRCC1 in the regula-

tion of SP BER efficiency in vitro. The disulfide bond for-

mation between the Cys12 and Cys20 residues as a result

of XRCC1 oxidation induces structural reorganization of

the NTD and its complex with Polβ, as it has been shown

by X-ray crystallographic analysis of the complex of these

protein domains, and increased the affinity of these pro-

teins for each other [4]. It was found that abolishing the

formation of the XRCC1 oxidized form (XRCC1ox) in

mammalian cells by replacement of the wild-type

XRCC1 with the Cys12Ala mutant reduced the cell sur-

vival under oxidative stress [14, 15]. The authors of these

studies assumed that formation of a more stable

XRCC1ox complex with Polβ is necessary for the efficient

in vivo repair of oxidative DNA lesions. However, the

effect of XRCC1 oxidation on the DNA synthesis in the

process of DNA repair has not been studied.

MATERIALS AND METHODS

Materials. The following reagents were used: [γ-
32P]ATP (specific radioactivity, 5 Ci/µmol) from the

Laboratory of Biotechnology, Institute of Chemical

Biology and Fundamental Medicine, Siberian Branch of

the Russian Academy of Sciences; 5(6)-carboxyfluores-

cein N-hydroxysuccinimide ester (FAM-SE), tris(2-car-

boxyethyl)phosphine (TCEP) from Sigma (USA); oxi-

dized glutathione (GSSG) from ICN Biomedicals

(USA). Reagents for electrophoresis and components of

buffer solutions were from Sigma or of domestic produc-

tion (especially high purity grade). Recombinant mam-

malian BER proteins were used in the study. Plasmid vec-

tors for expression in Escherichia coli cells of human

APE1 and rat Polβ were kindly provided by Dr. Wilson

(National Institutes of Health, North Carolina, USA),

human XRCC1 — by Dr. Radicella (UMR217

CNRS/CEA, France), and human LigIIIα — by Dr.

Dianov (Oxford University, Great Britain). Polβ,

XRCC1, and APE1 were prepared as described earlier

[16-18]. LigIIIα was prepared using the original method

described below. Final preparations of the studied pro-

teins were dialyzed against the storage buffer containing

50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 0.5 mM

EDTA, 5 mM dithiothreitol (DTT), 40% (v/v) glycerol,

and stored at –30°C. DNA oligonucleotides (template,

5′-GGAAGACCCTGACGTTACCCAACTTAATCGCC-

3′; primer 1, 5′-GGCGATTAAGTTGGG-3′; primer 2,

5′-GGCGATTAAGTTGGGT-3′; and downstream

primer, 5′-pAACGTCAGGGTCTTCC-3′) were synthe-

sized in the Laboratory of Medical Chemistry, Institute of

Chemical Biology and Fundamental Medicine. The

oligonucleotides were labeled with 32P at the 5′-end using

[γ-32P]ATP and T4 polynucleotide kinase (Biosan,

Russia) as recommended by the manufacturer. 32-nt

DNA duplexes with single-strand breaks (nick-DNA) or

one-nucleotide gap (gap-DNA) in the middle of the

strand were prepared as described earlier [10].

Preparation of oxidized XRCC1 protein. XRCC1ox

was prepared by mild oxidation of SH-groups [19].

XRCC1 (100 µM) was incubated with GSSG (10 mM) in

50 mM Na-phosphate buffer (pH 7.8) containing

100 mM NaCl for 18 h in the dark at 4°C and then dia-

lyzed against DTT-free storage buffer. To prepare fully

reduced XRCC1, the original protein preparation was

incubated with 10 mM TCEP for 18 h at 4°C and dialyzed

against the storage buffer. The content of SH-groups in

the XRCC1 and XRCC1ox preparations was determined

colorimetrically using the Ellman’s reagent [20].

Expression and purification of DNA ligase IIIa. The

full-length human nuclear LigIIIα with the polyhistidine

tag at the N-terminus was expressed in E. coli BL21(DE3)

Rosetta 2 cells. After transformation with the plasmid, the

cells were grown at 30°C in LB medium until A600 0.6;

protein synthesis was induced with 1 mM isopropyl-β-D-

1-thiogalactopyranoside, and the cells were incubated for

another 4 h at 18°C. Next, the cells were precipitated by

centrifugation at 7000 rpm at 4°C (Beckman Coulter Inc,

USA) and stored at –40°C. The cell biomass was thawed

on ice and resuspended in cold lysis buffer containing

50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 1% (v/v) NP-

40, 1 mM β-mercaptoethanol (β-ME), 10% (v/v) glyc-

erol, 1 mM phenylmethylsulfonyl fluoride (PMSF),
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1 mM benzamidine (Bz), and a tablet of inhibitor cock-

tail (Roche, Switzerland). After incubation with

lysozyme (1.5 mg/ml; Boehringer Mannheim, Germany)

for 20 min on ice, the cells were disintegrated by sonica-

tion (Bandelin, Germany). The resulting suspension was

centrifuged (18,000 rpm; Beckman Coulter Inc) at 4°C to

remove the cell debris. The supernatant was supplement-

ed with imidazole to the final concentration of 5 mM (pH

8.0) and loaded on Ni-Sepharose 6 Fast Flow (GE

Healthcare, Switzerland) equilibrated with buffer A

(50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 3 mM β-ME,

1 mM PMSF, 1 mM Bz, and 5 mM imidazole). The

adsorbed proteins were eluted with 5-600 mM imidazole

gradient in buffer A. LigIIIα was purified from protein

admixtures by successive chromatographies on Heparin-

Sepharose 6 Fast Flow (GE Healthcare) and ssDNA-cel-

lulose (USB, USA) equilibrated with buffer B (50 mM

Tris-HCl, pH 8.0, 100 mM NaCl, 10 mM β-ME, 0.5 mM

EDTA, 5% (v/v) glycerol) using a 0.1-1.0 M gradient of

NaCl concentration in buffer B. The obtained fractions

were analyzed by electrophoresis in 10% (w/v) SDS-

polyacrylamide gel; fractions containing the purified pro-

tein were concentrated and dialyzed against the storage

buffer in a 10-kDa microdialysis cell (Sartorius,

Germany). The activity of LigIIIα was tested in the liga-

tion reaction using synthetic 32-nt duplex with a single-

strand break (nick-DNA). The reaction mixture (10 µl)

containing 50 mM Tris-HCl, pH 8.0, 50 mM NaCl,

10 mM MgCl2, 7 mM DTT, 1 mM ATP, 50 nM 5′-32P-

labeled DNA substrate, and 100-400 nM LigIIIα was

incubated for 30 min at 37°C. The reaction was initiated

by adding the enzyme and terminated by adding an equal

volume of the sample buffer [90% formamide (v/v),

20 mM EDTA, 0.05% Bromophenol Blue, and 0.05%

Xylene Cyanol]. The samples were incubated for 2 min at

90°C and separated by electrophoresis in 20% polyacry-

lamide gel with urea. The gels were visualized, and the

reaction products were analyzed quantitatively with a

Typhoon FLA 9500 scanner (GE Healthcare) and the

Quantity One program (Bio-Rad, USA).

Fluorescent labeling of DNA ligase IIIa and investi-

gation of the protein complex formation by the fluorescent

titration method. LigIIIα was labeled with FAM-SE at

the N-terminal amino group using the method developed

by us earlier [10]. The protein was dialyzed against four

changes of buffer containing 100 mM MES (pH 7.0) and

200 mM NaCl using a 10-kDa microdialysis cell. The

reaction with FAM-SE was performed in the same buffer

by incubating 20-50 µM LigIIIα with 40-200 µM

reagent for 18 h at 4°C in the dark. The reaction was

stopped by adding to the reaction mixture (30-50 µl) the

buffer containing 100 mM Hepes (pH 8.0), 200 mM

NaCl, and 10 mM DTT to the final volume of 500 µl.

The protein was separated from the excessive reagent by

gel-filtration on a Spin Trap G-25 microcolumn (GE

Healthcare). After concentrating, protein solution was

supplemented with glycerol to 40% for storage at –30°C

and 0.001% Brij 58 polyoxyethylene cetyl ether (Sigma,

USA) to prevent protein aggregation. Protein concentra-

tion and the degree of its labeling were determined spec-

trophotometrically with a CLARIOstar device (GMB

Labtech GmbH, Germany) using extinction coefficients

ε494 80,445 M–1⋅cm–1 for FAM and ε280 79,300 M–1⋅cm–1

for LigIIIα. The specific activity of the labeled enzyme

was tested in the ligation reaction using 32P-labeled nick-

DNA as described above.

Experiments on the FAM-LigIIIα binding by other

proteins were performed by titration of the labeled pro-

tein (used at the fixed concentration of 40 nM) either

separately with Polβ and XRCC1 (in the absence or pres-

ence of the second partner in the concentration of

200 nM) or with an equimolar mixture of XRCC1 and

Polβ. The binding buffer contained 50 mM Hepes

(pН 8.0), 100 mM NaCl, and 5 mM DTT. The fluores-

cence intensity of the samples (volume, 12 µl) was meas-

ured in non-transparent polypropylene plates (Corning,

USA) using a microplate CLARIOstar fluorimeter (GMB

Labtech GmbH). The fluorescence excitation wavelength

was 485 nm; changes in the fluorescence intensity were

detected at the emission wavelength of 530 nm. In each

independent experiment, fluorescence intensity was

measured at each concentration of the protein partner in

three repeats. The experimental data were processed

quantitatively with the MARS Data analysis program

(GMB Labtech GmbH). The binding curves were

described by the equation:

F = F0 + (F∞ – F0)/[1 + (EC50/C)n],

where F0, F, and F∞ are fluorescence intensities of the

FAM-LigIIIα solution in the absence of other proteins,

in the presence of protein partner in the given (C) and sat-

urating concentrations, respectively; EC50 is the concen-

tration of protein partner at which F – F0 = (F∞ – F0)/2;

n is Hill coefficient. All experiments were performed at

least three times. The binding curves were plotted using

averaged experimental data with the OriginPro 8.6 pro-

gram; the extent of binding corresponding to the maximal

signal at the saturating concentration of the protein part-

ner (F∞ – F0) was taken as a unit, whereas the extent of

binding at a given concentration was determined as the

ratio (F – F0)/(F∞ – F0).

Registration of the gap-DNA repair products in the

presence of enzymes and proteins participating in SP BER.

Standard reaction mixture (volume, 10 µl) contained

50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 6 mM MgCl2,

50 nM 32P-labeled gap-DNA, and 10-50 nM Polβ. The

reaction was initiated by adding a mixture of dATP,

dGTP, dTTP, and ddCTP nucleotides (final concentra-

tion of each nucleotide, 10 µM), and the reaction mixture

was incubated at 37°C for 30 min. When the effect of pro-

teins on the product yield was studied, the reaction mix-



292 VASIL’EVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  85   No.  3   2020

ture contained 50 nM Polβ, 50-200 nM XRCC1 or

XRCC1ox, 10-50 nM APE1, and 10-50 nM LigIIIα (in

the presence of 1 mM ATP), as indicated in the legends to

the figures. The reaction was stopped by adding an equal

volume of sample buffer. The samples were incubated for

2 min at 90°C, and the reaction products were separated

by electrophoresis in denaturing 20% polyacrylamide gel

with urea. The gels were visualized with a Typhoon FLA

9500 scanner and the yield of the reaction products was

analyzed with the Quantity One Program.

RESULTS AND DISCUSSION

LigIIIa interaction with XRCC1 and Polb.

Interaction of LigIIIα with the scaffold XRCC1 protein

and Polβ catalyzing the synthesis of the LigIIIα substrate

in SP BER was studied by the fluorescent titration

method. The fluorescence of FAM-labeled LigIIIα was

measured in the absence and presence of unlabeled

XRCC1 and Polβ. To label LigIIIα with FAM-SE prefer-

entially at the N-terminal amino group, the reaction was

performed at pH 7.0 [21]. The reaction conditions were

optimized by varying the protein and reagent concentra-

tions in order to obtain fully active protein that would

contain no more than one fluorescein residue per protein

molecule. Protein preparations with the labeling stoi-

chiometry of ~0.5 mol FAM per 1 mol protein were

obtained by incubating 50 µM protein with 200 µM

reagent.

Typical curves of FAM-LigIIIα titration with unla-

beled proteins (LigIIIα, Polβ, and XRCC1) and the cor-

responding protein binding curves are presented in Fig. 2.

The maximal increase in the fluorescence intensity of the

labeled protein in the presence of saturating concentra-

tions of protein partners did not exceed 20% (in contrast

to earlier recorded 1.5- to 2.0-fold fluorescence intensity

changes for other FAM-labeled proteins) [10]. This dif-

ference can be explained by a considerable distance

between the fluorophore in FAM-LigIIIα and C-terminal

BRCT domain containing the sites for both LigIIIα

homo-association and protein hetero-association with

XRCC1 [5]. The effective concentration of the protein

Labeled protein* 

FAM-LigIIIα

FAM-LigIIIα

FAM-LigIIIα

FAM-LigIIIα

FAM-LigIIIα + Polβ

FAM-LigIIIα + XRCC1

Quantitative characteristics of LigIIIα interaction with

BER proteins

Protein partner **

LigIIIα

Polβ

XRCC1

Polβ + XRCC1

XRCC1

Polβ

EC50***, nM

91 ± 16

64 ± 11

42 ± 8

46 ± 8

70 ± 13

n.d.****

* FAM-LigIIIα (40 nM) was titrated with the protein partner in the

absence or presence of Polβ or XRCC1 pre-added at excessive

concentrations (200 nM).

** FAM-LigIIIα was titrated with individual proteins or with an

equimolar mixture of Polβ and XRCC1.

*** Apparent equilibrium dissociation constants of protein complex-

es are shown as mean ± standard deviation from 3-5 independent

experiments.

**** Not determined because of the absence of changes in the fluores-

cence intensity.

Fig. 2. Homo- and hetero-association of LigIIIα with proteins participating in BER as studied by fluorescent titration. a) Typical curves for

FAM-labeled LigIIIα (40 nM) titration with unlabeled proteins (LigIIIα, Polβ, and XRCC1); b) binding curves calculated from the data of

3-5 independent experiments (mean ± standard deviation). (Colored versions of Figs. 2 and 3 are available in electronic version of the article

on the site http://sciencejournals.ru/journal/biokhsm/)
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partner (EC50) at which the increase in the fluorescence

intensity over the initial level (F – F0) amounts to a half of

the maximal increase at the saturating concentration

[(F∞ – F0)/2] is the apparent equilibrium constant of

complex dissociation. Comparison of this parameter for

different proteins (table) suggests formation of more sta-

ble complexes upon hetero-association than upon homo-

association of LigIIIα. The affinity of LigIIIα for XRCC1

(EC50 = 42 nM) is 1.5 times higher than for Polβ (EC50 =

64 nM). However, XRCC1 has a higher affinity for Polβ

(EC50 = 23 nM [10]) than for LigIIIα. In general,

XRCC1 complexes with Polβ and LigIIIα are the most

stable among all complexes of proteins participating in

BER that had been characterized by us using the same

equilibrium method [10].

To detect the formation of the ternary XRCC1 com-

plex with LigIIIα and Polβ, increasing concentrations of

XRCC1 or Polβ were added to the FAM-LigIIIα mixture

containing either Polβ or XRCC1, respectively, at high

(sub-saturating) concentrations. In each experiment,

FAM-LigIIIα was titrated with the corresponding pro-

tein, and the fluorescence of the protein mixture was

recorded. Higher background fluorescence (F0) for the

FAM-LigIIIα mixtures with Polβ or XRCC1 in compari-

son with FAM-LigIIIα (Fig. 3, a and b) was caused by the

formation of the binary complex. The increase in fluores-

cence upon XRCC1 addition to the FAM-LigIIIα mix-

ture with Polβ (Fig. 3a) suggested XRCC1 interaction

with FAM-LigIIIα, despite the presence of excessive

concentrations of more preferable XRCC1 interaction

partner. The EC50 value for the FAM-LigIIIα binding to

XRCC1 in the ternary mixture (70 nM) was lower than

the total XRCC1 concentration necessary for independ-

ent half-binding of FAM-LigIIIα (42 nM) and half-bind-

Fig. 3. Formation of the ternary complex between LigIIIα, Polβ, and XRCC1. Typical fluorescence curves of FAM-LigIIIα (40 nM) titration

with (a) XRCC1 in the absence and presence of Polβ (200 nM), (b) Polβ in the absence and presence of XRCC1 (200 nM), and (c) Polβ or

equimolar mixture of Polβ and XRCC1. The binding curves calculated from the averaged data of independent experiments are presented in

Fig. S1 in the Supplement to this paper on the web site of the journal (http://protein.bio.msu.ru/biokhimiya) and Springer site

(Link.springer.com).
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ing of Polβ (no less than 100 nM), which indicated the

ternary complex formation. The absence of changes in

the fluorescence signal of the FAM-LigIIIα mixture with

XRCC1 after addition of Polβ (Fig. 3b) indicated that

Polβ binding to XRCC1 resulting in the ternary complex

formation did not noticeably influence the interaction

between XRCC1 and FAM-LigIIIα. Titration of FAM-

LigIIIα with the equimolar mixture of Polβ and XRCC1

caused a higher increase in the fluorescence intensity

than titration with Polβ alone (Fig. 3c). This suggests dif-

ferent environment of the fluorophore upon formation of

the FAM-LigIIIα binary complex with Polβ and ternary

complex with Polβ and XRCC1. The EC50 value for the

FAM-LigIIIα binding in the ternary mixture (46 nM) was

comparable with the EC50 value for its binary complex

with XRCC1 (42 nM). Taken together, these data evi-

dence preferential interaction of LigIIIα with XRCC1 in

the ternary complex with Polβ. Hence, we demonstrated

for first time the direct interaction between the Polβ and

LigIIIα enzymes catalyzing successive steps of SP BER,

as well as formation of their ternary complex with the

scaffold protein XRCC1 (Polβ•XRCC1•LigIIIα).

Direct interaction of Polβ with the LigI enzyme complet-

ing LP BER was shown earlier [22].

Effect of other proteins on DNA synthesis by Polb. To

study the influence of protein complexes of different

composition on the activity of Polβ in the DNA repair

synthesis, we preliminary determined concentrations of

individual proteins at which Polβ was activated (Fig. 4).

Both Polβ concentration and incubation time were opti-

mized to test the products of the SP and LP DNA syn-

thesis (filling the gap in gap-DNA and strand displace-

ment DNA synthesis, respectively) upon incomplete con-

version of the substrate. To limit the length of the synthe-

sized products in the case of strand displacement DNA

synthesis, the reaction mixture contained a dideoxynu-

cleotide (ddCTP). The stimulatory effect of the reduced

XRCC1 on strand displacement DNA synthesis increased

with the increase in the protein concentration from 50 to

200 nM: the fraction of the product corresponding to the

insertion of one nucleotide into the repaired strand (S+1)

decreased, whereas the fraction of the product correspon-

Fig. 4. Effect of different concentrations of BER proteins on the Polβ activity in the DNA repair synthesis. Gel autoradiograph of the prod-

ucts of the Polβ-catalyzed DNA synthesis in the absence and presence of other proteins is shown; the histogram demonstrates relative yields

of products of DNA strand elongation and ligation in the corresponding samples. 32P-labeled gap-DNA (50 nM) was incubated with Polβ

(50 nM) and a mixture of dATP, dGTP, dTTP, and ddCTP (10 µM of each nucleotide) for 30 min at 37°C (lanes 2-14) in the absence or pres-

ence of APE1 (10-50 nM), XRCC1 (50-200 nM), XRCC1ox (50-200 nM), or LigIIIα (10-50 nM) (see “Materials and Methods” for the

detailed reaction conditions). S, 32P-labeled primer (15-nt) in the initial DNA; S+1 to S+4, products of primer elongation; P, final product

of DNA repair after ligation (32-nt); the corresponding structures of duplexes (intermediates at different steps of SP/LP BER) are presented

in the scheme to the right; asterisk shows position of the 32P-label. The total yield of the products with one or two inserted dAMP residues

(S+2 and S+3) is shown, because these products could not be resolved in the gel. The data of one of three independent experiments are pre-

sented; deviation of the relative yield values from the mean values was 2-10%.
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ding to the insertion of four nucleotides (S+4) increased

(Fig. 4, lanes 6-8). In the case of oxidized XRCC1

(XRCC1ox), the effect did not depend on the protein

concentration (50-200 nM) (Fig. 4, lanes 9-11). For

comparison, in subsequent experiments (in the presence

of other proteins), we used XRCC1 at a concentration of

100 nM, which allowed us to observe the effect of this

protein on the efficiency of the initial substrate conver-

sion, as well as the difference in the effects produced by

the reduced and oxidized XRCC1. Beside the catalytic

conversion of the product of gap filling (S+1) into the

final product of the SP BER, LigIIIα stimulated strand

displacement DNA synthesis; this effect decreased with

the increase in the enzyme concentration due to more

efficient ligation (Fig. 4, lanes 12-14). The concentration

of 50 nM was chosen, at which the fraction of the initial

substrate decreased noticeably. The stimulatory effect of

APE1 on the strand displacement DNA synthesis and

efficiency of the initial substrate conversion decreased

with the increase in the protein concentration from 10 to

50 nM because of the 3′-5′-exonuclease activity of the

enzyme (Fig. 4, lanes 3-5); however, it could still be

observed at the concentration of 50 nM used in subse-

quent experiments.

The data presented in Fig. 5 show that APE1,

XRCC1, XRCC1ox, and LigIIIα produced comparable

effects on the total efficiency of initial substrate conver-

sion; the content of the substrate decreased ~10% in all

Fig. 5. Effect of BER proteins on the DNA synthesis by Polβ. Autoradiograph of the gel with the products of the DNA repair synthesis cat-

alyzed by Polβ in the absence and presence of APE1, XRCC1, XRCC1ox, or LigIIIα is presented. The histogram shows the relative yields of

the DNA strand elongation/ligation reaction. 32P-labeled gap-DNA (50 nM) was incubated with Polβ (50 nM) and a mixture of dATP, dGTP,

dTTP, and ddCTP (10 µM of each nucleotide) for 30 min at 37°C (lanes 2-13) in the absence or presence (+) of APE1 (50 nM), different

forms of XRCC1 (100 nM), or LigIIIα (50 nM) (see “Materials and Methods” for the detailed reaction conditions). The total yield of the

products with one or two inserted dAMP residues (S+2 and S+3) is shown, because these products could not be resolved in the gel. For des-

ignations, see the legend to Fig. 4. The data of one of three independent experiments are presented; deviation of the relative yield values from

the mean values was 2-10%.
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the cases (lanes 3, 4, 5, and 8 vs. lane 2). According to

their stimulatory effect on the strand displacement DNA

synthesis (increase in the yield of S+4), the proteins can

be arranged in the following order: XRCC1ox >

XRCC1 > APE1 > LigIIIα. The stimulatory effect of

XRCC1ox significantly exceeded that of XRCC1: the S+4

fraction in the presence of XRCC1ox was two times

greater than in the presence of XRCC1, which might be

explained by a higher affinity of XRCC1ox for Polβ [4].

APE1 enhanced the stimulatory effect of XRCC1 on

the strand displacement DNA synthesis to a greater

extent than the stimulatory effect of XRCC1ox: the S+4

fraction increased 2.7-fold in the first case vs. 1.3-fold in

the second case (Fig. 5, lanes 6 and 7 vs. lanes 4 and 5).

As a result, the difference between the effects of reduced

and oxidized XRCC1 in the presence of APE1 was elimi-

nated. Formation of the XRCC1 ternary complex with

Polβ and APE1 was shown by us earlier [10]. The binding

site for APE1 is located in the linker region (XL1) adja-

cent to the XRCC1 N-terminal domain (NTD) contain-

ing the binding site for Polβ [4]. It cannot be excluded

that XRCC1 oxidation induces rearrangement not only of

the NTD, where the disulfide bond is formed between the

Cys12 and Cys20 residues, but also of the whole three-

dimensional protein structure. More stable binding of

XRCC1ox to Polβ can have a negative effect on the for-

mation of the ternary complex with APE1.

The combined effect of LigIIIα and XRCC1ox on

the efficiency of substrate conversion is greater than the

combined effect of LigIIIα and XRCC1 (Fig. 5, lane 10

vs. lane 9). Although LigIIIα suppressed the stimulatory

effect of both XRCC1 forms on strain displacement DNA

synthesis, XRCC1ox was still able to stimulate this syn-

thesis more efficiently than XRCC1 even in the presence

of LigIIIα (lanes 9 and 10 vs. lanes 4 and 5 and vs. each

other). Both XRCC1 and XRCC1ox promoted the activ-

ity of LigIIIα: the yield of the final product of DNA

repair increased by 6 and 9% in the presence of XRCC1

and XRCC1ox, respectively (lanes 9 and 10 vs. lane 8).

Interestingly, the total yield of the ligated intermediate

(S+1) and the final product (P) of SP BER was similar in

the combined presence of LigIIIα and XRCC1 proteins

(61%) and LigIIIα and XRCC1ox proteins (59%), but the

degree of S+1 conversion into the final product was high-

er in the second case (72 vs. 80%, respectively). It may be

assumed that the ternary complex formation and stabi-

lization of the Polβ interaction with XRCC1ox (in com-

parison with the Polβ complex with XRCC1) promotes

the transfer of DNA intermediate from one enzyme to the

other.

The efficiency of substrate conversion in the com-

bined presence of APE1 and LigIIIα exceeded that in the

presence of individual proteins (Fig. 5, lane 11 vs. lanes 3

and 8). APE1 stimulated LigIIIα activity more efficiently

than XRCC1 and XRCC1ox and increased the yield of

the final product by 12% (lane 11 vs. lanes 9 and 10).

LigIIIα suppressed the stimulatory effect of APE1 on the

synthesis of non-ligated intermediates (S+2, S+3, and

S+4): the yield of these products in the presence of APE1

and LigIIIα was 2.5 times lower than in the presence of

APE1 and nearly the same as in the presence of LigIIIα

(lane 11 vs. lanes 3 and 8). The activating effect of APE1

on DNA ligation was also observed for LigI, which indi-

cates an active role of the enzyme responsible for

deblocking the 3′-ends in the breaks in coordination of

the entire process of DNA repair [23].

When the reaction mixture contained all proteins

participating in SP BER, the highest DNA repair effi-

ciency was observed for the complexes containing

XRCC1: the yield of final product in this case was 10%

higher than in the presence of XRCC1ox (Fig. 5, lane 12

vs. lane 13). Moreover, the efficiency of DNA repair in

the combined presence of APE1, LigIIIα, and XRCC1

was higher than in the presence of two proteins: APE1

and LigIIIα (by 9%) or LigIIIα and XRCC1 (by 15%)

(lane 12 vs. lanes 11 and 9, respectively). This can be

caused by a combination of the stronger effect of APE1

vs. XRCC1 (or XRCC1ox) on the activity of LigIIIα and

the lower stimulatory effect of XRCC1 vs. XRCC1ox on

the synthesis of non-ligated DNA intermediates, which

might indicate formation of more stable multiprotein

ensemble with the participation of all the proteins in the

XRCC1 case. Indeed, the distribution of products in the

presence of LigIIIα and XRCC1ox changed insignifi-

cantly upon addition of APE1 (lane 10 vs. lane 13).

Therefore, the influence of XRCC1 oxidation on the effi-

ciency of DNA repair catalyzed by Polβ via the SP path-

way depends on the repairosome composition.

Using equilibrium fluorescent titration, we have

shown for the first time in vitro formation of the ternary

complex by the major participants of SP BER: enzymes

Polβ and LigIIIα and the scaffold protein XRCC1. Polβ

and LigIIIα, whose direct interaction in the absence of

XRCC1 was also demonstrated for the first time, form a

complex which is less stable than the Polβ–XRCC1 and

LigIIIα–XRCC1 complexes. This might explain why the

ternary complex formation provides more efficient coor-

dination of the BER final steps. No ternary complex has

been detected in the cell extracts [9], probably, because of

its instability under non-equilibrium conditions of gel-fil-

tration and/or destabilizing action of other proteins in the

extract. However, in another work, XRCC1, Polβ, and

LigIIIα were found to be present together in many multi-

protein BER complexes isolated from the nuclear extracts

[24]. The existence of the ternary complex in vivo was

confirmed by synchronous localization of XRCC1, Polβ,

and LigIIIα on DNA lesions [25].

The stability of the XRCC1 complex with Polβ is

regulated by oxidation of the former protein resulting in

the disulfide bond formation between Cys12 and Cys20

residues in the N-terminal domain containing the binding
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site for Polβ [4]. XRCC1ox is present in mammalian cells;

the relative content of this XRCC1 form determines the

cytotoxicity of oxidative agents caused by BER deficien-

cy [14, 15]. A pronounced difference between the survival

of cells expressing wild-type XRCC1 and its Cys12Ala

mutant (incapable of oxidation) has been revealed only

under extreme oxidative stress conditions caused by sup-

pression of glutathione synthesis [15]. It was shown that

the presence of XRCC1ox accelerated Polβ accumulation

on DNA lesions [14, 15]; however, it was still unclear how

the oxidative modification of XRCC1 influences forma-

tion of DNA repair complexes and the process of DNA

repair itself. Using the reconstituted system, we showed

that formation of the ternary complex and XRCC1 oxida-

tion determine the efficiency of DNA repair via the SP

BER. The stimulatory effect of XRCC1ox on the catalyt-

ic activity of Polβ and LigIIIα was more pronounced than

that of the reduced XRCC1. However, in the presence of

APE1, XRCC1 oxidation decreased the yield of the final

product of DNA repair. Therefore, stimulation of the

DNA synthesis by XRCC1 oxidation can be important for

the efficient recovery of some DNA lesions. In particular,

the repair of some single-strand breaks and damaged

bases removed by bifunctional DNA glycosylases by the

β/δ elimination mechanism does not require APE1

(Fig. 1).

The composition of the BER protein complexes

depends on the type and level of DNA lesions, and the

repair of extensive lesions needs participation of PARP1

for more efficient assembly of the DNA repair complexes

[24]. The level of PARP1 automodification by the synthe-

sized ADP-ribose polymer (PAR) influences the PARP1

affinity for DNA intermediates of BER and is an impor-

tant factor in the DNA repair regulation [1, 3]. XRCC1

possesses a high affinity for PAR and plays a paramount

role in the assembly of the DNA repair complexes involv-

ing PARP1 [26]. Moreover, XRCC1 is a target of ADP-

ribosylation and regulates the level of PARP1 automodi-

fication by inhibiting PAR elongation [27]. As we have

established recently, XRCC1 oxidation has a negative

effect on the interaction of this protein with PAR and its

acceptor activity in the reaction of ADP-ribosylation,

which suppresses the inhibitory effect of the protein on

PARP1 automodification [28]. The difference between

the reduced and oxidized forms of XRCC1 in their ability

to regulate the level of PARP1 automodification increas-

es in the presence of Polβ [28], suggesting a cooperation

between XRCC1 and Polβ in this process. Hence, the

ratio between XRCC1 and XRCC1ox content can regu-

late the lifetime of the PAR–PARP1 complex with the

damaged DNA. We found in this study that the presence

of XRCC1ox instead of XRCC1 in the majority of studied

complexes increased the fraction of non-ligated DNA

intermediates, thereby requiring more efficient DNA

repair in the repeated cycle. These lesions can be repaired

via the LP BER with the involvement of Polβ and FEN1.

In its turn, the activity of Polβ in LP BER is regulated by

PARP1 and its PARylation: PARP1 suppresses DNA syn-

thesis and FEN1-dependent stimulation of DNA repair,

but its inhibitory effect decreases upon PARP1 automod-

ification [29]. At the same time, PARP1 interaction with

DNA intermediates of SP BER does not influence the

efficiency of DNA repair via this pathway because of the

absence of PARP1 inhibitory action on the dRp lyase

activity of Polβ and ligase activity of LigIIIα [29-31].

Therefore, by ensuring fine regulation of PARP1 auto-

modification, XRCC1 oxidation can provide more effi-

cient repair of non-ligated DNA intermediates in the

repeated cycle with the participation of PARP1. Based on

the results of our previous work [28] and this study, we can

conclude that the redox status of XRCC1 influences the

efficiency of BER both at the stage of DNA repair com-

plex formation (via regulation of PARP1 automodifica-

tion) and the stage of DNA repair synthesis.
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