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ABSTRACT

Base Excision Repair (BER) efficiently corrects the
most common types of DNA damage in mammalian
cells. Step-by-step coordination of BER is facili-
tated by multiple interactions between enzymes and
accessory proteins involved. Here we characterize
quantitatively a number of complexes formed by
DNA polymerase $ (Polf), apurinic/apyrimidinic en-
donuclease 1 (APE1), poly(ADP-ribose) polymerase
1 (PARP1), X-ray repair cross-complementing pro-
tein 1 (XRCC1) and tyrosyl-DNA phosphodiesterase
1 (TDP1), using fluorescence- and light scattering-
based techniques. Direct physical interactions be-
tween the APE1-Polp, APE1-TDP1, APE1-PARP1 and
PolB-TDP1 pairs have been detected and character-
ized for the first time. The combined results pro-
vide strong evidence that the most stable complex
is formed between XRCC1 and Polf3. Model DNA in-
termediates of BER are shown to induce significant
rearrangement of the Pol@ complexes with XRCC1
and PARP1, while having no detectable influence on
the protein—protein binding affinities. The strength
of APE1 interaction with Polp, XRCC1 and PARP1
is revealed to be modulated by BER intermediates
to different extents, depending on the type of DNA
damage. The affinity of APE1 for Pol@ is higher in
the complex with abasic site-containing DNA than
after the APE1-catalyzed incision. Our findings ad-
vance understanding of the molecular mechanisms
underlying coordination and regulation of the BER
process.

INTRODUCTION

Cellular genomic DNA permanently suffers various molec-
ular lesions, due to endogenous and exogenous factors (1).

In order to maintain genome integrity, cells have evolved
DNA repair systems to efficiently correct DNA dam-
age. Several specific pathways of DNA repair in mam-
malian cells have been established (1,2). The primary means
for correcting the most common types of damage such
as apurinic/apyrimidinic (AP) sites (created through N-
glycosidic bond cleavage), modified bases and single strand
breaks (SSBs) is base excision repair (BER). The BER pro-
cess can proceed along one of two sub-pathways that are
differentiated by the size of the repair patch and by en-
zymes and accessory proteins/cofactors involved. These
two sub-pathways are termed ‘short-patch BER’ (SP BER)
and ‘long-patch BER’ (LP BER) (1,2). The core steps of
BER are catalyzed by a number of enzymes (1,2). DNA
glycosylases recognize and remove altered bases, creating
an intact or cleaved AP site. The intact AP site is incised
by the endonucleolytic activity of the AP endonuclease
1 (APEl). Terminal blocking groups of the DNA strand
break intermediates generated by either bifunctional DNA
glycosylases or APEI1, or direct action of reactive oxygen
species and physical agents are removed by DNA poly-
merase 3 (PolB; via its 5'-deoxyribose phosphate lyase activ-
ity), APELI (via its 3’-phosphodiesterase and 3’-phosphatase
activities), polynucleotide kinase 3’-phosphatase (PNKP)
and aprataxin. The end-processing step is followed by gap
filling catalyzed by PolB during the SP BER. During the
LP BER, DNA synthesis is mediated by Polf, Pold and/or
Pole, and the displaced DNA strand is cleaved by flap en-
donuclease 1 (FENT1). At the final step, the integrity of the
DNA backbone is completed by DNA ligases: Ligl in LP
BER and Ligllla in SP BER.

According to the ‘passing-the-baton’ (or ‘substrate chan-
neling’) model of the BER process, DNA intermediates
in each of the two BER sub-pathways are processed and
then passed from one enzyme to another in a coordinated
fashion (1,2). Step-by-step coordination of BER is facili-
tated by multiple protein—protein interactions (1-3) that in-
volve BER enzymes and accessory proteins such as XRCCl,
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PARPI, PARP2, TDPI1, PCNA and aprataxin (Supplemen-
tary Table S1). XRCC1 (X-ray repair cross-complimenting
protein 1) functions as a non-enzymatic, scaffold protein
that directly interacts with, stabilizes, and stimulates multi-
ple enzymatic components of the BER process by using its
N-terminal domain and two BRCT (BRCA1 C-terminal)
domains (3-5). PARP1 is an abundant nuclear protein acti-
vated by binding to SSBs generated directly by irradiation
or indirectly during BER (3,6). PARP1 modifies itself and
other target proteins with branched chains of poly(ADP-
ribose), contributing to regulation of many cellular pro-
cesses (3,6). PARPI and its closest homolog PARP2 inter-
act physically with BER proteins and DNA intermediates,
and modulate functions of the BER enzymes APE1, Pol
and FENI, thus regulating the efficiency of BER (7-11).
TDPI1 functions as a general 3’-DNA phosphodiesterase
catalyzing hydrolysis of 3’-phosphotyrosyl bonds, 3'-abasic
sites, 3’-phosphoglycolates and 3’-dRP lesions (12). Re-
cently TDP1 was shown to initiate APEI-independent re-
pair of AP sites in different DNA structures, thus expand-
ing the ability of the BER process (13). Protein—protein in-
teractions between BER enzymes and other protein fac-
tors have been mostly characterized by biochemical and
immunological approaches. These qualitative studies have
led to the identification of a number of interacting partners
and specific peptide sequences that are essential for pro-
tein recognition (Supplementary Table S1). It remains to be
seen whether BER proteins are organized into constitutive
complexes or whether they form sequential transient assem-
blies (3), justifying quantitative thermodynamic and kinetic
studies that would help understanding the molecular mech-
anisms of BER coordination.

In the present study, interactions between BER enzymes
(APE1 and PolB) and accessory proteins (XRCCI1, PARPI
and TDP1) were examined and characterized quantitatively
by several biophysical techniques. Using fluorescence-based
approaches, the relative binding affinities of APEI1, Polp,
PARPI1 and XRCCI1 for various protein partners were de-
termined and compared for the first time in the absence
and presence of model DNA intermediates of BER. Flu-
orescence resonance energy transfer (FRET) experiments
enabled to confirm physical interactions between the pro-
tein pairs and to follow DNA-induced rearrangements of
the protein—protein complexes. The oligomeric state of cer-
tain individual proteins and complexes and stability of the
complexes were additionally explored by light scattering
techniques. Finally, functional implications of the protein—
protein interactions examined are discussed in the context
of regulation and coordination of BER.

MATERIALS AND METHODS
Protein expression and purification

Recombinant human apurinic/apyrimidinic endonuclease
1 (APEl), rat DNA polymerase B (Pol) and human
tyrosyl-DNA phosphodiesterase 1 (TDP1) were produced
by expression in Escherichia coli BL21(DE3)pLysS and
purified as described previously (14-16). Human pro-
tein XRCC1 and human poly(ADP-ribose) polymerase
1 (PARP1) were produced by expression in E. coli
Rosetta(DE3) and purified as described (17,18). A 24-kDa

fragment of human PARP1 (p24) was produced by expres-
sion in E. coli BL21(DE3)pLysS and purified following the
procedure described for PARP1 (18). The APEI and Polp
expression vectors were kindly provided by Prof. S.H. Wil-
son (National Institute of Health, North Carolina, USA).
The TDP1 and XRCC1 expression vectors were generous
gifts from Dr K.W. Caldecott (University of Sussex, UK)
and Dr J.P. Radicella (UMR217 CNRS/CEA, France). The
plasmid constructs used to express PARPI and p24 were
kindly provided by Dr M. Satoh (Laval University, Quebec
City, Canada). The purified proteins were dialyzed against
a solution containing 50 mM Tris-HCI, pH 8.0, 200 mM
NaCl, | mM EDTA, 5 mM DTT and 40% glycerol, and
stored at —30°C.

Fluorescent labeling of APE1, Pol3, PARP1, XRCC1 and
TDP1

The protein to be labeled was dialyzed against a so-
lution containing 100 mM MES, pH 7.0, 150 mM
NaCl and 2 mM DTT, using a Viva-spin microcon-
centrator, with five washing steps followed by a final
step against the same solution containing no DTT.
5-(4,6-Dichlorotriazinyl)aminofluorescein (DTAF;
Sigma-Aldrich), the N-succinimidyl ester of 5(6)-
carboxytetramethylrhodamine (TMR-SE; Sigma-Aldrich)
or the N-succinimidyl ester of 5(6)-carboxyfluorescein
(FAM-SE; Sigma-Aldrich) was dissolved in dimethyl
sulfoxide at 10 mM concentration and added to the protein
solution. The reaction mixtures contained 100 mM MES,
pH 7.0, 150 mM NaCl, 100 pM protein, and various
concentrations of the labeling reagent ranging from 160
pM to 1 mM. The reaction was allowed to proceed for
2-17 h at 4°C in the dark. The reaction mixture was diluted
by addition of four volumes of a solution containing 100
mM MES, pH 7.0, 150 mM NaCl and 10 mM DTT, and
centrifuged at 10 000 rpm for 15 min. The supernatant was
dialyzed exhaustively against a solution containing 100
mM HEPES, pH 8.0, 200 mM NaCl and 10 mM DTT, to
remove the free dye. The labeled proteins were stored at
—30°C in a solution containing 50 mM HEPES, pH 8.0,
100 mM NaCl, S mM DTT and 40% glycerol. The extent
of protein labeling was quantified by determining dye and
protein amounts in the sample. The dye concentration was
measured spectrophotometrically using the absorption
coefficients of 68x10> M~'em~! at 494 nm for 5(6)-FAM
and 65x103> M~'em™! at 555 nm for 5(6)-TAMRA (TMR)
(19). The protein concentration was determined using the
Bradford assay (20). The enzymatic activities of PolB in
DNA synthesis and of APEI in endonucleolytic DNA
cleavage were verified as detailed in Supplementary Data.

Fluorescence studies of protein—protein interactions

Binding of BER proteins to each other was examined by
fluorescence titration experiments. Fluorescence intensities
of solutions of the FAM(TAF)-labeled protein (at a fixed
concentration) in binding buffer were measured in the ab-
sence and presence of various concentrations of the poten-
tial interaction partner. The binding buffer contained 50
mM HEPES, pH 8.0, 100 mM NaCl and 4 mM DTT. Sam-
ples (200 wl) were measured in Corning™ black 96-well



polypropylene assay plates. All the measurements were car-
ried out in duplicates for each specific condition, and the av-
erage values of fluorescence were taken. Fluorescence inten-
sity measurements and data analysis were performed using
a POLARstar OPTIMA multifunctional microplate reader
and MARS Data Analysis Software (BMG LABTECH
GmbH, Germany). The fluorescent probes were excited at
485 nm (485BP1 filter), and the fluorescence intensity was
detected at the emission maximum (520 nm; EMS520 fil-
ter). The data were plotted (F versus C) and fitted by four-
parameter logistic equation:

F = Fy+ (Fy — Fy)/[1 + (ECs0/ C)"]

where F'is the measured fluorescence intensity of a solution
containing the FAM(TAF)-labeled protein at a given con-
centration (C) of the binding partner, Fj is the fluorescence
of a solution of the labeled protein alone, F, is the fluores-
cence of the labeled protein saturated with the partner, ECs
is the concentration of the binding partner at which F — Fj
= (Fs — Fy)/2, and n is the Hill coefficient, which denotes
the steepness (slope) of the nonlinear curve.

To detect protein—protein interactions by the FRET ap-
proach, the fluorescence intensity of the FAM-labeled pro-
tein (donor-labeled probe) was measured in the absence
and presence of various concentrations of the TMR-labeled
protein (acceptor probe). Measurements were performed in
three titration series: (i) donor-labeled probe + unlabeled
partner; (ii) unlabeled probe + acceptor-labeled partner;
(iii) donor-labeled probe + acceptor-labeled partner (FRET
pair). The raw F, value measured in the series (ii) was sub-
tracted from the raw Fy,” value in the series (iii) at each titra-
tion point to obtain the corrected value of the donor fluores-
cence in the presence of the acceptor (Fy,). FRET efficiency
(E) was calculated from the fractional decrease of the donor
fluorescence (Fy) due to the presence of the acceptor (Fg,):
E=1-Fy,/F4. The donor—acceptor distance R in the com-
plex was calculated using the equation: R = Ro(E~! —1)1/6
where Ry is the Forster radius of a given dye pair (distance
at which energy transfer is 50%). For the FAM and TMR
pair, Ry corresponds to 55 A (21).

In studying the effects of model DNA substrates (pre-
pared as described in Supplementary Data) on the protein—
protein interactions, the FAM-labeled protein (40 nM) was
premixed with the respective DNA, and the fluorescence in-
tensity observed was taken as a starting F, value. Condi-
tions for the formation of each ternary complex were opti-
mized by varying the concentration of the DNA in the range
of 120 to 400 nM. Titration of the FAM-labeled APEI in the
presence of various DNAs was performed in binding buffer
supplemented with 10 mM EDTA (to suppress the endonu-
clease and the 3’-exonuclease activities of APE1).

Size-exclusion chromatography with multi-angle laser light
scattering (SEC-MALLS)

SEC-MALLS experiments were performed on a Shimadzu
HPLC system with the SPD20A UV/Vis detector linked to
a Wyatt Dawn HELEOS-II 18-angle light-scattering detec-
tor and a Wyatt Optilab rEX refractive index monitor. SEC
was carried out on a Phenomenex HPLC column BioSep-
SEC-S 3000, equilibrated and run at a flow rate of I ml/min
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in a solution consisting of 25 mM HEPES, pH 7.5, 200 mM
NaCland 2 mM DTT. 100-pl samples of individual proteins
(APEL, PolB, and XRCC1) at concentrations ranging from
2.1 to 4.2 mg/ml or equimolar mixtures of two (or three)
proteins were incubated at 4°C for 2 h and injected using
an SIL-20A Autosampler. The SEC-MALLS experiments
were performed at room temperature. The profile line was
monitored using a UV monitor at 280 nm and a refractive
index detector at 690 nm. The data were analyzed with the
Astra V software (Wyatt Technology) using a refractive in-
dex increment (dn/dc) value of 0.190.

Dynamic light scattering (DLS) experiments

DLS experiments were performed at 24 £ 0.1°C using a
Malvern Instrument’s Zetasizer Nano ZS. Samples of in-
dividual proteins (APE1, PolB, and XRCC1) or equimolar
mixtures of proteins at final concentrations of 6 wM were
prepared in a solution consisting of 25 mM HEPES, pH
7.5, 100 mM NaCl and 1 mM DTT. The measurements were
performed using a 15-wl quartz cuvette. Each measurement
was performed by accumulation of 11 scans, each with a
duration of 10 s. The DTSv612 software (Malvern Instru-
ments Ltd.) was used to analyze the acquired correlogram
(correlation function versus time) and to derive the transla-
tional diffusion coefficient (D). Assuming particle spheric-
ity, the hydrodynamic radius (Ry) of the diffusing particles
was calculated using the Stokes—Einstein equation: Ry =
kT/6mmD where k is Boltzmann’s constant, 7" is the abso-
lute temperature, and m is the viscosity of the continuous
phase, taken here as the viscosity of water at 297°K.

RESULTS

Detection and quantification of protein—protein interactions
by fluorescence titration experiments

To detect complexes formed between the BER proteins
and to obtain quantitative data for their interaction by
fluorescence-based approaches, fluorescein-labeled and
TMR-labeled proteins (APEL, PolB, PARP1, XRCC1 and
TDP1) were prepared using succinimidyl esters of 5(6)-
carboxyfluorescein and 5(6)-carboxytetramethylrhodamine
(FAM-SE, TMR-SE), and 5-(4,6-dichlorotriazinyl)-
aminofluorescein (DTAF). Succinimidyl esters and
dichlorotriazine are amine-reactive probes with strong pH
dependence of the labeling reaction (19). In buffers with a
neutral pH primary labeling of the terminal amino group
may be achieved (19). Synthesis and characterization of
the fluorescent-labeled proteins are described in Supple-
mentary Data. Fully active enzymes and proteins with the
labeling stoichiometry not exceeding 1 mol of label per mol
of protein (Supplementary Table S2) were used to perform
steady-state fluorescence experiments.

Interaction between different enzymes and proteins in-
volved in BER was studied by monitoring the change in
the fluorescence intensity of a fluorescein-labeled protein
(APE1, PolB, XRCCI1 or PARPI) in the presence of un-
labeled proteins (potential binding partners) added at in-
creasing concentrations. The titration curves obtained in
experiments with FAM-labeled APE1 are shown in Fig-
ure 1A. The fluorescence intensity of FAM-APE] increased
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Figure 1. Fluorescence titration of FAM-APEI (A) and FAM-PolB (B)
with various proteins. The FAM-labeled protein (40 nM) was excited at
485 nm in the absence or presence of increasing concentrations of the pro-
tein partner and the relative fluorescence intensities were monitored at 520
nm. Curves show the best fits of the four-parameter equation; R? values
meet or exceed 0.98. The data shown are representatives of at least three
independent experiments.

in the presence of APE1, Polg, XRCCI1, PARP1 or TDPI,
indicating that the local environment of the fluorophore
changed upon protein—protein association. The fluores-
cence titration data show that APE1 is capable of form-
ing both homo- and hetero-oligomeric complexes. Nonlin-
ear regression analyses of the binding data (obtained by
fitting to the four-parameter equation) yielded several pa-
rameters presented in Table 1 and Supplementary Table
S3. The highest increase in fluorescence intensity at sat-
uration (F.,/Fy) was produced by Polf binding (2.8-fold
increase). Addition of XRCC1 had the weakest effect on
FAM-APEI fluorescence (1.9-fold increase at saturating
concentrations). The half-maximal effective concentration
of the protein partner (ECs;) at which the fluorescence in-
tensity is midway between the F,, and F, parameters, is
an apparent equilibrium dissociation constant (24). The
ECs values determined for the FAM-APE1 complexes with
APEIl, Polp, XRCCI, PARPI, and TDPI1 varied from 45

to 120 nM (Table 1). They indicate a high affinity interac-
tion of APE1 with PARP1 and the lowest affinity for APE1
self-association. The interaction of APE1 with PolB and
XRCCI as well as its self-association were also detected by
monitoring changes in fluorescence intensity of the TAF-
labeled APEI (data not shown). The ECsy values derived
from the TAF-APEI] titration data were similar to the re-
spective values determined for the FAM-APE1 complexes.

The titration curves obtained in experiments in which the
fluorescence change of the FAM-labeled PolB was moni-
tored are presented in Figure 1B. Addition of unlabeled
PolB, PARP1 or TDPI resulted in a significant increase in
FAM-PolB fluorescence (from 2.2- to 2.7-fold at saturat-
ing concentrations of various protein partners; Supplemen-
tary Table S3), indicating self-association of Polf and its
hetero-oligomerization with PARP1 and TDP1. The high-
est affinity was determined for the interaction of Polf with
PARPI that was 2.7-fold higher than the affinity of PolB
for TDPI1 (Table 1). Addition of APE1 had no effect on
the FAM-PolB fluorescence, in contrast to the significant
change of the FAM-APE] fluorescence induced by the in-
teraction with PolB. Titration of FAM-PolB with XRCC1
revealed a slight increase in fluorescence intensity that was
insufficient to allow us to determine the binding parameters
(data not shown). Fluorescence of the TAF-labeled PolB did
not change in the presence of either APE1 or XRCCl1, while
a significant increase induced by Polp binding was detected
(data not shown).

The fluorescence intensity of FAM-PARP1 increased in
the presence of four different proteins, namely PARPI,
PolB, XRCC1 or TDPI1 (Figure 2A), while addition of
APEI had no effect (data not shown). Interestingly, the
highest change of fluorescence intensity in titration experi-
ments with the FAM-labeled PARP1 and the FAM-labeled
PolB was induced by self-association of the protein (Supple-
mentary Table S3). The ECsj values determined for the four
binding partners of FAM-PARPI1 are comparable (Table 1),
indicating that PARP1 can interact with homologous and
many heterologous proteins with closely similar affinities.
The apparent dissociation constants measured by titration
of FAM-PolB with PARPI1 or of FAM-PARP1 with Pol
are practically identical, suggesting that the fluorescent la-
beling of either partner did not disturb their interaction.

The Hill coefficient (n) obtained from nonlinear regres-
sion analyses of the binding data was close to one when
FAM-APE1 and FAM-PARPI were titrated with the ho-
mologous protein partners (Supplementary Table S3), sug-
gesting that the major homo-oligomeric form of APE1
and PARPI is a dimer. The n values determined in the
other experiments were significantly higher than one (in the
range from 1.6 to 2.4), indicating the formation of mul-
timeric complexes upon Polf self-association and interac-
tion of APE1, PolB and PARP1 with the heterologous pro-
tein partners. All the proteins can homo-oligomerize, and
their interaction could result in the formation of multi-
meric complexes of various stoichiometric combinations of
the components. Reaction schemes for such sophisticated
binding patterns are much more complicated than the reac-
tion scheme described by the Hill equation (applied as the
four-parameter function) that however is useful to quantify
macromolecular interactions (22,23).
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Table 1. Binding parameters of protein—protein interactions determined by fluorescence titration

Labeled protein® Protein partner ECso?, nM
FAM-APE1 APE1 120 + 14
FAM-APE1 PolB 84 £ 7
FAM-APE1 XRCC1 76 £ 9
FAM-APE1 PARPI 45+5
FAM-APE1 p24 420 £ 55
FAM-APE1 TDP1 97 £ 8
FAM-PolB PolB 160 £ 18
FAM-PolB PARP1 98 £+ 8
FAM-PolB p24 670 £ 60
FAM-PolB TDPI 270 £ 36
FAM-PARP1 PARP1 130 £ 16
FAM-PARPI1 p24 610 £+ 40
FAM-PARPI1 PolB 110 £ 12
FAM-PARP1 XRCC1 100 £+ 11
FAM-PARPI1 TDPI 120 + 15
TAF-XRCC1 XRCC1 73 £ 8
TAF-XRCC1 PolB 25+ 5
FAM-XRCCI + gap-DNA PolB 23 £5
FAM-XRCCl1 TDP1 80 £+ 12

4Titration experiments were performed at a constant concentration of the fluorescein-labeled protein (40 nM); gap-DNA (a 32-mer 1-nt-gapped DNA
shown in Supplementary Figure S1) was added at a 3-fold molar excess over the FAM-XRCCI.

bParameters derived from the titration curves by fitting to the four-parameter equation, where ECsy is the half-maximal effective concentration of the
protein partner, at which F — Fy = (Foo — Fp)/2. Values are the mean (£ SD) of at least three independent experiments.

To compare binding affinities of different proteins for
the full-length PARP1 and its N-terminal DNA binding
fragment, the FAM-labeled APEL, PolB and PARP1 were
titrated with the p24 protein. This apoptotic fragment of
PARPI (residues 1-214) is composed of two zinc-finger sub-
domains of the DNA binding domain. The titration curves
presented in Figure 2B provide evidence for p24 binding to
all three proteins. The ECsy values derived from the titra-
tion data are presented in Table 1. Their analysis shows that
affinity of p24 for the different proteins is significantly (5—
9-fold) lower than that of PARPI.

Titration experiments with the FAM- and TAF-labeled
XRCCI enabled us to detect self-association of XRCCI1 and
its interaction with PolB and TDP1 (Figure 3A). Addition
of APEI had no effect on the fluorescence intensity of ei-
ther FAM-XRCC1 or TAF-XRCCI. PolB binding induced
an increase in the fluorescence intensity of FAM-XRCCI
only in the presence of a BER intermediate, a 1-nt-gapped
DNA (gap-DNA), suggesting conformational modulation
of the XRCCI1-PolB interaction by the DNA substrate of
PolB. The EC5, values determined for various XRCCI1 com-
plexes indicate considerably tighter binding of XRCCI to
PolB than to itself, or to APE1, PARP1 or TDP1 (Table 1).
It should be noted, that the ECs, value determined for the
XRCCI1 complex with Polf is 1.7-fold below the concen-
tration of the labeled molecule and therefore represents the
upper limit of the apparent equilibrium dissociation con-
stant.

Attempts were made to detect the formation of ternary
protein—protein complexes by fluorescence titration exper-
iments. The FAM-labeled Polp was titrated with XRCCI
in the absence and presence of PARP1 or TDP1 (Figure
3B). The initial fluorescence intensity of FAM-PolB was
significantly higher in the presence of PARP1 or TDPI
than in their absence due to the formation of the respec-
tive binary complexes. Addition of XRCC1 to FAM-PolB

alone produced no detectable signal, while it decreased
the fluorescence intensity of the FAM-Pol complex with
PARPI1 to a new stable level (at sub-saturating concen-
trations of XRCC1) that was midway between the ini-
tial intensities of the complex and FAM-PolB. The ef-
fect observed can be explained by the formation of an
equilibrium mixture of the binary FAM-PolB3-XRCCI and
FAM-PolB-PARP1 complexes, since full displacement of
PARPI from the preformed FAM-Pol3-PARPI complex by
XRCCI1 should decrease the fluorescence intensity to the
level of the FAM-PolB-XRCCI1 complex (i.e. to the initial
intensity of FAM-PolB). Formation of the ternary FAM-
PolB-PARP1-XRCC1 complex was not clear, but could not
be excluded. The fluorescence intensity of the FAM-PolB
complex with TDP1 was practically constant upon addition
of increasing XRCC1 concentrations, suggesting no compe-
tition between XRCC1 and TDP1 for binding to FAM-PolB
despite the significantly (10-fold) higher affinity of XRCC1
than of TDP1 for PolB. The data unambiguously indi-
cate the formation of the ternary FAM-PolB3-TDP1-XRCCl1
complex.

Characterization of protein—protein complexes by steady-
state FRET binding assays

FRET refers to a quantum effect between a given pair of flu-
orophores, i.e. a fluorescent donor and an acceptor, where,
upon excitation of the donor, energy is transferred from
the donor to the acceptor via dipole—dipole coupling (24).
FRET is characterized by the efficiency of the energy trans-
fer (E), which is a function of the inverse sixth power of the
distance (R) between the two fluorophores [E = Ry°/(Ro® +
R®)]. The distance at which energy transfer is 50% is known
as the Forster distance (Ry). Ry depends on the extent of
spectral overlap between donor emission and acceptor ab-
sorption and is a unique property of a given FRET pair. The
third key factor controlling the efficiency of energy trans-
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Figure 2. Fluorescence titration of FAM-PARP1 with PARPI, PolB,
XRCC1 and TDP1 (A), and of the FAM-labeled APE1, PARP1 and PolB
with p24 protein (B). The FAM-labeled protein (40 nM) was excited at 485
nm in the absence or presence of increasing concentrations of the binding
partner and the relative fluorescence intensities were monitored at 520 nm.
Curves show the best fits of the four-parameter equation (with R? values
exceeding 0.98).

fer (along with the distance and the spectral overlap) is the
relative orientation for dipole—dipole interaction (25). Al-
though the contribution of the dipole orientation compro-
mises FRET as an accurate measure of molecular distance,
FRET is ideal to detect changes in binary macromolecu-
lar complexes induced by other interacting molecules (24).
We have chosen fluorescein and tetramethylrhodamine as
the most commonly used fluorescent donor-acceptor pair
(19) to further confirm direct physical interactions between
the BER proteins and to probe them for the formation of
ternary complexes.

FAM-labeled APE1 was titrated with unlabeled Polf or
TMR-labeled PolB (Figure 4A). The fluorescence was ex-
cited and monitored at the excitation and emission maxima
of fluorescein. To correct for the fluorescence signal pro-
duced by the acceptor (especially in conditions where the
acceptor was at significantly higher concentrations than the
donor), unlabeled APEI was titrated with TMR-Polf in
the control experiment. All three sets of experiments were
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Figure 3. Detection of XRCC1 complexes (binary and ternary) by fluores-
cence titration of FAM(TAF)-labeled XRCC1 with XRCC1, APEI, PolB
or TDP1 (A) and of FAM-PolB with XRCCI in the absence and presence
of PARP1 or TDP1 (B). The labeled protein (40 nM FAM-XRCCI, TAF-
XRCCI or FAM-Pol, separately or mixed with 80 nM PARP1/TDP1)
was excited at 485 nm in the absence or presence of increasing concentra-
tions of the protein partner and the relative fluorescence intensities were
monitored at 520 nm. Curves show the best fits of the four-parameter equa-
tion (with R? values exceeding 0.97).

performed in parallel in identical conditions. The fluores-
cence intensity of FAM-APE] measured in the presence
of TMR-Polp was corrected by subtraction of the fluores-
cence intensity of TMR-Polf (measured at the respective
concentration in the presence of unlabeled APE1), and the
corrected data were plotted to obtain the corrected bind-
ing curve (fitted to the four-parameter equation). The fluo-
rescence intensity of FAM-APE] increased less in the pres-
ence of TMR-PolB than in the presence of PolB, indicating
that the donor-labeled and acceptor-labeled proteins partic-
ipate in FRET. The efficiency of FRET was calculated from
the fractional decrease of the fluorescence intensity of the
donor due to the presence of the acceptor: E =1 - Fg,/Fy,
where Fy, and Fy are the FAM-APE] fluorescence intensi-
ties measured in the presence of identical concentrations of
TMR-Polp (the corrected values) or PolB respectively. The
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Figure 4. Detection of APEIl-PolB interaction by FRET. The FAM-
labeled protein (40 nM FAM-APEI], panel A; 40 nM FAM-PolB, panel
B) was excited at 485 nm in the absence or presence of increasing concen-
trations of unlabeled or TMR-labeled partner (PolB, panel A; APE1, panel
B) and the relative fluorescence intensities were monitored at 520 nm. The
efficiency of FRET was determined from the corrected data (open sym-
bols) obtained from the raw data (filled circles and squares) by subtraction
of the background or TMR fluorescence intensities that were measured in
control series by titration of the unlabeled protein with the TMR-labeled
partner (filled diamonds).

Fy4,/Fy values determined at both low and sub-saturating
concentrations of the protein partner were practically equal.
This is obviously due to closely similar binding affinities of
the unlabeled and TMR-labeled PolB for FAM-APE], as
shown by comparing the respective EC5y parameters (Ta-
bles 1 and 2). The APE1-PolB interaction was also detected
with FRET when the inverse pair of donor- and acceptor-
labeled proteins was used. The fluorescence intensity of
FAM-PolB did not change upon addition of APE1, while it
decreased in the presence of TMR-APE]1 (Figure 4B). The
efficiency of FRET was considerably (2.3-fold) higher for
the FAM-PolB-TMR-APEI pair than for the FAM-APEI1-
TMR-PolB pair (Table 2), indicating that the relative orien-
tation of two fluorophore probes in the complex of FAM-
PolB with TMR-APE1 was more favorable for FRET.
Analogous FRET measurements were performed for
several other protein—protein complexes. Locations of
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the donor and acceptor fluorophores on the interact-
ing proteins were interchanged, thus placing each dye in
two different chemical environments. Binding parameters
(ECsp values) and efficiencies of FRET as determined
from these experiments are included in Table 2. Direct
physical interaction of APE1 with PARP1 and of PolB
with XRCC1 was demonstrated by FRET when FAM-
labeled PARP1 and XRCC1 were titrated with the respec-
tive TMR-labeled partners, while for the inverse donor-
acceptor pairs FAM-APE1-TMR-PARPI and FAM-Polp-
TMR-XRCCI the efficiencies of FRET were significantly
lower. On the contrary, closely similar FRET efficiencies
were observed for the FAM-Pol3-TMR-PARP1 and FAM-
PARP1-TMR-Polp complexes. FRET signals were detected
for the FAM-APE1-TMR-XRCC1, FAM-PARPI-TMR-
XRCC1 and FAM-Pol3-TMR-TDPI pairs. FAM-XRCC1
and TMR-TDP1 as well as the inverse donor-acceptor pair
(data not shown) practically did not participate in FRET.

Homo-oligomeric protein complexes were also examined
by FRET measurements. FRET signals were detected upon
self-association of Polf and PARPI1 (Table 2). The effi-
ciency of energy transfer between the FAM- and TMR-
labeled Polp was 2.3-fold higher than between the FAM-
and TMR-labeled PARPI1. This difference could be due
to a significantly higher molecular size of PARP1 as com-
pared to that of PolB, thus reflecting the molecular distance
between the interacting donor and acceptor fluorophores.
No appreciable FRET was detected when the acceptor and
donor probes were attached to APE1, whose size is compa-
rable to that of Polp. The data indicate that the efficiency of
FRET is affected by the peculiar orientation of the donor
and acceptor fluorophores rather than by their spatial sep-
aration.

To detect ternary protein—protein complexes, the efficien-
cies of FRET between FAM-APEI and TMR-Polf in the
absence and presence of XRCC1 or PARP1 were com-
pared (Table 2). Addition of both XRCC1 and PARPI de-
creased the efficiency of FRET. The ECsy values were de-
termined only in control experiments with unlabeled Polf
(data not shown), and a small increase in the binding affinity
in the presence of both XRCC1 and PARP1 was detected.
The results suggest the formation of the ternary complexes
APE1-PolB-XRCCI1 and APE1-PolB-PARP1, accompanied
by structural rearrangements of the binary APE1-PolB
complex.

Influence of BER intermediates on the protein—protein inter-
actions

To explore possible modulation of protein—protein interac-
tions by intermediates of DNA repair, fluorescence titration
and FRET experiments were performed in the absence and
presence of model DNA ligands (shown in Supplementary
Figure S1). A double-stranded DNA with a synthetic aba-
sic site (a tetrahydrofuran residue, THF) is an initial BER
substrate of APE1 (AP-DNA). A 1-nucleotide (nt) gapped
DNA with a 5-THF group at the margin of the gap mod-
els a product of the APEI-catalyzed cleavage (incised AP-
DNA) and a stable analog of PolB substrate, which is not
processed by the dRP lyase activity. A 1-nt-gapped DNA
(gap-DNA) is a canonical substrate of the PolpB-catalyzed
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Table 2. Parameters of protein—protein interactions determined by FRET

Donor-labeled protein® Acceptor-labeled protein ECso?, nM E°

FAM-APEI1 TMR-PolB 93 £ 8 0.16 + 0.02
FAM-APEI + XRCC1 TMR-PolB n.dJd 0.08 + 0.02
FAM-APEI + PARPI1 TMR-PolB n.d.Jd 0.06 + 0.02
FAM-PolB TMR-APEI1 90 + 10 0.37 + 0.02
FAM-APEI TMR-PARPI SI+£5 0.04 + 0.02
FAM-PARPI1 TMR-APEI] 48 + 6 0.28 + 0.03
FAM-APEI TMR-XRCC1 n.d.Jd 0.14 + 0.02
FAM-PolB TMR-PARPI 110 + 13 0.22 + 0.04
FAM-PARPI1 TMR-PolB 110 £ 11 0.28 £+ 0.02
FAM-PolB TMR-XRCC1 32+4 0.10 #+ 0.02
FAM-XRCC1 TMR-PolB 31+£5 0.41 + 0.02
FAM-PARPI1 TMR-XRCCI1 110 £ 11 0.22 + 0.03
FAM-Polp TMR-TDPI n.dd 0.10 £ 0.02
FAM-XRCC1 TMR-TDPI n.dJd 0.03 4+ 0.02
FAM-APEI TMR-APEI 130 £ 10 0.05 + 0.03
FAM-Pol3 TMR-PolB 170 £ 15 0.35 + 0.02
FAM-PARPI1 TMR-PARP1 130 + 14 0.15 4+ 0.03

4Titration experiments were performed at a constant concentration of the fluorescein-labeled protein (40 nM); XRCC1 or PARP1 was added (when

indicated) at a 3-fold molar excess over the FAM-labeled protein.
YECsy value for the TMR-labeled protein partner.

CEfficiency of FRET calculated from the experimentally determined fractional decrease of the fluorescence intensity: E = 1 — Fy, /F4, where Fg, and Fy are
fluorescence intensities of the donor-labeled protein measured in the presence of the acceptor-labeled or the unlabeled protein partner respectively. Relative
intensity of fluorescence excited at 485 nm was monitored at 520 nm. F4, values were corrected for the contribution of the TMR-labeled protein (measured
by titration of the unlabeled protein with the TMR-labeled partner). Values are the mean (£ SD) of three independent experiments.

dThe experiments were performed at sub-saturating concentrations of the TMR-labeled protein, and the ECs value was not determined.

gap filling in SP BER, and a nicked DNA with an inter-
nal 5-phosphate (nick-DNA) imitates a product of this re-
action. Both incised AP-DNA and nick-DNA can serve as
Pol substrates in LP BER. APE1 and Polp bind with high-
est affinity AP-DNA and gap-DNA respectively, and with
relatively high affinity other DNAs tested (26). XRCC1 and
PARP1 bind preferably 1-nt-gapped and nicked DNAs (27—
30). Interaction of BER intermediates with FAM-labeled
APEI, Polp, XRCC1 and PARP1 was checked in indepen-
dent experiments described in Supplementary Data (Sup-
plementary Figure S2 and Supplementary Table S4). To in-
sure saturation of each protein—protein complex with DNA,
the concentration of DNA added first to the FAM-labeled
protein (titrated further with a protein partner) was opti-
mized in preliminary experiments. Results obtained at a 4-
fold and a 10-fold molar excess of DNA over the FAM-
protein were practically identical.

Effects produced by the model BER intermediates on the
quantitative characteristics of protein—protein interactions
(the apparent binding affinity constant and the FRET ef-
ficiency), were determined from these experiments (Table
3). The interaction between FAM-APE] and PolB was in-
significantly affected by intact AP-DNA: the efficiency of
FRET increased slightly (by 5%), while the binding affin-
ity remained practically unchanged. The presence of in-
cised AP-DNA resulted in the highest effect on the affin-
ity (a 2-fold decrease), suggesting that APE1 and Polp are
more tightly bound to each other in the pre-incision than in
the post-incision ternary complex. The gap-DNA-induced
effect on the FAM-APEI affinity for Polp (a 1.3-fold de-
crease) was less pronounced as compared to that of nick-
DNA (a 1.8-fold decrease), despite of a greater impact of
gap-DNA on the efficiency of FRET. Parameters of FAM-
APEI1 binding to XRCC1 practically did not change in

the presence of either intact or incised AP-DNA. How-
ever, the DNA-induced rearrangement of this complex was
evident from the effects produced by gap-DNA: both the
binding affinity and FRET efficiency increased apprecia-
bly (by 1.5-fold and 8% respectively). The binding affin-
ity of FAM-APEI1 for PARPI decreased in the presence of
each of the four DNAs tested, with the highest effects be-
ing produced by AP-DNA and nick-DNA. The efficiency of
FRET in the FAM-APE1-TMR-PARP1 complex remained
practically unchanged upon addition of gap-DNA and in-
creased slightly in the presence of the other DNAs. Over-
all, these data indicate that the interaction of APEI with
PolB, XRCC1 and PARP1 is modulated by BER interme-
diates, and the extent to which the strength of interaction
is affected depends on the type of DNA damage to be pro-
cessed.

The interaction between Pol and XRCC1 was shown to
be modulated by various model DNAs. Incised AP-DNA,
gap-DNA and nick-DNA induced significant increase (by
16-19%) in the efficiency of FRET in the FAM-PolB-TMR-
XRCC1 complex, while having no influence on the protein—
protein binding affinity. The intensity of FAM-XRCCI flu-
orescence increased significantly upon binding to Polp only
in the presence of gap-DNA, enabling us to determine the
EC5) value (as described above). The DNA-induced effects
on the FRET efficiency in the FAM-XRCCI1-TMR-PolB
pair were opposite to those in the inverse pair (a 7-10%
decrease in the presence of gap-DNA or nick-DNA; data
not shown). Thus, the conformational rearrangement of the
protein—protein complex induced by DNA binding has dif-
ferent effects on the relative orientation of the donor and
acceptor probes depending on their spatial location in the
complex. A similar observation was obtained when binding
of FAM-PolB to PARP1 or of FAM-PARPI1 to PolB was



Table 3. Effects of BER intermediates on the protein—protein interactions
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FAM-labeled protein® DNA? Protein partner Effect on binding affinity® Effect on FRET efficiency®
FAM-APE1 AP-DNA PolB 1.1 +0.05
FAM-APE1 incised AP-DNA PolB 2.0 —0.06
FAM-APE1 gap-DNA PolB 1.3 —0.11
FAM-APE1 nick-DNA PolB 1.8 —0.07
FAM-APE1 AP-DNA XRCC1 1.0 —0.01
FAM-APE1 incised AP-DNA XRCCl1 1.1 +0.02
FAM-APEI gap-DNA XRCCl1 0.67 +0.08
FAM-APE1 AP-DNA PARP1 1.7 +0.05
FAM-APEI incised AP-DNA PARPI1 1.5 +0.04
FAM-APEI gap-DNA PARPI 1.2 +0.02
FAM-APE1 nick-DNA PARPI 2.0 +0.04
FAM-PolB incised AP-DNA XRCC1 1.14 +0.16
FAM-PolB gap-DNA XRCCl1 1.04 +0.19
FAM-PolB nick-DNA XRCClI 1.04 +0.18
FAM-PolB incised AP-DNA PARPI 1.1 —0.04
FAM-PolB gap-DNA PARPI 0.97 +0.04
FAM-PolB nick-DNA PARPI 1.0 +0.01
FAM-PARPI1 gap-DNA PolB 1.0 +0.17
FAM-PARP1 nick-DNA PolB 1.1 +0.09
FAM-PolB incised AP-DNA TDPI 1.1 —0.04
FAM-PolB gap-DNA TDP1 0.92 —0.05
FAM-PolB nick-DNA TDPI 1.0 —0.08
FAM-PARPI gap-DNA XRCCl1 0.95 +0.03
FAM-PARP1 nick-DNA XRCC1 0.98 +0.05

4Titration experiments were performed at constant concentrations of the FAM-labeled protein (40 nM) and DNA (160 nM).
bEffect on the protein—protein binding affinity determined as ratio between the ECsq values in the presence and absence of DNA. The ECs values in the

presence of DNA are presented in Supplementary Table S5.

“Increase (+) or decrease (—) in the efficiency of FRET between the FAM- and TMR-labeled proteins in the presence of DNA.
dBinding affinities in the presence and absence of DNA were determined for the TMR-labeled protein partner.

probed in the absence or presence of DNAs. The efficiency
of FRET changed more significantly in the FAM-PARPI-
TMR-PolB pair than in the inverse pair (Table 3). Despite of
the DNA-induced rearrangement of the Pol3-PARP1 com-
plex, the protein—protein binding affinity was practically
unaffected by the presence of three different DNAs. Modu-
lation of the FAM-Pol interaction with TDP1 in the pres-
ence of DNA substrates of PolB, as reflected by a slightly
decreased (by 4-8%) efficiency of FRET, also had no ap-
preciable effect on the binding affinity constant. Thus, the
strength of PolB interaction with regulatory and accessory
proteins of BER is modulated by DNA intermediates to a
lesser extent as compared to its interaction with APE1.

The interaction of XRCC1 with PARPI and TDPI was
probed in the absence and presence of gap-DNA and nick-
DNA. The experiments revealed no appreciable effects of
canonical BER intermediates of the XRCCI interaction
with TDP1 (data not shown). An increased efficiency of
FRET in the FAM-PARP1-XRCC1 complex detected in the
presence of DNAs indicated the complex rearrangement,
which nevertheless did not appreciably affect the protein—
protein binding affinity (Table 3).

Analysis of the effects detected for various complexes
revealed no relationship between the strength of protein—
protein interaction and the extent of DNA-induced mod-
ulation of the complex. The most pronounced changes in
the efficiency of FRET reflecting the DNA-induced rear-
rangements were detected for the FAM-PolB-XRCCI and
FAM-PARPI1-PolB complexes characterized by quite differ-
ent affinities. The greatest impacts of DNAs on the protein—
protein binding affinity revealed for the APE1 complexes

with various proteins were accompanied only by slight
changes in the efficiency of FRET. It is conceivable that the
ternary complexes are stabilized by direct protein—protein
and DNA-mediated interactions whose relative contribu-
tion is specific for each complex.

Analysis of protein—protein complexes by light scattering

To compare the stability of different homo- and hetero-
oligomeric protein—protein complexes by alternative ap-
proaches, size exclusion chromatography coupled with ‘on-
line’ multi-angle laser light-scattering (SEC-MALLS) was
used. In these experiments, samples were fractionated on a
gel-filtration column, and the absorbance at 280 nm and the
refractive index of the eluate were monitored together with
the multi-angle laser light scattering of the sample, allowing
calculation of the weight-average molecular weight (Mw) of
species across elution. We have analyzed samples of individ-
ual proteins (XRCCI1, PolB and APE1) and their equimolar
mixtures (XRCC1 + Polp, XRCC1 + APEI, Polp + APEI,
and XRCC1 + Polg + APEI1). The chromatograms pre-
sented in Figure 5 show that the individual proteins eluted
from the SEC column as single peaks. The Mw values of
XRCCI1, PolB and APE1 (Supplementary Table S6) deter-
mined by MALLS (~83, ~41 and ~34 kDa respectively)
correlate with those expected for monomeric forms (69.5,
38.3 and 35.6 kDa respectively). The highest discrepancy
between the predicted and the experimentally determined
Mw values observed for XRCCI (19%) could be due to the
non-globular shape of this protein. The equimolar mixture
of Polp and APEI eluted as a single peak (data not shown)
associated with the Mw value (~35 kDa), which was be-
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Figure 5. Analysis of protein oligomerization by SEC-MALLS experi-
ments. (A) Overlay of chromatograms of XRCCl (red), APEI (green) and
their equimolar mixture (blue). (B) Analysis of PolB binding to XRCCI.
Chromatograms of XRCC1, PolB and their equimolar mixture are shown
by green, red and blue traces respectively. (C) Overlay of chromatograms of
XRCCI1 (green), APE1 (blue) and equimolar mixtures of two (XRCC1 +
PolB, black) or three proteins (XRCC1 + PolB + APEI, violet). The solid
lines trace the absorbance at 280 nm of the eluate from a BioSep-SEC-S
3000 column as a function of time; the dotted lines represent the weight-
average molecular weight of the species calculated from refractive index
and light-scattering measurements.

tween those for Pol and APEI1 (Supplementary Table S6),
and clearly resulted from their co-elution. The equimolar
mixture of XRCC1 and APE1 was resolved on the column
as two species with Mw values and retention times closely
similar or identical to those of the individual components
(Figure 5A and Supplementary Table S6). Separation of
a mixture of XRCC1 and PolB at a 1:1 molar ratio pro-
duced a new species with a Mw value ~118 kDa, which
corresponds most closely to the Mw predicted for the het-
erodimeric XRCC1-PolB complex (107.8 kDa; Figure 5B
and Supplementary Table S6). The relative absorbance at

280 nm at the trailing edge of the peak is significantly
higher in the heterocomplex than in XRCC1, indicating par-
tial dissociation of the complex during SEC. Thus, only
one of six binary protein—protein complexes (homo- and
hetero-oligomeric) detected by fluorescence titration exper-
iments was stable under the SEC-MALLS experiments. The
XRCC1-Polp complex is characterized by the highest bind-
ing affinity as shown by comparison of the respective ECs
values (Table 1). Attempts were made to detect a ternary
complex of XRCCI1 with Polp and APEI. The elution pro-
file of the equimolar mixture of the three proteins showed
two major species (Figure 5C). The first peak was associated
with a Mw value of 119 kDa, that only slightly exceeded
the Mw of the XRCC1-Polp complex, but it was obviously
less retarded on the SEC column when compared to the bi-
nary complex. The second peak overlapped well with the
APEI peak. The data suggest the formation of the ternary
XRCCI1-PolB-APE1 complex, which is less stable than the
binary XRCC1-PolB complex and more stable than the bi-
nary complexes of APE1 with XRCC1 or Pol (not detected
by SEC-MALLS under identical experimental conditions).

To determine the oligomeric state of proteins and of
protein—protein complexes in solution, we analyzed them
by dynamic light scattering (DLS). DLS processes the time-
dependent fluctuations in scattered light to yield the hydro-
dynamic radius (Ry) of diffusing particles in solution under
true equilibrium (31). The average Ry values were measured
for individual PolB, APE1, XRCCI1, and their equimolar
mixtures (Supplementary Table S7). The protein concentra-
tions exceeded the apparent equilibrium dissociation con-
stants by >30-fold, thus ensuring a high extent of oligomer-
ization. In each case, the size distribution profile as a func-
tion of the intensity revealed a single peak, indicating that
the protein solution was homogeneous (data not shown).
The Ry values determined for PolB, APEI and their com-
plex sufficiently agreed with those predicted for the respec-
tive homodimers and heterodimer. This indicated that the
main oligomeric state of homo- and hetero-associated com-
plexes of Polf and APEI was dimeric. The Ry value de-
termined for XRCCI significantly exceeded the predicted
value for the homodimer (5.8 versus 4.9 nm). The dis-
crepancy obviously results from the non-spherical shape of
XRCCI1. Based on sedimentation equilibrium data, XRCC1
was proposed to be a prolate ellipsoid (with an axial ra-
tio of about 8:1) existing in a monomer-dimer equilibrium
(29). Using the DTSv612 software (Malvern Instruments
Ltd.), we estimated the Ry values for the XRCC1 monomer
and dimer, based on the ellipsoidal model. The Ry val-
ues were calculated to be 4.8 nm for the monomer, 6.0 nm
for the dimer with the axial ratio of 8:1 and 7.6 nm for
the dimer with the axial ratio of 16:1. Their comparison
with the experimentally determined Ry values (Supplemen-
tary Table S7) indicated that XRCC1 was mostly dimer-
ized. The Ry values measured for the XRCC1-PolpB com-
plex (from the intensity and volume size distributions) were
closely similar to those of XRCC1. These results indicated
a predominant contribution of the homodimeric XRCC1
molecule to the size and shape of the heterocomplex. The
most likely oligomeric state of the XRCCI-Polf com-
plex, that combines self-association and hetero-association
of XRCCl1, is a heterotetramer. The XRCCI1-Polf het-



erodimer detected by SEC-MALLS could result from shift-
ing a heterotetramer-heterodimer equilibrium to the most
stable form during chromatographic separation. The Ry
value of the XRCC1-APE1 complex was shown to be signif-
icantly (~1.3-fold) smaller than those of the XRCC1-PolB
complex and the XRCC1 homodimer, and closer to the Ry
value calculated for the XRCC1 monomer (based on the el-
lipsoidal model). These data suggested that the main form
of the XRCCI1-APEI complex was heterodimeric. The Ry
value measured for the triple protein mixture (XRCC1 with
PolB and APE1) was between those for the binary com-
plexes of XRCCI with Polp or APEL. The data did not ex-
clude coexistence of the ternary XRCC1-PolB-APE1 com-
plex with the most stable XRCC1-PolB complex and other
species, and could not be interpreted unambiguously.

DISCUSSION

BER is an exceptionally efficient process that protects mam-
malian cells against the most common DNA Iesions usually
limited to single nucleotide modifications. Each of the two
BER sub-pathways (SP and LP) involves multiple protein—
protein interactions facilitating the accumulation of pro-
teins at sites of chromosomal DNA damage and coor-
dination of the sequential enzymatic steps. Most of the
previously identified complexes between BER components
have been detected by biochemical and immunological tech-
niques that are unsuitable to quantify the affinity and dy-
namics of macromolecular interactions. Such information is
however critical for a better understanding of the organiza-
tion and regulation of BER. In this study, a set of biophysi-
cal approaches was employed to quantitatively characterize
interactions between BER proteins.

Steady-state fluorescence titration experiments were per-
formed to determine the relative binding affinities of APE1,
PolB, PARP1 and XRCCI for various protein partners
(Figures 1-3). The fully active labeled proteins were pre-
pared by covalent attachment of a fluorescent probe (fluo-
rescein as a donor, and tetramethylrhodamine as an accep-
tor) under conditions optimal for primary labeling of the
terminal amino group. We succeeded in detecting and char-
acterizing fourteen homo- and hetero-oligomeric complexes
formed by individual full-length proteins involved in BER
(Table 1). Physical interaction between the proteins in most
of the complexes was demonstrated by FRET experiments
(Table 2). The fluorescence-based approaches allowed us to
quantify the effects of BER intermediates on the protein—
protein interactions (Table 3).

Direct interaction of APE1 with PARP1 and TDPI, of
PolB with TDPI, and self-association of APE1 have never
been detected to date (Supplementary Table S1). APE1 and
PARPI are components of multi-protein complexes pro-
posed to be involved in BER at higher levels of DNA dam-
age and in a DNA replication-associated BER (32). It was
shown that APE1 and PARPI can interact with the same
BER intermediates, and competition between these en-
zymes modulates the functions of each partner (9,10,30,33).
Opposite effects of PARP1 on the 3’-exonuclease activity
of APE1 were observed at low and high enzyme concentra-
tions, indicating that differences in the stoichiometry of the
BER enzymes may regulate BER (10). We found here that
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the strength of the interaction between APE1 and PARPI
is modulated to a different extent by various BER inter-
mediates (Table 3). Evidently, interaction between APE1
and PARPI1 contributes to regulation of their functions in
BER, together with the competition of APE1 and PARPI
for binding to DNA ligands. APE1 and PARPI are abun-
dant nuclear proteins [reviewed in (10)], and their interac-
tion in vivo is highly probable.

TDP1 was found in a multi-protein complex with PNKP,
XRCCI1, PARPI1 and Ligllla associated with FLAG-
tagged PolB (34). However, interaction of TDP1 with Pol
could be mediated by other components of the complex,
such as PARP1, XRCC1 and Ligllla, shown by indepen-
dent approaches to interact with TDP1 (35-37). Indeed,
we have detected the ternary complex PolB-TDP1-XRCC1
by titration of FAM-PolB with XRCClI in the presence of
TDP1 (Figure 3B). TDP1 promotes the repair of topoiso-
merase [-mediated DNA damage and AP/3’-dRP lesions
via its tyrosyl-DNA phosphodiesterase and AP/3-dRP
lyase activities, and is implicated in processing various types
of blocking 3'-lesions as a general 3’-phosphodiesterase [re-
viewed in (38)]. Pol@ and TDPI are involved in repair of AP
sites when their cleavage is initiated by TDP1 (13). How-
ever, as yet no direct evidence indicating functional cou-
pling between the enzymatic activities of TDP1 and Polf3
has been reported. There are no data demonstrating inter-
play between APE1 and TDP1. Further studies are required
to understand the functional significance of the TDP1 inter-
action with Polf and APEL.

Interaction between two major BER enzymes, APE1 and
Polp, extensively studied by different approaches was not
detected when the individual proteins were used (39,40).
Their specific interaction demonstrated by yeast two-hybrid
analyses could be mediated by additional component(s)
of cell extracts (39). Ternary APE1-Pol-DNA complexes
formed at different BER intermediates were detected by gel
mobility shift assays (26,39). Coupling of enzymatic activi-
ties of the multifunctional APE1 (41) and the bifunctional
PolB (42) was demonstrated in many reports. APE1 stim-
ulates the nucleotidyl-transferase and dRP-lyase activities
of PolB (10,26,39). PolB inhibits the 3’-exonuclease activ-
ity of APE1 when the enzyme concentrations are compa-
rable, whereas excess APE1 over Polp allows APEL1 to per-
form the proofreading function (10). It was suggested that
step-by-step coordination in SP BER can rely on DNA
binding specificity inherent in APEl1 and PolB and on
APE1-PolB-DNA complex formation (2,26). The interac-
tion of APE1 and Polp with the APEl-incised BER inter-
mediate in cell extracts of mouse embryonic fibroblasts was
determined by the photoaffinity labeling technique (9). For
the first time here, we quantitatively characterized the in-
teraction between APE1 and Polf in the absence and pres-
ence of various BER intermediates under true equilibrium
conditions, using fluorescence-based approaches. Distinct
effects were produced by the various DNAs on the APEI1-
PolB binding affinity and FRET efficiency (Table 3), in-
dicating that they are related to regulation and coordina-
tion of the enzymatic functions during BER. An unexpected
finding is that PolB interacts more strongly with APE1 in
the presence of AP site-containing DNA than in the com-
plex mimicking a step after the APEl-catalyzed incision.
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This result suggests that the APEl-incised BER interme-
diate is effectively channeled to Polf immediately during
the incision step. The efficiency of FRET within the FAM-
APE1.-TMR-PolB complex appeared sensitive to the pres-
ence of XRCC1 and PARPI (Table 2), indicating modu-
lation of the APE1-PolB interaction induced by the for-
mation of ternary protein—protein complexes. The coordi-
nation of enzymatic steps mediated by APE1 and Polf in
XRCCI- and PARP1-dependent BER sub-pathways is ob-
viously facilitated by interactions of the enzymes with each
other and with the regulatory proteins. The relative bind-
ing affinities of PARP1 for APEI and PolB in the presence
of incised AP-DNA or nick-DNA are appreciably higher as
compared to those of Pol for APE1 (Supplementary Table
S5). These results provide an explanation for the inhibiting
effect of PARP1 on the APEl-induced stimulation of LP
BER strand-displacement synthesis catalyzed by Pol (10).
Thus, one of the regulatory mechanisms of BER is modu-
lation of the strength of interactions between the enzymes
and accessory proteins by the DNA intermediates.

Most interacting partners of PARP1 detected here by flu-
orescence titration (with the exception of APEI, see discus-
sion above) are known from previous reports (Supplemen-
tary Table S1) but their interactions have not been yet char-
acterized quantitatively. Apparent dissociation constants
determined for homo- and hetero-oligomeric complexes of
PARPI with PolB, XRCCI1 and TDP1 (ECs, values in Ta-
ble 1) are closely similar. We compared the binding affini-
ties of different proteins for the full-length PARP1 and its
N-terminal 24-kDa apoptotic fragment (p24) composed of
two zinc-finger subdomains of the DNA binding domain
(DBD). The FAM-labeled APE1, PolB and PARPI bind
PARP1 with a significantly higher affinity than the p24 pro-
tein, indicating that the BRCT-domain known as the second
protein—protein interaction domain in PARP1, in addition
to the DNA-binding domain (DBD; Supplementary Table
S1), contributes for the most part to PARP1 association
with various proteins. The binding affinity of PARP1 for
PolB and XRCC1 did not appear to be modulated by canon-
ical BER intermediates (Table 3). One way to enhance the
specificity of PARPI interaction with proteins is posttrans-
lational modification of proteins with poly(ADP-ribose)
(PAR). The PAR-binding sequence motif overlapping with
domains responsible for protein—protein interactions was
identified in several DNA damage checkpoint proteins (43).
XRCCI1 and Ligllla were shown to associate preferen-
tially with PARylated PARP1 (44,45), and PARylation-
dependent accumulation of XRCCI at sites of oxidative or
UV-induced DNA damage was demonstrated (46,47). In a
recent study of XRCCI1 interaction with PARylated PARP1
by a quantitative fluorescence-based assay, it was found that
XRCCI binds selectively and with high affinity to PAR lig-
ands longer than 7 ADP-ribose units in length (48). The
lowest ECs, value determined for these XRCC1 complexes
(17 nM) is significantly less in comparison with the respec-
tive value determined for the XRCC1-PARP1 complex (Ta-
ble 1), explaining the preferential association of XRCCl1
with PARylated PARP1. The ability of XRCCI to inter-
act with intact PARP1 in the presence of BER intermedi-
ates (Table 3) may contribute to the negative regulation of
PARP1 auto-PARylation by an excess of XRCCI1, detected

NTD | |§| IBRCTaI |BRCTb “
1 183 239 315 403 538 633
Polp MPG, XRCC1 Ligitlo:
DNA APE1, OGG1 XRCC1
UNG2
NTH1, NEIL1, NEIL2
PCNA PNKP
PARP1

Figure 6. XRCCl interactions with BER proteins. Domain architecture of
human XRCC1 and distinct sites of interactions with itself and other pro-
teins (summarized in Supplementary Table S1) are schematically shown.

in vitro and in vivo and proposed to protect DNA ends pro-
duced during DNA repair (44).

Direct interaction of XRCC1 with multiple proteins was
shown previously, and for most partners specific sites were
identified (Figure 6 and Supplementary Table S1). Lim-
ited quantitative data were obtained by several approaches
that included equilibrium and non-equilibrium techniques
(4,49-53). Most of them characterize interactions between
individual protein domains. We have determined the ap-
parent dissociation constants of homo- and several hetero-
oligomeric XRCCI1 complexes formed by the full-length
proteins (Table 1). The ECsj values can be considered as rel-
ative binding affinity constants assayed by an equilibrium
technique under identical conditions. The lowest Ky was
determined for the XRCCI1 complex with PolB. It should
be noted that this value is lower than the concentration
of the labeled protein and therefore represents the upper
limit for the Ky of this complex. Further experiments per-
formed by a non-equilibrium SEC-MALLS technique con-
firmed the superior stability of the XRCC1-Pol complex
as compared to other homo- and hetero-oligomeric com-
plexes formed by XRCC1, Pol@ and APEI. Based on the
results of SEC-MALLS and DLS measurements of molec-
ular size (Supplementary Tables S6 and S7), we propose
that PolB forms a permanent heterodimeric complex with
XRCCI1 (Supplementary Figure S3), existing in equilib-
rium with a less stable heterotetramer formed via XRCCl1
homo-oligomerization. The interaction between Pol@ and
XRCCl is required to recruit PolB to sites of DNA dam-
age and for efficient BER (5,32,54-57). A recent study
has revealed that the primary function of this interac-
tion is to maintain stability of each protein by preventing
proteasome-mediated degradation (58). Previously, a con-
stitutive complex of XRCCI1 with Ligllla was proposed to
be required to stabilize the cellular level of Ligllla (59).
The K, values determined by gel-filtration in studies of the
domain specific interaction in the XRCCI1-Polp (50) and
XRCCI-Ligllla complexes (4) are nearly comparable (300
nM versus 100 nM), and significantly exceed the Ky of
the XRCC1-PolB complex determined in the present study.
The XRCC1 domains responsible for the interaction with
PolB and Ligllla are distinct and separate (Figure 6 and
Supplementary Table S1), thus allowing the formation of
a permanent PolB-XRCCI-Ligllla complex (Supplemen-
tary Figure S3). Moreover, the XRCCI binding sites for
PolB and Ligllla do not overlap with regions mediating in-



teractions with most other protein partners, thus enabling
participation of the preformed ternary complex in the en-
tire PolB- and XRCCl1-dependent BER sub-pathway. We
propose that the preformed PolB-XRCCI1-LigllIa complex
serves as a starting point for a dynamic assembly and dis-
assembly of higher order complexes involved in recogni-
tion and processing of different types of DNA damage by
SP BER. PolB and Ligllla accumulate at the damage sites
synchronously with XRCCl1, in contrast to other XRCClI
interacting proteins (57), suggesting the formation of per-
manent PolB-XRCCI1-Ligllla complex in vivo. We revealed
DNA-induced changes in the efficiency of FRET in the
FAM-XRCCI-TMR-PolB complex, that were most pro-
nounced among the effects detected for various XRCCl1
complexes (Table 3). Such differences can be explained by
the fact that the N-terminal domain (NTD) of XRCCI1
bearing the fluorescent label mediates the XRCCI1 interac-
tion with both PolB and DNA (Figure 6). The rearrange-
ment of the XRCC1-PolB complex induced by various BER
intermediates was not accompanied by a detectable change
in protein—protein binding affinity (Table 3). The stability
of the protein—protein interaction in the DNA-bound state
is particularly important for the functioning of XRCCl as
the scaffold protein in the Pol /XRCCI1 coordinated BER.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors thank M. Chechik (York University, UK)
for her assistance in carrying out the SEC-MALLS ex-
periments. The authors are thankful to Dr S.H. Wilson
(National Institute of Health, USA), Dr K.W. Caldecott
(University of Sussex, UK), Dr J.P. Radicella (UMR217
CNRS/CEA, France), and Dr M. Satoh (Laval University,
Canada) for providing us with recombinant plasmids cod-
ing for APEI, Polp, TDPI, XRCCI1 and PARPI1, to Dr S.N.
Khodyreva (Institute of Chemical Biology and Fundamen-
tal Medicine, Russia) for helpful discussion, and to Dr A.-L.
Haenni (Jacques Monod Institute, France) for careful read-
ing the manuscript and useful comments.

FUNDING

Russian Scientific Foundation [14-24-00038 to O.L.]; Rus-
sian Foundation for Basic Research [13-04-00555 to N.M.];
Program of RAS Presidium ‘Molecular and Cellular Bi-
ology’. Funding for open access charge: Russian Scientific
Foundation [14-24-00038].

Conflict of interest statement. None declared.

REFERENCES

1. Kim,Y.-J. and Wilson,D.M. III (2012) Overview of base excision
repair biochemistry. Curr. Mol. Pharmacol., 5, 3—13.

2. Prasad,R., Beard, W.A., Batra,V.K., Liu,Y., Shock,D.D. and
Wilson,S.H. (2011) A review of recent experiments on step-to-step
‘hand-off” of the DNA intermediates in mammalian base excision
repair pathways. Mol. Biol. ( Mosk. ), 45, 586-600.

3. Caldecott,K.W. (2008) Single-strand break repair and genetic disease.
Nat. Rev. Genet., 9, 619-631.

11.

13.

14.

15.

16.

17.

18

19.

20.

21

Nucleic Acids Research, 2015, Vol. 43, No. 12 6021

. Beernink,P.T., Hwang,M., Ramirez,M., Murphy,M.B., Doyle,S.A.

and Thelen,M.P. (2005) Specificity of protein interactions mediated
by BRCT domains of the XRCC1 DNA repair protein. J. Biol.
Chem., 280, 30206-30213.

. Hanssen-Bauer,A., Solvang-Garten,K., Gilljam,K.M., Torseth,K.,

Wilson,D.M. III, Akbari,M. and Otterlei,M. (2012) The region of
XRCCI which harbours the three most common nonsynonymous
polymorphic variants, is essential for the scaffolding function of
XRCCI1. DNA Repair (Amst. ), 11, 357-366.

. D’Amours,D., Desnoyers,S., D’Silva,l. and Poirier,G.G. (1999)

Poly(ADP-ribosyl)ation reactions in the regulation of nuclear
functions. Biochem. J., 342, 249-268.

. Dantzer,F., de La Rubia,G., Ménissier-De Murcia,J., Hostomsky,Z.,

de Murcia,G. and Schreiber,V. (2000) Base excision repair is impaired
in mammalian cells lacking poly(ADP-ribose) polymerase-1.
Biochemistry, 39, 7559-7569.

. Schreiber,V., Amé,J.C., Dollé,P., Schultz,I., Rinaldi,B., Fraulob,V.,

Meénissier-de Murcia,J. and de Murcia,G. (2002) Poly(ADP-ribose)
polymerase-2 (PARP-2) is required for efficient base excision DNA
repair in association with PARP-1 and XRCC1. J. Biol. Chem., 277,
23028-23036.

. Lavrik,O.1., Prasad,R., Sobol,R.W., Horton,J.K., Ackerman,E.J. and

Wilson,S.H. (2001) Photoaffinity labeling of mouse fibroblast
enzymes by a base excision repair intermediate. Evidence for the role
of poly(ADP-ribose) polymerase-1 in DNA repair. J. Biol. Chem.,
276, 25541-25548.

. Sukhanova,M.V., Khodyreva,S.N., Lebedeva,N.A., Prasad,R.,

Wilson,S.H. and Lavrik,O.1. (2005) Human base excision repair
enzymes apurinic/apyrimidinic endonucleasel (APE1), DNA
polymerase B and poly(ADP-ribose) polymerase 1: interplay between
strand-displacement DNA synthesis and proofreading exonuclease
activity. Nucleic Acids Res., 33, 1222-1229.

Kutuzov,M.M., Khodyreva,S.N., Am¢,J.C., Ilina,E.S.,
Sukhanova,M.V., Schreiber,V. and Lavrik,O.1. (2013) Interaction of
PARP-2 with DNA structures mimicking DNA repair intermediates
and consequences on activity of base excision repair proteins.
Biochimie, 95, 1208-1215.

. Pommier,Y., Barcelo,J. M., Rao,V.A., Sordet,O., Jobson,G.,

Thibaut,L., Miao,Z.H., Seiler,J.A., Zhang,H., Marchand,C. et al.
(2006) Repair of topoisomerase I-mediated DNA damage. Prog.
Nucleic Acid Res. Mol. Biol., 81, 179-229.

Lebedeva,N.A., Rechkunova,N.I., Ishchenko,A.A., Saparbaev,M.
and Lavrik,0.1. (2013) The mechanism of human tyrosyl-DNA
phosphodiesterase 1 in the cleavage of AP site and its synthetic
analogs. DNA Repair (Amst. ), 12, 1037-1042.

Strauss,P.R., Beard, W.A., Patterson,T.A. and Wilson,S.H. (1997)
Substrate binding by human apurinic/apyrimidinic endonuclease
indicates a Briggs-Haldane mechanism. J. Biol. Chem., 272,
1302-1307.

Kumar,A., Widen,S.G., Williams,K.R., Kedar,P., Karpel,LR.L. and
Wilson,S.H. (1990) Studies of the domain structure of mammalian
DNA polymerase B. Identification of a discrete template binding
domain. J. Biol. Chem., 265, 2124-2131.

Interthal,H., Pouliot,J.J. and Champoux,J.J. (2001) The tyrosyl-DNA
phosphodiesterase Tdpl is a member of the phospholipase D
superfamily. Proc. Natl Acad. Sci. U.S.A., 98, 12009-12014.
Belousova,E.A., Vasil’eva,l.A., Moor,N.A., Zatsepin, T.S.,
Oretskaya,T.S. and Lavrik,0.1. (2013) Clustered DNA lesions
containing 5-formyluracil and AP site: repair via the BER system.
PLoS One, 8, €68576.

. Sukhanova,M.V., Khodyreva,S.N. and Lavrik,O.1. (2004)

Poly(ADP-ribose) polymerase-1 inhibits strand-displacement
synthesis of DNA catalyzed by DNA polymerase B. Biochemistry
(Mosc.), 69, 558-568.

Haugland,R.P. (2005) The Handbook — a Guide to Fluorescent Probes
and Labeling Technologies, 10th edn. Molecular Probes, Eugene, OR.
Bradford,M.M. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal. Biochem., 72, 248-254.

. Blouin,S., Craggs,T.D., Lafontaine,D.A. and Penedo,J.C. (2009)

Functional studies of DNA-protein interactions using FRET
techniques. In: Moss, T and Leblanc,B (eds). Methods in Molecular
Biology, DNA-Protein Interactions. Humana Press, NY, Vol. 543, pp.
475-502.


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv569/-/DC1

6022 Nucleic Acids Research, 2015, Vol. 43, No. 12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Prinz,H. (2010) Hill coefficients, dose-response curves and allosteric
mechanisms. J. Biol. Chem., 3, 37-44.

Hieb,A.R., D’Arcy,S., Kramer,M.A., White,A.E. and Luger,K.
(2012) Fluorescence strategies for high-throughput quantification of
protein interactions. Nucleic Acids Res., 40, e33.

Lalonde,S., Ehrhardt,D.W., Loqué,D., Chen,J., Rhee,S.Y. and
Frommer,W.B. (2008) Molecular and cellular approaches for the
detection of protein-protein interactions: latest techniques and
current limitations. Plant J., 53, 610-635.

Wojtuszewski, K., Harvey,J.J., Han,M.K. and Knutson,J.R. (2007)
Fluorescence detection of proximity. In: Schuck,P and Atassi,MZ
(eds). Protein interactions; biophysical approaches for the study of
complex reversible systems. Springer, NY, pp. 367-396.

Liu,Y., Prasad,R., Beard, W.A., Kedar,P.S., Hou,E.W., Shock,D.D.
and Wilson,S.H. (2007) Coordination of steps in single-nucleotide
base excision repair mediated by apurinic/apyrimidinic endonuclease
1 and DNA polymerase B. J. Biol. Chem., 282, 13532-13541.
Shall,S. and de Murcia,G. (2000) Poly(ADP-ribose) polymerase-1:
what have we learned from the deficient mouse model? Mutat. Res.,
460, 1-15.

Nazarkina,Z.K., Khodyreva,S.N., Marsin,S., Lavrik,O.I. and
Radicella,J.P. (2007) XRCCl interactions with base excision repair
DNA intermediates. DNA Repair ( Amist. ), 6, 54-64.

Mani,R.S., Karimi-Busheri,F., Fanta,M., Caldecott,K.W., Cass,C.E.
and Weinfeld,M. (2004) Biophysical characterization of human
XRCCI and its binding to damaged and undamaged DNA.
Biochemistry, 43, 16505-16514.

Khodyreva,S.N., Prasad,R., Ilina,E.S., Sukhanova,M.V.,
Kutuzov,M.M., Liu,Y., Hou,E.W., Wilson,S.H. and Lavrik,O.I.
(2010) Apurinic/apyrimidinic (AP) site recognition by the
5'-dRP/AP lyase in poly(ADP-ribose) polymerase-1 (PARP-1). Proc.
Natl Acad. Sci. U.S.A., 107, 22090-22095.

Some,D. (2013) Light-scattering-based analysis of biomolecular
interactions. Biophys. Rev., 5, 147-158.

Hanssen-Bauer,A., Solvang-Garten,K., Sundheim,O., Pefia-Diaz,J.,
Andersen,S., Slupphaug,G., Krokan,H.E., Wilson,D.M. III,
Akbari,M. and Otterlei,M. (2011) XRCC1 coordinates disparate
responses and multiprotein repair complexes depending on the nature
and context of the DNA damage. Environ. Mol. Mutagen., 52,
623-635.

Cistulli,C., Lavrik,O.1., Prasad,R., Hou,E. and Wilson,S.H. (2004)
AP endonuclease and poly(ADP-ribose) polymerase-1 interact with
the same base excision repair intermediate. DNA Repair (Amst. ), 3,
581-591.

Prasad,R., Williams,J.G., Hou,E.W. and Wilson,S.H. (2012) Pol 8
associated complex and base excision repair factors in mouse
fibroblasts. Nucleic Acids Res., 40, 11571-11582.

Das,B.B., Huang,S.Y., Murai,J., Rehman,I., Amé¢,J.C., Sengupta,S.,
Das,S.K., Majumdar,P., Zhang,H., Biard,D. et al. (2014)
PARPI1-TDPI coupling for the repair of topoisomerase I-induced
DNA damage. Nucleic Acids Res., 42, 4435-4449.

Das,B.B., Antony,S., Gupta,S., Dexheimer,T.S., Redon,C.E.,
Garfield,S., Shiloh,Y. and Pommier,Y. (2009) Optimal function of the
DNA repair enzyme TDPI requires its phosphorylation by ATM
and/or DNA-PK. EMBO J., 28, 3667-3680.

Chiang,S.C., Carroll,J. and El-Khamisy,S.F. (2010) TDPI serine 81
promotes interaction with DNA ligase 11« and facilitates cell
survival following DNA damage. Cell Cycle, 9, 588-595.
Dexheimer,T.S., Antony,S., Marchand,C. and Pommier,Y. (2008)
Tyrosyl-DNA phosphodiesterase as a target for anticancer therapy.
Anticancer Agents Med. Chem., 8, 381-389.

Bennett,R.A., Wilson,D.M. III, Wong,D. and Demple,B. (1997)
Interaction of human apurinic endonuclease and DNA polymerase 3
in the base excision repair pathway. Proc. Natl Acad. Sci. U.S.A., 94,
7166-7169.

Dimitriadis,E.K., Prasad,R., Vaske, M.K., Chen,L., Tomkinson,A.E.,
Lewis,M.S. and Wilson,S.H. (1998) Thermodynamics of human
DNA ligase I trimerization and association with DNA polymerase 3.
J. Biol. Chem., 273, 20540-20550.

Wilson,D.M. III and Barsky,D. (2001) The major human abasic
endonuclease: formation, consequences and repair of a basic lesions
in DNA. Mutat. Res., 485, 283-307.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52

53.

54.

55.

56.

57.

58.

59.

Wilson,S.H., Beard, W.A., Shock,D.D., Batra,V.K., Cavanaugh,N.A.,
Prasad,R., Hou,E.W,, Liu,Y., Asagoshi,K., Horton,J.K. et al. (2010)
Base excision repair and design of small molecule inhibitors of
human DNA polymerase . Cell Mol. Life Sci., 67, 3633-3647.
Pleschke,J. M., Kleczkowska,H.E., Strohm,M. and Althaus,F.R.
(2000) Poly(ADP-ribose) binds to specific domains in DNA damage
checkpoint proteins. J. Biol. Chem., 275, 40974-40980.

Masson,M., Niedergang,C., Schreiber,V., Muller,S., Menissier-de
Murcia,J. and de Murcia,G. (1998) XRCCl is specifically associated
with poly(ADP-ribose) polymerase and negatively regulates its
activity following DNA damage. Mol. Cell Biol., 18, 3563-3571.
Leppard,J.B., Dong,Z., Mackey,Z.B. and Tomkinson,A.E. (2003)
Physical and functional interaction between DNA ligase [Tl and
poly(ADP-ribose) polymerase 1 in DNA single-strand break repair.
Mol. Cell Biol., 23, 5919-5927.

El-Khamisy,S.F., Masutani,M., Suzuki,H. and Caldecott,K.W.
(2003) A requirement for PARP-1 for the assembly or stability of
XRCCI nuclear foci at sites of oxidative DNA damage. Nucleic Acids
Res., 31, 5526-5533.

Okano,S., Lan,L., Caldecott,K.W., Mori, T. and Yasui,A. (2003)
Spatial and temporal cellular responses to single-strand breaks in
human cells. Mol. Cell Biol., 23, 3974-3981.

Kim,I.K., Stegeman,R.A., Brosey,C.A. and Ellenberger,T. (2015) A
quantitative assay reveals ligand specificity of the DNA scaffold
repair protein XRCC1 and efficient disassembly of complexes of
XRCCI and the poly(ADP-ribose) polymerase 1 by
poly(ADP-ribose) glycohydrolase. J. Biol. Chem., 290, 3775-3783.
Cuneo,M.J. and London,R.E. (2010) Oxidation state of the XRCC1
N-terminal domain regulates DNA polymerase § binding affinity.
Proc. Natl Acad. Sci. U.S.A., 107, 6805-6810.

Marintchev,A., Robertson,A., Dimitriadis,E.K., Prasad,R.,
Wilson,S.H. and Mullen,G.P. (2000) Domain specific interaction in
the XRCC1-DNA polymerase 3 complex. Nucleic Acids Res., 28,
2049-2059.

Marintchev,A., Gryk,M.R. and Mullen,G.P. (2003) Site-directed
mutagenesis analysis of the structural interaction of the
single-strand-break repair protein, X-ray cross-complementing group
1, with DNA polymerase 3. Nucleic Acids Res., 31, 580-588.

. Luo,H., Chan,D.W.,, Yang,T., Rodriguez,M., Chen,B.P., Leng,M.,

Mu,l.J., Chen,D., Songyang,Z., Wang,Y. et al. (2004) A new
XRCCl1-containing complex and its role in cellular survival of methyl
methanesulfonate treatment. Mol. Cell Biol., 24, 8356-8365.

Lu,M., Mani,R.S., Karimi-Busheri,F., Fanta,M., Wang,H.,
Litchfeld,D.W. and Weinfeld,M. (2010) Independent mechanisms of
stimulation of polynucleotide kinase/phosphatase by phosphorylated
and non-phosphorylated XRCC1. Nucleic Acids Res., 38, 510-521.
Dianova,l 1., Sleeth,K.M., Allinson,S.L., Parsons,J.L., Breslin,C.,
Caldecott,K.W. and Dianov,G.L. (2004) XRCC1-DNA polymerase 3
interaction is required for efficient base excision repair. Nucleic Acids
Res., 32, 2550-2555.

Wong,H.-K. and Wilson,D.M. III (2005) XRCC1 and DNA
polymerase 8 interaction contributes to cellular alkylating-agent
resistance and single-strand break repair. J. Cell Biochem., 95,
794-804.

Horton,J. K., Stefanick,D.F., Gassman,N.R., Williams,J.G.,
Gabel,S.A., Cuneo,M.J.,, Prasad,R., Kedar,P.S., Derose,E.F.,
Hou,E.W. ef al. (2013) Preventing oxidation of cellular XRCC1
affects PARP-mediated DNA damage responses. DNA Repair
(Amst. ), 12, 774-785.

Lan,L., Nakajima,S., Oohata,Y., Takao,M., Okano,S., Masutani,M.,
Wilson,S.H. and Yasui,A. (2004) In situ analysis of repair processes
for oxidative DNA damage in mammalian cells. Proc. Natl Acad. Sci.
US.A., 101, 13738-13743.

Fang,Q., Inanc,B., Schamus,S., Wang, X.H., Wei,L., Brown,A.R.,
Svilar,D., Sugrue,K.F., Goellner,E.M., Zeng,X. et al. (2014) HSP90
regulates DNA repair via the interaction between XRCC1 and DNA
polymerase B. Nat. Commun., 5, 5513.

Caldecott,K.W., Tucker,J.D., Stanker,L.H. and Thompson,L.H.
(1995) Characterization of the XRCC1-DNA ligase I1I complex in
vitro and its absence from mutant hamster cells. Nucleic Acids Res.,
23, 4836-4843.



