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The base excision repair (BER) pathway involves gap filling
by DNA polymerase (pol) β and subsequent nick sealing by
ligase IIIα. X-ray cross-complementing protein 1 (XRCC1), a
nonenzymatic scaffold protein, assembles multiprotein com-
plexes, although the mechanism by which XRCC1 orchestrates
the final steps of coordinated BER remains incompletely
defined. Here, using a combination of biochemical and bio-
physical approaches, we revealed that the polβ/XRCC1 com-
plex increases the processivity of BER reactions after correct
nucleotide insertion into gaps in DNA and enhances the
handoff of nicked repair products to the final ligation step.
Moreover, the mutagenic ligation of nicked repair intermediate
following polβ 8-oxodGTP insertion is enhanced in the pres-
ence of XRCC1. Our results demonstrated a stabilizing effect of
XRCC1 on the formation of polβ/dNTP/gap DNA and ligase
IIIα/ATP/nick DNA catalytic ternary complexes. Real-time
monitoring of protein–protein interactions and DNA-binding
kinetics showed stronger binding of XRCC1 to polβ than to
ligase IIIα or aprataxin, and higher affinity for nick DNA with
undamaged or damaged ends than for one nucleotide gap
repair intermediate. Finally, we demonstrated slight differences
in stable polβ/XRCC1 complex formation, polβ and ligase IIIα
protein interaction kinetics, and handoff process as a result of
cancer-associated (P161L, R194W, R280H, R399Q, Y576S) and
cerebellar ataxia-related (K431N) XRCC1 variants. Overall, our
findings provide novel insights into the coordinating role of
XRCC1 and the effect of its disease-associated variants on
substrate-product channeling in multiprotein/DNA complexes
for efficient BER.

Base excision repair (BER) is a critical process for preventing
the mutagenic and lethal consequences of DNA lesions such as
apurinic/apyrimidinic (AP) sites and DNA base modifications
arising from exposure to environmental hazards and various
endogenous stressors (1–4). If not repaired, they can lead to
mutations or genomic instability, interfere with DNA repli-
cation or transcription, and the consequences can promote
human diseases such as cancer and neurodegenerative disor-
ders (5). One of the subpathways of BER, known as
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single-nucleotide or short-patch BER (SN-BER), requires the
coordinated action of four core enzymes: DNA glycosylase, AP
endonuclease 1 (APE1), DNA polymerase (pol) β, and DNA
ligase IIIα (ligase IIIα) (6–8). The SN-BER pathway involves a
series of sequential enzymatic steps that are tightly coordi-
nated through protein–protein and protein–DNA interactions
in a process referred to as “passing-the-baton” (9–12). In this
process, DNA substrates and reaction products are channeled
from one step to the next in a processive fashion so that release
of cytotoxic repair intermediates is minimized (13–15). At the
initial step, many DNA glycosylases bind to the AP site
product with higher affinity than the initial base damage
substrate, implying that these proteins have evolved to protect
cells from the adverse effects of AP sites and facilitate repair by
signaling the next enzyme in the pathway (16). APE1 that
cleaves the phosphodiester backbone leaving 30-hydroxyl
(30-OH) and 50-deoxyribose phosphate (50-dRP) groups, like-
wise, exhibits higher affinity for its incised single-strand break
product, coordinating with polβ (17). Polβ then binds to one
nucleotide gap DNA and removes the 50-dRP group and cat-
alyzes template-directed gap filling DNA synthesis (18). The
resulting nicked repair intermediate of polβ nucleotide inser-
tion product is subsequently sealed during the final step of the
BER pathway by ligase IIIα that catalyzes a phosphodiester
bond formation between 30-OH and 50-phosphate (50-P) ends
(19, 20). Although biochemical studies and structural analyses
with repair protein/DNA intermediate binary or ternary
complexes extensively established the roles and activities of
individual BER enzymes, how the repair enzymes function
together in a multiprotein/DNA complex to facilitate the
channeling of DNA intermediates in the coordinated repair
pathway is poorly understood (21, 22). The scaffolding pro-
teins play a key role in assembling sets of enzymes to perform
multistep repair process, reducing the likelihood that labile
repair intermediates are released leading to genome instability
(23).

X-ray cross-complementing protein 1 (XRCC1) is a
nonenzymatic protein known to be critical repair factor for
coordinating BER (24, 25). XRCC1 protein is composed of N-
terminal DNA-binding (NTD), central (BRCA1 C Terminus)
BRCT-I, and C-terminal BRCT-II domains (26, 27). Current
evidence indicates that the role of XRCC1 in the BER pathway
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XRCC1 orchestrating downstream steps of coordinated BER
is as a scaffolding factor mainly through its protein–protein
and protein–DNA interactions to modulate the coordinated
repair (28). For example, XRCC1 is recruited to DNA through
its interaction with enzymes that recognize and bind specific
lesions in the genome, such as has been reported for APE1
(29–31). XRCC1 also tightly interacts with polβ through its
NTD, which is required for recruitment of the repair complex
at the DNA damage site (32–37). Many examples of protein–
protein interactions for factors involved in the BER pathway
have been reported, and in some cases, the interactions were
found to impart a change in the activity of a BER enzyme
(29–37). For example, the stimulating role of XRCC1 on the
enzymatic activities of BER enzymes has been shown for APE1,
PNK, 8-oxoguanine DNA glycosylase (OGG1), and Tyrosyl-
DNA phosphodiesterase 1 (Tdp1) (30, 31, 38, 39). Addition-
ally, XRCC1 forms a repair complex with ligase IIIα via its
BRCT-II domain and operates to stabilize the enzyme intra-
cellularly (20, 40–43). XRCC1 also plays a role in the pro-
cessing of the abnormal strand break ends for the continuity of
the phosphodiester backbone through its interaction with the
DNA-end processing enzyme Aprataxin (APTX) (44, 45).
APTX removes an adenylate (AMP) from the 50-end of ligation
failure products and its deficiency is linked to the neurode-
generative ataxia disorder Ataxia-oculomotor apraxia 1
(AOA1) (46–48). It has been reported that a deficiency of
XRCC1 leads to a reduction in APTX accumulation at the sites
of DNA damage, and furthermore, XRCC1 mutations have
been found to be associated with cerebellar ataxia, ocular
motor apraxia, and axonal neuropathy (49). For example, the
patient with cerebellar ataxia carrying XRCC1 K431N muta-
tion combines phenotypic features of AOA1 and the cells
exhibit dramatically reduced repair rates in response to
oxidative DNA damage (50).

The biological importance of XRCC1 has been well estab-
lished, dating back to early studies that demonstrated that
Chinese hamster ovary (CHO) cells deficient in XRCC1 exhibit
increased sensitivity to DNA alkylating agents, a higher level of
DNA strand breaks, and genomic instability in the form of
elevated sister chromatid exchanges (51–55). The biological
importance of XRCC1 has also been suggested by the em-
bryonic lethality of XRCC1 gene deletion, and studies of
mouse embryonic fibroblast (MEF) cells isolated from early
embryos exhibited hypersensitivity to DNA damage agents
(56–58). Furthermore, the mice engineered for XRCC1
germline deletion exhibit a phenotype of embryonic lethality
(53–55). Finally, single-nucleotide polymorphisms (SNPs) of
XRCC1 have been found as risk factors for the development of
different types of cancer (59–63). A reduced BER capacity and
cellular transformation have been reported in cells expressing
XRCC1 cancer-associated variants in response to DNA
damaging agents (64–66). For example, the studies have re-
ported the disparate patterns for the localization of XRCC1
and its interacting partners to the sites of DNA damage and
altered repair profiles of oxidative damage induced H2O2 in
the XRCC1-deficient EM9 CHO cells expressing XRCC1
cancer-associated variants R194W, R280H, and R399Q
(59, 64).
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Although the significance of XRCC1 in the maintenance of
genome integrity and cellular functionality has been well
established, it remains less clearly defined at the biochemical
level that how XRCC1 coordinates the BER steps through its
scaffolding function during the substrate-product channeling
process particularly at the downstream steps of BER pathway.
Similarly, even though the significance of XRCC1 variants in
the cellular functionality has been well defined, their
biochemical characterization in the BER regulation through
the coordinated interactions with the key repair enzymes polβ,
ligase IIIα, APTX that play critical roles at the final steps of the
coordinated repair is poorly understood.

In the present study, we examined the role of XRCC1 on the
efficiency of the substrate-product channeling process in
reconstituted BER reactions in vitro. Furthermore, we char-
acterized XRCC1 with its BER protein partners (polβ, ligase
IIIα, and APTX) to investigate XRCC1-mediated repair pro-
tein complex formation, protein–protein interactions, and
DNA-binding affinity to the repair intermediates including gap
and nick DNA with or without damaged ends. For this pur-
pose, we studied the wild-type, the cancer-associated variants
(P161L, R194W, R280H, R399Q, Y576S) and the cerebellar
ataxia-related (K431N) mutant of XRCC1 (Scheme S1). Our
results revealed the stable polβ/XRCC1 repair protein complex
formation through size-exclusion chromatography (SEC) and
the stabilizing effect of XRCC1 on the formation of the cata-
lytic ternary complexes polβ/dNTP/gap DNA and ligase IIIα/
ATP/nick DNA. The real-time protein–protein interaction
kinetics of XRCC1 showed little or no effect on the equilib-
rium binding constants (KD) between wild-type and variants
while there were significant differences depending on the
interacting repair protein partner of XRCC1 (polβ > ligase IIIα
>> APTX). We observed higher binding affinity of XRCC1 for
nick repair intermediate with preinserted 30-dG:C or 30-8-
oxodG:A than one nucleotide gap DNA. Moreover, our re-
sults revealed a processivity role of XRCC1 in stimulating the
channeling of repair products after polβ dGTP insertion
opposite C in a gap and an enhanced ligation by ligase IIIα in
complex with XRCC1, which is mediated through BRCT do-
mains of both proteins. The mutagenic ligation of nick repair
product with 8-oxodGMP inserted by polβ is also enhanced in
the presence of XRCC1. Overall results could provide an
insight into the mechanism by which XRCC1 orchestrates the
passing-the-baton process particularly at the downstream
steps of BER pathway and contribute to the understanding of
how a multiprotein/DNA repair complex (polβ, ligase IIIα,
APTX) is coordinated through the molecular interactions
mediated by XRCC1.
Results

XRCC1 variants form stable protein complexes with polβ

We first investigated the repair protein complex formation
and then validated the protein–protein binding affinities be-
tween polβ and XRCC1 through the SEC and GST-pull down
analyses, respectively. For this purpose, we studied the wild-
type XRCC1, polβ interaction mutants (V86R, R109A), the
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cancer-associated (P161L, R194W, R280H, R399Q, Y576S),
and the cerebellar ataxia-related (K431N) variants of XRCC1
(Scheme S1).

The elution peaks for the individual proteins of XRCC1
(wild-type and mutants) were obtained at 8.9 ml (Fig. 1, A–D).
Polβ protein was eluted at 15.8 ml (Fig. 1, E and F). In line with
the previously reported studies that demonstrate the destabi-
lized interaction between polβ and XRCC1 carrying V to R
substitution at position 86 (V86R), we showed that XRCC1
V86R mutant failed to form a complex with polβ as both
proteins eluted separately with no shift evident in their indi-
vidual elution volumes (Fig. 1, G and H). Furthermore, R to A
substitution at position 109 (R109A) in the DNA-binding
interface of XRCC1 has been reported as polβ interaction
mutant in chemical shift mapping and structural prediction
studies (34–36). Our SEC analysis of XRCC1 R109A mutant
also showed no protein complex formation with polβ (Fig. 1, G
and H). We obtained the protein complex of XRCC1/polβ,
which was coeluted at 11.2 ml when these two proteins were
mixed together (Fig. 1, I–L). Our results showed no difference
in the protein complex elution shifts between XRCC1 wild-
type and disease-related variants (Fig. 1, I–L). Furthermore,
we confirmed the XRCC1/polβ protein complex formation via
SEC analysis with the N-terminal domain (NTD) of the protein
that is known to mediate XRCC1 interaction with polβ
(Fig. S1). The elution peak position of XRCC1 NTD was at
17 ml, while the polβ/XRCC1 NTD protein complex was
eluted at 14.4 ml. Overall results demonstrated a stable protein
complex formation between polβ and XRCC1 disease-
associated variants similar to the wild-type proteins.

In order to validate the polβ/XRCC1 binding in the presence
of the variants, we also performed GST pull-down assays
where GST-tag polβ or a GST alone was respectively incu-
bated with his-tagged XRCC1 proteins (wild-type or mutants)
after permitting the protein–protein interaction to occur and
before being precipitated by GST-binding glutathione beads.
The bound material was then captured in three independent
experimental GST-pull down tests and analyzed on SDS-
PAGE (Fig. S2). Our results revealed the interactions be-
tween XRCC1 and polβ in the pulled-down complexes with
wild-type proteins and the most dramatic effect was observed
with the V86R mutant, where polβ retention was equivalent to
polβ alone negative control (Fig. S2, A–C). However, XRCC1
R109A mutant was pulled down by GST-polβ with relatively
weak binding affinity (Fig. S2A) and showed slight differences
with XRCC1 variants P161L, R194W, Y576S, R280H, and
R399Q (Fig. S2, B and C). No coprecipitation of any complexes
was observed with GST alone.
Protein–protein interaction kinetics of XRCC1 with BER
proteins

We quantitatively monitored the real-time kinetics of
protein–protein interactions between XRCC1 and the BER
proteins (polβ, ligase IIIα, and APTX) by surface plasmon
resonance (SPR) assays where the interacting protein partner
of XRCC1 was immobilized on CM5 biosensors onto which
XRCC1 (wild-type or variant) protein was respectively passed
as analytes. Our results with the wild-type XRCC1 (Fig. 2)
showed significant differences in the equilibrium binding
constants (KD) that demonstrate its relative interaction affinity
with its repair protein partners polβ (10.2 nM), ligase IIIα
(50.4 nM), and APTX (374.5 nM).

For polβ/XRCC1 interaction, when compared with wild-
type XRCC1 (Fig. 2A, KD: 10.2 nM), we observed a signifi-
cant decrease in polβ-binding affinities for XRCC1/polβ
interaction mutants V86R and R109A (KD: 284 nM and
170 nM, respectively) as expected (Fig. S3, A and B). XRCC1
cancer-associated variants P161L, R194W, R280H, and Y576S
showed almost same polβ interaction affinity with the wild-
type protein as the KD values were in the range of 7 to
10 nM (Fig. S3, C–F). Interestingly, there was a relatively
stronger interaction (KD: 5.8 nM) between polβ and XRCC1
mutant R399Q (Fig. S3G). Similarly, we observed wild-type
level of polβ interaction kinetics with XRCC1 cerebellar
ataxia-related mutant K431N (Fig. S3H). Our overall results
revealed that XRCC1 and its disease-associated variants can
interact with polβ (Fig. 2D).

We also evaluated the protein–protein interaction kinetics
of XRCC1 with the BER proteins DNA ligase IIIα and APTX
that play roles at the downstream steps of the repair pathway
to ligate the final polβ repair product and correct the ligation
failure intermediates, respectively. For DNA ligase IIIα/
XRCC1 interaction, when compared with wild-type XRCC1
(Fig. 2B, KD: 50.4 nM), the binding constant values for the
cancer-associated variants P161L, R194W, R280H, R399Q, and
Y576S showed similar interaction patterns as the KD values
were in the range of 30 to 50 nM (Fig. S4, A–E). This was also
the case for polβ interaction mutants V86R and R109A as
expected (Fig. S4, F and G). For APTX/XRCC1 interaction, our
results showed significantly reduced binding affinity of wild-
type XRCC1 for this DNA-end processing enzyme (Fig. 2C,
KD: 374.5 nM) when compared with the other BER proteins
tested in this study (Fig. 2D). We obtained little or no effect on
the equilibrium constant (KD: � 300–500 nM) with the
cerebellar ataxia-related XRCC1 K431N mutant and the
cancer-associated variants P161L, R194W, R280H, R399Q, and
Y576S (Fig. S5). Our overall results revealed that XRCC1 can
interact with ligase IIIα and APTX with �5- and 50-fold lower
binding affinities, respectively, when compared with stronger
protein–protein interactions we observed between polβ and
XRCC1. For all three BER protein partners, there is no sig-
nificant difference between XRCC1 wild-type and disease-
associated variants in the interaction profiles (Fig. 2D).
DNA-binding affinities of XRCC1 to gap and nick repair
intermediates

We then examined DNA-binding affinities of XRCC1 wild-
type and cancer-associated variants P161L, R194W, R280H,
R399Q, and Y576S in real time using the BLI assay. For this
purpose, we used one nucleotide gap DNA and nick DNA with
preinserted 30-dG:C and 30-8-oxodG:A that mimic the repair
intermediates that polβ and ligase IIIα use during gap filling
J. Biol. Chem. (2021) 297(3) 101025 3



Figure 1. Repair protein complex formation of XRCC1 and polβ. Size-exclusion chromatography profiles showing the elution volumes (EV) for individual
XRCC1 (A–D) and polβ (E and F) proteins are presented as in 8.9 and 15.8 ml, respectively, on the side of respective elution peaks. XRCC1/polβ interaction
mutants V86R and R109A are eluted separately (G and H). XRCC1/polβ protein complexes are presented as EV: 11.2 ml for XRCC1 cancer-associated variants
(I and J) and the cerebellar ataxia-related K431N mutant (K and L). Each peak fraction is analyzed on 12% SDS-polyacrylamide (w/v) gel and compared with
the molecular weight marker (M: Precision Plus Protein Dual Color Standards, 10–250 kDa).

XRCC1 orchestrating downstream steps of coordinated BER
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Figure 2. Protein–protein interaction analyses between XRCC1 and BER proteins. The real-time protein–protein interaction kinetics of wild-type XRCC1
with polβ (A), ligase IIIα (B), and APTX (C) is measured by SPR assay where the interacting protein partner of XRCC1 was immobilized on CM5 biosensors. The
ligand association and dissociation phases are shown for the protein concentration range of XRCC1 on the side of sensorgrams. D, table shows comparison
of the equilibrium binding constants (KD) between XRCC1 wild-type and variants for polβ, ligase IIIα, and APTX. The protein–protein interaction kinetics for
XRCC1 variants are presented in Figs. S3–S5.

XRCC1 orchestrating downstream steps of coordinated BER
and subsequent nick sealing steps, respectively. Our results
demonstrated that the wild-type XRCC1 (Fig. 3) shows rela-
tively stronger binding affinity to both nick DNA substrates
(KD: 54 or 75.4 nM) than that of gap DNA (KD: 110 nM).

For one nucleotide gap DNA-binding affinity of XRCC1
wild-type (Fig. 3A) and the cancer-associated variants (Fig. S6),
P161L and Y576S, showed similar KD values that were in the
range of 70 to 100 nM. However, we observed tighter gap
DNA binding with XRCC1 variants R194W and R399Q (KD:
�30–50 nM), while R280H (KD: �153 nM) exhibits slightly
lower affinity. In the control experiments, we obtained �20-
fold difference in the binding affinities between polβ (KD:
5.4 nM) and XRCC1 (KD: 110 nM) for one nucleotide gap
repair intermediate (Fig. S7). For nick DNA-binding affinity of
XRCC1 wild-type (Fig. 3B) and the cancer-associated variants
(Fig. S8) to the repair intermediate with correctly base-paired
30-dG:C ends, we observed similar KD values that were in
the range of �50 to 60 nM with XRCC1 variants R194W and
R399Q, while P161L and Y576S (KD: �90–110 nM) show a
relatively lower affinity constant. However, there was approx-
imately twofold higher KD with R280H variant (�140 nM) in
comparison with the wild-type and all other XRCC1 mutants
tested in this study (Fig. 3D). In the control experiments, we
obtained approximately tenfold difference in the equilibrium
binding constant between ligase IIIα (KD: �5 nM) and XRCC1
(KD: �60 nM) for the nick DNA with 30-dG:C (Fig. S7). For
nick DNA-binding affinity of XRCC1 wild-type (Fig. 3C) and
the cancer-associated variants (Fig. S9) to the repair
intermediate with oxidatively damaged 30-8-oxodG:A ends, we
also obtained a decrease in the nick-binding affinity of XRCC1
variant R280H (KD: 116 nM), while all other mutants exhibi-
ted wild-type level of KD values (Fig. 3D). This could be
because of significant differences in the association and
dissociation rates of the XRCC1 variants for the gap and nick
repair intermediates with undamaged versus damaged ends
tested in this study (Table S4). Our overall results demon-
strated that XRCC1 wild-type and all mutants can bind to the
one nucleotide gap and nick DNA repair intermediates and
their binding affinities are lower than those of polβ and ligase
IIIα, respectively (Fig. 3D).
Ligation of polβ nucleotide insertion products by DNA ligase
IIIα in the absence and presence of XRCC1

In addition to the protein complex formation, protein–
protein interaction, and DNA-binding measurements with
XRCC1 wild-type and disease-related variants (Figs. 1–3), in
the present study, we also analyzed the effect of XRCC1 on the
substrate-product channeling from polβ to ligase IIIα at the
downstream steps of the repair pathway in reconstituted BER
reactions in vitro. For this purpose, we used one nucleotide gap
DNA substrate with template C and performed the coupled
repair assays that measure polβ nucleotide insertion coupled to
DNA ligation at the same time points of incubation in a re-
action mixture including the polβ/XRCC1 complex, ligase IIIα,
and dGTP. Using this assay, we compared the ligation of polβ
J. Biol. Chem. (2021) 297(3) 101025 5



Figure 3. DNA-binding kinetics of XRCC1. The real-time DNA-binding kinetics of wild-type XRCC1 to one nucleotide gap (A) and nick DNA with 30-dG:C (B)
or 30-8-oxodG:A (C). The sensorgrams are shown for the concentrations range of XRCC1 (0–640 nM) where the DNA with a biotin label is immobilized on the
streptavidin biosensors. D, table shows comparison of the equilibrium binding constants (KD) between XRCC1 wild-type and variants for gap and nick DNA
with and without damaged ends. The real-time DNA-binding measurements for XRCC1 variants are presented in Figs. S6, S8, and S9.
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dGTP insertion products by ligase IIIα in the absence and
presence of XRCC1 (Fig. 4A).

For the reaction mixtures containing polβ, dGTP, and ligase
IIIα, the results showed the time courses of product formation
for single nucleotide gap filling (i.e., polβ dGTP:C insertion
products) and final DNA ligation (i.e., nick sealing of polβ
dGMP:C insertion products). Without XRCC1, we observed
an increase in both gap filling and ligation products as a
function of incubation time (Fig. 4B, lanes 2–5). With addition
of XRCC1, more ligation product was observed along with
simultaneous disappearance with the gap filling product of
BER intermediate (Fig. 4B, lanes 6–9), suggesting that XRCC1
facilitates the conversion of polβ dGTP:C insertion products to
the complete ligated products. The amount of ligation prod-
ucts showed approximately twofold increase (Fig. 4C). In the
control experiments including polβ interaction-deficient
mutant of XRCC1 V86R (Fig. 4B, lanes 10–13), we obtained
similar results with the amount of ligation products in the
absence of XRCC1 (Fig. 4C).

We also tested the impact of XRCC1 variants on the ligation
efficiency after polβ dGTP:C insertions. With the addition of
XRCC1 R109A mutant that is known to have a destabilized
polβ interaction, the polβ products of dGTP:C insertion were
not efficiently converted to complete ligation products by
ligase IIIα (Fig. S10A, lanes 2–5). There was relatively lower
amount of ligation products in the presence of R109A mutant
when compared with those with wild-type XRCC1 (Fig. 4D).
However, we obtained an increase in the amount of ligation
products over the time of reaction incubation in the presence
6 J. Biol. Chem. (2021) 297(3) 101025
of the cancer-associated (P161L, R194W, R280H, R399Q,
Y576S) and cerebellar ataxia-related K431N XRCC1 variants
(Figs. S10, A–C and S11). These ligation products exhibit no
significant difference between the XRCC1 mutants, which
were also similar with that of wild-type protein (Fig. 4D).
Moreover, we obtained enhanced ligation products at the
initial time points of coupled reaction when we start the re-
action by the addition of preincubated enzyme mixture
including all three repair proteins polβ/XRCC1/ligase IIIα
(Fig. S10C, lanes 10–13 and Fig. S11) in comparison with the
reaction that was started with the addition of polβ/XRCC1
complex (Fig. 4E). In agreement with previously reported data
(35–38), our overall results indicate that XRCC1 stimulates the
processivity of a BER reaction after polβ gap filling and the
channeling of the nick repair product (polβ dGTP:C insertion)
to the final step for its ligation by ligase IIIα in the coordinated
repair pathway.

In order to further understand this XRCC1-mediated
handoff process, we monitored the real-time kinetics of
binding versus dissociation rates of polβ from one nucleotide
gap DNA using the catalytic enzyme in the presence of dGTP
(polβ/dGTP/gap DNA) and compared the kinetic parame-
ters of this ternary complex in the absence and presence of
XRCC1 (Fig. 5). Our results demonstrated that polβ disso-
ciates faster (koff: 5.3 × 10−2) in the absence of XRCC1
(Fig. 5A). The addition of XRCC1 enhances the stability of
the catalytic ternary complex, and the dissociation rate of
polβ (koff: 3.5 × 10−3) from gap DNA in the presence of
XRCC1 was slower (Fig. 5B). We observed �12-fold



Figure 4. Ligation of polβ dGTP insertion products by ligase IIIα in the presence of XRCC1. A, illustration of the one nucleotide gap DNA substrate with
template base C and the insertion and ligation products observed in the coupled assays including polβ, ligase IIIα, and/or XRCC1. B, line 1 is the negative
enzyme control of the one nucleotide gap DNA substrate with template C. Lanes 2 to 5 are the ligation of polβ dGTP:C insertion products by ligase IIIα in the
absence of XRCC1. Lanes 6 to 9 and 10 to 13 are polβ dGTP:C insertion coupled to ligation products in the presence of XRCC1 wild-type and V86R mutant,
respectively, and correspond to time points of 10, 30, 45, and 60 s. C–E, the graph shows time-dependent changes in the amount of ligation products in the
absence or presence of XRCC1 (C), disease-associated variants (D), and the polβ/XRCC1/ligase IIIα complex (E). The data represent the average of three
independent experiments ±SD. The gel images for XRCC1 variants and the complex are presented in Fig. S10. The bar graphs with individual data points are
presented in Fig. S11.

XRCC1 orchestrating downstream steps of coordinated BER
difference in the equilibrium constant (KD: �355 versus
�30 nM, Fig. 5D). Yet, this stabilizing effect of XRCC1 on
tight binding of polβ to gap DNA was deficient in the
presence of XRCC1 mutant V86R with diminished polβ
interaction site (Fig. 5C). Our findings suggest that polβ
should be preferentially positioned and locked at the 30-end
of the primer strand and XRCC1 could stabilize polβ on the
nick repair intermediate with an inserted dGMP (i.e., 30-
dG:C) to which DNA ligase can bind and ligate during next
nick sealing step in the coordinated repair pathway.
Ligation of polβ oxidized nucleotide insertion products by
DNA ligase IIIα in the absence and presence of XRCC1

In our previous studies, we reported that DNA ligation step
of the BER pathway is compromised after polβ 8-oxodGTP
insertion leading to the formation of ligation failure products
with 50-adenylate (AMP), which could lead to the formation of
toxic strand break intermediates and more cytotoxicity in
polβ+/+ cells than polβ−/− cells (67). In the present study, we
also analyzed the effect of XRCC1 on the substrate-product
channeling after polβ oxidized nucleotide insertion in a
reconstituted BER reaction including one nucleotide gap DNA
substrate with template A, polβ/XRCC1 complex, ligase IIIα,
and 8-oxodGTP (Fig. 6A). In the absence of XRCC1 (Fig. 6B,
lanes 2–5), the results showed the products formation for
single nucleotide gap filling (i.e., polβ 8-oxodGTP insertion
products), mutagenic ligation (i.e., nick sealing of an inserted
8-oxodGMP insertion products), and ligation failure with 50-
AMP. With the addition of XRCC1 (Fig. 6B, lanes 6–9), more
mutagenic ligation product was observed (approximately
fourfold increase) along with simultaneous conversion of polβ
8-oxodGTP insertion products, which was accompanied with a
decrease in the ligation failure products (Fig. 6, C and D and
Fig. S12). In the control experiments including polβ
interaction-deficient mutant of XRCC1 V86R, we obtained the
similar results with the reaction in the absence of XRCC1
(Fig. 6B, lanes 10–13).

We also performed the real-time kinetics assays to measure
the binding versus dissociation rates of polβ in the presence of
8-oxodGTP using the catalytic enzyme complex (polβ/8-
oxodGTP/gap DNA with template base A) and compared
the kinetic parameters of this ternary complex in the absence
and presence of XRCC1 (Fig. 7). Similar to the ternary com-
plex including correct nucleotide (polβ/dGTP/gap DNA with
template base C), we obtained a slower dissociation rate of
J. Biol. Chem. (2021) 297(3) 101025 7



Figure 5. Gap DNA-binding kinetics of polβ/XRCC1 complex in the presence of dGTP. The real-time DNA-binding kinetics of polβ/dGTP to one
nucleotide gap DNA with template base C in the absence (A) and presence (B) wild-type XRCC1 and polβ/XRCC1 interaction mutant V86R (C). D, table shows
the effect of XRCC1 on the equilibrium binding constant (KD), the association (kon) and dissociation (koff) rates of polβ/dGTP/gap DNA catalytic ternary
complex. The data are processed and analyzed with ForteBio data analysis software with 1:1 binding model.
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polβ in the presence of 8-oxodGTP from gap DNA (koff: 3.2 ×
10−3) by the effect of XRCC1 (Fig. 7, A and B). In this case, we
observed approximately fourfold difference in the equilibrium
binding constant (Fig. 7C).

Ligation of nick DNA by ligase IIIα in the absence and
presence of XRCC1

In addition to the BER assays that mimic the channeling of
repair intermediates from polβ to ligase IIIα at the down-
stream steps, in the present study, we also analyzed the effect
of XRCC1 on the nick sealing activity of ligase IIIα at the last
ligation step of BER pathway in vitro. For this purpose, we used
the nick DNA substrate with preinserted 30-dG:C that mimics
polβ dGTP:C insertion product (Fig. 8A).

For the ligation reactions containing ligase IIIα alone, the
results showed the product formation for nick sealing along
with the ligation reaction intermediates with 50-AMP (Fig. 8B,
lanes 9–13). The addition of XRCC1 stimulates the end joining
of the nick repair intermediate by ligase IIIα (Fig. 8B, lanes
2–7). We observed approximately fourfold increase in the
amount of ligation products with a significant decrease in the
reaction intermediates (Fig. 8C and Fig. S14). These results
suggest that XRCC1 could serve as a facilitatory factor moving
the ligation reaction forward.

We also evaluated the XRCC1 cancer-associated (P161L,
R194W, R280H, R399Q, and Y576S) and the cerebellar ataxia-
related (K431N) variants to compare their impact on the
ligation efficiency of nick repair intermediate by ligase IIIα.
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Overall results demonstrated the formation of ligation prod-
ucts over the time of reaction incubation (Figs. S13 and S14)
and slight differences between XRCC1 mutant proteins
(Fig. 8D). Interestingly, we observed relatively diminished end-
joining activity of ligase IIIα in the ligation reaction including
XRCC1 R280H variant that exhibits lowest nick DNA-binding
affinity over all other XRCC1 mutants tested in this study
(Fig. 3D).

In order to further understand this XRCC1-enhanced liga-
tion of nick DNA with preinserted 30-dG:C, we monitored the
real-time kinetics of nick DNA binding and measured associ-
ation versus dissociation rates of ligase IIIα in the catalytic
complex including ATP (ligase IIIα/ATP/nick DNA) in the
absence versus presence of XRCC1 (Fig. 9). Our results
demonstrated that ligase IIIα dissociates from nick DNA faster
(koff: 5.0 × 10−4) in the absence of XRCC1 (Fig. 9A) and
XRCC1 stabilizes the complex (Fig. 9B) at slower ligase
dissociation rate (koff: 2.0 × 10−4). We observed approximately
fourfold difference in the equilibrium binding constant (KD:
6.5 versus 22 nM) with a tighter binding affinity in the presence
of XRCC1 (Fig. 9C).

Impact of XRCC1/ligase IIIα interaction domain on the
efficiency of downstream steps in BER pathway

We then evaluated the effect of BRCT domains that mediate
the protein–protein interaction between XRCC1 and DNA
ligase IIIα using the truncated proteins ligase IIIα▵BRCT and
XRCC1▵BRCT-II (Fig. 10A). For this purpose, we first tested



Figure 6. Ligation of polβ 8-oxodGTP insertion products by ligase IIIα in the presence of XRCC1. A, illustration of the one nucleotide gap DNA
substrate and the insertion, mutagenic ligation, and ligation failure products observed in the coupled assays including polβ, ligase IIIα, and/or XRCC1. B, line
1 is the negative enzyme control of the one nucleotide gap DNA substrate with template A. Lanes 2 to 5 are the ligation of polβ 8-oxodGTP:A insertion
products by ligase IIIα in the absence of XRCC1. Lanes 6 to 9 and 10 to 13 are polβ 8-oxodGTP:A insertion coupled to ligation products in the presence of
XRCC1 wild-type and V86R mutant, respectively, and correspond to time points of 0.5, 1, 2, and 3 min. C and D, the graphs show time-dependent changes in
the amount of mutagenic ligation (C) and ligation failure (D) products. The data represent the average of three independent experiments ±SD. The bar
graphs with individual data points are presented in Fig. S12.
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the effect of BRCT domains on the channeling of polβ dGTP:C
insertion products in the coupled assays as described above
(Fig. 4A). We observed a decrease in the conversion of polβ
dGTP:C insertion products to complete ligated products in the
reaction including polβ, full-length XRCC1, and ligase
IIIα▵BRCT (Fig. S15A, lanes 6–9). This decrease was more
significant when we tested the ligation of polβ dGTP:C
insertion products in the coupled reaction containing
XRCC1▵BRCT-II and full-length ligase IIIα (Fig. S15A, lanes
10–13). In both cases, polβ gap filling products were accu-
mulated in the reaction due to inefficient handoff of these
repair intermediates to final ligation step. Overall, when
compared with the coupled reaction including full-length
proteins (Fig. S15A, lanes 2–5), there was �4- to 8-fold
decrease in the amount of ligation products as a function of
incubation time for the BRCT-domain deficient proteins of
XRCC1 and ligase IIIα (Fig. 10B and Fig. S16).

We finally compared the effect of BRCT domains on the
nick sealing ability of ligase IIIα in the ligation reactions as
described above (Fig. 8A). The ligation of the nick DNA with
30- dG:C by ligase IIIα in the presence of ligase IIIα without
XRCC1 interaction region (ligase IIIα▵BRCT) showed lower
amount of nick sealing products (Fig. S15B, lanes 6–9) when
compared with the full-length proteins (Fig. S15B, lanes 2–5).
Moreover, the end-joining ability of full-length ligase IIIα was
diminished in the presence of XRCC1 without ligase IIIα
interaction region (XRCC1▵BRCT-II) (Fig. S15B, lanes
10–13). The amount of ligation products was significantly
lower when compared with the ligation products of full-length
proteins (Fig. 10C and Fig. S16).
Discussion

BER is required for the repair of majority of endogenous
DNA damages (1–5). BER deficiency in mouse models and the
defects in crucial repair proteins involving in short-patch BER
have been associated with neurological disorders and cancer as
shown in the functional studies with BER polymorphisms (68).
For example, germline and tumor-associated variants that have
been identified in polβ, the main and error-prone polymerase
involved in BER, have functional phenotypes associated with
lung, gastric, colorectal, and prostate cancer (69). Similarly, a
large number of germline and cancer-associated SNP variants
that affect amino acid composition of XRCC1 have been re-
ported in the human population, and epidemiology studies
have found an association of some of these with cancer risk
J. Biol. Chem. (2021) 297(3) 101025 9



Figure 7. Gap DNA-binding kinetics of polβ/XRCC1 complex in the presence of 8-oxodGTP. The real-time binding kinetics of polβ/8-oxodGTP to one
nucleotide gap DNA with template base A in the absence (A) and presence (B) of XRCC1. C, table shows the effect of XRCC1 on equilibrium binding constant
(KD), the association (kon) and dissociation (koff) rates of polβ/8-oxodGTP/gap DNA catalytic ternary complex. The data are processed and analyzed with
ForteBio data analysis software with 1:1 binding model.
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(59–66, 70–74). Furthermore, the presence of XRCC1 germ-
line polymorphisms has also been found to be associated with
responses to environmental exposures of toxicants (75–81).
For example, the individuals exposed to chromium and the
smokers who carry XRCC1 Arg399Gln (R399Q) variant
exhibit significantly increased numbers of aberrations in their
lymphocytes, deficiency in the ability to repair ionizing radia-
tion damage, and increased frequencies of micronuclei and
chromosomal aberrations (70–81).

BER involves a substrate-product channeling mechanism
that entails a coordinated handoff from a single nucleotide
insertion by polβ into gap to the sealing of 50- and 30-DNA
ends of the resulting nick repair product by ligase IIIα during
gap filling and ligation steps, respectively, in the coordinated
repair pathway (21, 22). The important role for XRCC1/polβ
interaction for coordinating the efficiency of the BER process
in the repair of AP-sites and the stimulatory role of XRCC1 in
the ligation reaction by ligase IIIα have been previously re-
ported (20, 33–38, 40). Yet, the mechanism by which XRCC1,
as nonenzymatic scaffold protein, orchestrates the substrate-
product channeling from polβ to ligase IIIα particularly at
the downstream steps through its protein interactions with
both repair enzymes remains undefined. Similarly, the impact
of disease-associated mutations affecting the scaffolding
function of XRCC1 on this handoff process for the ligation of
polβ nucleotide insertion products and nick sealing ability of
ligase IIIα has never studied before.

In agreement with previously reported data (33–38), our
results indicate a role of XRCC1 scaffolding function on more
stable protein complex formation with polβ, which could lead
to an efficient substrate-product channeling to next ligation
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step and promote concerted repair events to prevent accu-
mulation of cytotoxic repair intermediates. According to the
NMR and structural studies, NTD of XRCC1 interacts with
polβ/gap DNA binary complex while making contacts with
both the C (catalytic/palm) and N (nucleotide binding/thumb)
subdomains of the polymerase, and NTD will not interfere
with the conformational changes that polβ undergoes for DNA
synthesis (82, 83). Our findings revealed that XRCC1 can
enhance the gap DNA-binding affinity of polβ within the
catalytic repair protein/DNA complex with an incoming cor-
rect or oxidized nucleotide. We suggest that XRCC1 does not
directly affect polβ gap filling activity for a nucleotide inser-
tion, but instead it stabilizes the enzyme on the repair inter-
mediate during which polβ undergoes a conformational
change upon binding of an incoming nucleotide, and this
could promote its efficient handoff to ligase IIIα for ligation at
the downstream steps of BER pathway. This could enable
XRCC1 to accelerate a crucial repair step, which is especially
important in a case when the polβ DNA synthesis activity is
limiting in the cell as reported for many cancer-associated polβ
variants (69).

The interaction between polβ and XRCC1 is crucial for polβ
recruitment to DNA damage sites (56–58). Our results
revealed a requirement of polβ/XRCC1 interaction for the
stable repair protein complex formation, and this is not
significantly affected by the disease-associated mutations in
XRCC1. The studies based on the sedimentation equilibrium
measurements reported that XRCC1 exists as a monomer at
lower protein concentrations but forms a dimer at higher
protein concentrations (27, 32). According to our SEC results,
wild-type XRCC1 and all mutants were higher oligomer with



Figure 8. Ligation of nick repair intermediate by ligase IIIα in the presence of XRCC1. A, illustrations of the nick DNA substrate with preinserted 30-dG:C,
the ligation reaction intermediates with 50-adenylate (AMP), and ligation products. B, line 1 is the negative enzyme control of the nick DNA substrate. Lanes
2 to 7 and 8 to 13 are the ligation products in the presence and absence of XRCC1, respectively, and correspond to time points of 10, 20, 30, 40, 50, and 60 s.
C and D, the graphs show time-dependent changes in the amount of ligation products in the absence and presence of XRCC1 (C) and disease-associated
variants (D). The data represent the average of three independent experiments ±SD. The gel images for XRCC1 variants are presented in Fig. S13. The bar
graphs with individual data points are presented in Fig. S14.
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the elution peaks at �8.9 ml and heterotetrameric when it
forms a complex with polβ as the position of repair protein
complex peak was obtained at �11.2 ml. We also demon-
strated the similar binding affinities of XRCC1 wild-type and
disease-associated variants to one nucleotide gap and nick BER
intermediates. Furthermore, the studies with wild-type protein
have shown that XRCC1 binds to nick and one nucleotide gap
DNA tightly in a stoichiometric manner (1:1) with higher af-
finity than that of the intact duplex with no break and single-
stranded oligonucleotide (23–25, 82, 83). Interestingly, in
consistent with our findings that show a significant difference
with R280H in comparison with all other XRCC1 variants
tested in this study (Fig. 4D), it has been reported that poly-
morphic variant R280H exhibits a decreased retention time
from the site of DNA damage induced single-stranded breaks
(84, 85). Furthermore, the amino acid substitutions within the
central DNA binding domain (219–415 aa) encompassing the
first BRCT domain of XRCC1 have been found to disrupt
DNA binding in vitro and the recruitment of XRCC1 to near-
UV micro-irradiated sites of the nuclei is strongly influenced
by the region encompassing amino acids 166 to 310 without
affecting its initial recruitment, suggesting that the DNA-
binding activity of XRCC1 is crucial for efficient DNA dam-
age repair (86).

In addition, our study demonstrates the role of BRCT
domains that mediate protein–protein interactions between
XRCC1 and ligase IIIα on the substrate-product channeling
and nick sealing at the downstream steps of BER pathway.
Moreover, the role of PARP-like zinc finger (ZnF) and DNA-
binding domain in nick sensing and joining by the catalytic
domain of ligase IIIα has been reported in previous studies
(87, 88). Lastly, we showed little or no effect on protein–
protein interactions between the wild-type and the disease-
associated variants (P161L, R194W, R280H, R399Q,
K431N, and Y576S) of XRCC1 with key BER proteins ligase
IIIα and APTX. Since these amino acid substitutions are
expanded and located in different domains of the XRCC1
protein (Scheme S1), they might represent separation-of-
function mutants that are deficient in only a single or a
number of interactions with many other repair proteins
involved in single-strand break or BER as suggested in
earlier studies (59, 64). For example, P161L and Y576S
variants were found to have wild-type level of protein in-
teractions with the other repair factor PARP1 and DNA
J. Biol. Chem. (2021) 297(3) 101025 11



Figure 9. Nick DNA-binding kinetics of ligase IIIα/XRCC1 complex in the presence of ATP. The real-time binding kinetics of ligase IIIα/ATP to nick DNA
in the absence (A) and presence (B) of XRCC1. C, table shows the effect of XRCC1 on the equilibrium binding constant (KD), the association (kon) and
dissociation (koff) rates of ligase IIIα/ATP/nick DNA catalytic ternary complex.
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replication protein PCNA. In contrast, R194W and R280H
variants exhibit no binding with PNKP, and XRCC1 R194W
has been reported to be defective in the interaction with
DNA glycosylase OGG1 (59–64, 89, 90). Structure/function
studies are required to understand how XRCC1 orchestrates
the BER proteins (APE1, polβ, ligase IIIα, APTX) that
Figure 10. Impact of XRCC1/ligase IIIα interacting BRCT domains on the
interaction regions of XRCC1 with polβ and ligase IIIα. B and C, the graphs
presence of XRCC1/ligase IIIα, XRCC1/ligase IIIαΔBRCT, and XRCC1ΔBRCT
experiments ±SD. The gel images are presented in Fig. S15. The bar graphs w
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function all together within a multiprotein/DNA repair
complex to facilitate the faithful channeling of DNA repair
intermediates. Gaining an understanding of how DNA
damage is coordinately repaired can be exploited as novel
targets for future rational chemotherapeutic drug design
toward enhancing human health (91).
ligation of polβ nucleotide insertion products and nick sealing. A, the
show time-dependent changes in the amount of ligation products in the
-II/ligase IIIα. The data represent the average of three independent
ith individual data points are presented in Fig. S16.
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Experimental procedures

Protein purifications

Human wild-type full-length (1–335 aa) and C-terminal
domain (92–335 aa) of DNA polymerase (pol) β with or
without GST-tag (pGEX-6p-1) were overexpressed and puri-
fied as previously described (67, 92–95). Briefly, the recombi-
nant proteins were overexpressed in BL21(DE3)pLysS E. coli
cells (Invitrogen) in Lysogeny Broth (LB) media at 37 �C for
8 h and induced with 0.5 mM isopropyl β-D-thiogalactoside
(IPTG). The cells were then grown overnight at 16 �C. After
cell lysis at 4 �C by sonication in the lysis buffer containing
25 mM HEPES (pH 7.5), 500 mM NaCl, 0.1% NP40, and
cOmplete Protease Inhibitor Cocktail (Roche), the lysate was
pelleted at 16,000 rpm for 1 h and then clarified by centrifu-
gation and filtration. The supernatant was loaded onto a
GSTrap HP column (GE Health Sciences) and purified with
the elution buffer containing 50 mM Tris-HCl (pH 8.0) and
10 mM reduced glutathione. In order to cleave a GST-tag, the
recombinant protein was incubated with PreScission Protease
(GE Health Sciences) for 16 h at 4 �C in the buffer containing
1X PBS (pH 7.3), 200 mM NaCl, and 1 mM DTT. After the
cleavage, the polβ protein was subsequently passed through a
GSTrap HP column, and the protein without GST-tag was
then further purified by loading onto Superdex 200 gel-
filtration column (GE Health Sciences) in the buffer contain-
ing 50 mM Tris-HCl (pH 7.5) and 400 mM NaCl.

Human wild-type full-length DNA ligase IIIα (1–922 aa)
was obtained from GenScript and cloned into the pET-29a
expression vector (Novagen). Human wild-type truncated
protein of DNA ligase IIIαΔBRCT (1–755 aa) was cloned into
pET-24b expression vector (Novagen). The recombinant his-
tag proteins were overexpressed in BL21(DE3) E. coli cells
(Invitrogen) in LB media at 37 �C for 8 h and induced with
0.5 mM IPTG. The cells were harvested, lysed at 4 �C, and
then clarified as described above. The supernatant was loaded
onto a HisTrap HP column (GE Health Sciences) and purified
with an increasing imidazole gradient (0–300 mM) elution at 4
�C. The collected fractions were then further purified by
Superdex 200 Increase 10/300 chromatography (GE Health-
care) in the buffer containing 50 mM Tris-HCl (pH 7.0),
500 mM NaCl, glycerol 5%, and 1 mM DTT.

Human wild-type full-length XRCC1 (1–633 aa), the trun-
cated proteins XRCC1 N-terminal domain (1–184 aa), and
XRCC1ΔBRCT-II (1–535 aa) were cloned into pET-24b
expression vector (Novagen). XRCC1 mutants were cloned
into pET-24b expression vector (Novagen) using the primers
listed in Table S1. The mutations were made to XRCC1 at sites
that are important for polβ interaction (V86R and R109A) and
the site-specific amino acid variants (P161L, R194W, R280H,
R399Q, K431N, Y576S) were created using theQuick-Change II
Side-DirectedMutagenesis kit (Stratagene). All plasmids for the
XRCC1mutant constructs were confirmed by DNA sequencing
prior to use. His-tagged recombinant XRCC1 proteins were
overexpressed in BL21(DE3) E. coli cells (Invitrogen), and the
cells were harvested, lysed at 4 �C, and then clarified as described
above. The supernatant was loaded onto a HisTrap HP column
(GE Health Sciences) and purified with an increasing imidazole
gradient (0–300 mM) elution at 4 �C. The collected fractions
were then subsequently loaded onto a HiTrap Heparin column
(GE Health Sciences) with a linear gradient of NaCl up to 1 M.
The recombinant XRCC1 proteins were then further purified by
Superdex 200 Increase 10/300 chromatography (GE Health-
care) in the buffer containing 50 mM Tris-HCl (pH 7.0),
500 mM NaCl, glycerol 5%, and 1 mM DTT.

Human wild-type full-length APTX gene was obtained from
GenScript and cloned into pET-24b expression vector
(Novagen). The recombinant his-tag protein was overex-
pressed in BL21(DE3) E. coli cells (Invitrogen) in LB media at
37 �C for 8 h and induced with 0.5 mM IPTG. The cells were
harvested, lysed at 4 �C, and then clarified as described above.
The supernatant was loaded onto a HisTrap HP column (GE
Health Sciences) and purified with an increasing imidazole
gradient (0–300 mM) elution at 4 �C. The collected fractions
were then further purified by Superdex 200 Increase 10/300
chromatography (GE Healthcare) in the buffer containing
50 mM Tris-HCl (pH 7.5), 200 mM NaCl, and 1 mM DTT.

All proteins used in this study were dialyzed against the
storage buffer containing 25 mM TrisHCl (pH 7.4), 100 mM
KCl, 1 mM TCEP, and 10% glycerol, concentrated, frozen in
liquid nitrogen, and stored at −80 �C in aliquots.

Surface plasmon resonance assay for protein–protein
interaction measurements

We analyzed the protein–protein interactions between
XRCC1 (wild-type and disease-associated variants) and BER
proteins (polβ, ligase IIIα, and APTX) by SPR in real time. The
experiments were carried out using Biacore X-100 (GE
Healthcare) at 25 �C. One flow cell of the CM5 sensor chip was
activated with a 1:1 mixture of 0.2 M EDC and 0.05 M NHS in
water, as described by the manufacturer, then the interacting
protein partner of XRCC1 was injected over the flow cell in
10 mM sodium acetate at pH 4.0 (ligase IIIα), pH 5.0 (polβ),
and pH 5.5 (APTX) at a flow rate of 10 μl/min. The binding
sites were blocked using 1 M ethanolamine. XRCC1 wild-type
or mutants ranging in the concentrations as indicated in the
figures were then injected for 2 min (ligase IIIα) or 3 min (polβ
and APTX) at a flow rate of 30 μl/min. The running buffer was
the same as the protein storage buffer (20 mM HEPES pH 7.4,
150 mM NaCl, 3 mM EDTA and 0.005% (v/v) Surfactant P20).
After a dissociation phase for 3 to 4 min, 10 mM Glycine-HCl
(pH 2.0) was injected for 30 s to regenerate the chip surface.
Nonspecific binding to a blank flow cell was subtracted to
obtain corrected sensorgrams. All data were analyzed using
BIAevaluation software version 2.0.1 and fitted to a 1:1
(Langmuir) binding model to obtain equilibrium constants
(KD) for XRCC1 protein–protein interactions with polβ, ligase
IIIα, and APTX.

BioLayer interferometry assays for DNA-binding
measurements

We analyzed DNA-binding kinetics of XRCC1 wild-type
and disease-associated variants by BioLayer Interferometry
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(BLI) assays in real time. The binding kinetics for gap and nick
DNA binding were performed using the Octet QKe system
(Fortebio). BLI experiments were performed at 20 �C in 96-
well microplates with agitation set to 1000 rpm. Oligodeox-
yribonucleotides with and without a 30-biotin label were ob-
tained from Integrated DNA Technologies and used to prepare
the one nucleotide gap DNA with template base C and the
nick DNA including preinserted 30-dG:C or 30-8-oxodG:A
ends (Table S2). Streptavidin (SA) biosensors (Fortebio) were
used to attach the biotin-labeled DNA. SA biosensors were
hydrated in the kinetics buffer containing 20 mM HEPES (pH
7.4), 200 mM NaCl, 0.5% BSA, and 0.05% Tween 20 at 20 �C
for 20 min. The sensors were then immersed in DNA (40 nM)
in the kinetics buffer for 300 s. After recording an initial
baseline in the kinetics buffer (60 s), the sensors with DNA
were exposed to the concentration range of XRCC1 or polβ for
gap DNA binding and XRCC1 or ligase IIIα for nick DNA
binding at the concentration range as indicated in the figures
for 240 s association and then in kinetics buffer for 240 s
dissociation. For gap DNA-binding measurements of polβ/
XRCC1 complex in the presence of dGTP, the sensors with
DNA were immersed in the reaction buffer containing 20 mM
HEPES (pH 7.4), 200 mM NaCl, 0.5% BSA, 0.05% Tween 20,
10 mM MgCl2, and 0.1 mM dGTP for 120 s as the initial
baseline, then exposed to the concentration range of polβ or
preincubated mixture of polβ/XRCC1 (1:1) in the same reac-
tion buffer for 240 s association and dissociation. Similarly, for
nick DNA-binding measurements of ligase IIIα/XRCC1 com-
plex in the presence of ATP, the sensors with DNA were
immersed in the reaction buffer containing 20 mM HEPES
(pH 7.4), 200 mM NaCl, 0.5% BSA, 0.05% Tween 20, 10 mM
MgCl2, and 1 mM ATP for 120 s as the initial baseline, then
exposed to the concentration range of ligase IIIα or pre-
incubated mixture of ligase IIIα/XRCC1 proteins (1:1) in the
same reaction buffer for 240 s association and dissociation. In
all measurements, the affinity constants (KD), the association
(kon) and dissociation (koff) rates were calculated using the
ForteBio Data Analysis software with 1:1 binding model. The
association rate = kon [ligand][analyte] and the dissociation
rate = koff [ligand-analyte]. At equilibrium, forward and reverse
rates are equal. All images were drawn using Graph Pad
Prism 5.

GST-pull-down assays

The GST-pull-down assays were performed to validate the
protein–protein binding characteristics of polβ and XRCC1.
Briefly, his-tagged XRCC1 proteins (5 μM) were incubated
with GST-tag C-terminal domain of polβ (5 μM) in the assay
buffer containing 50 mM Tris-HCl (pH 7.5), 100 mM NaCl,
and 1 mM DTT at 4 �C for 2 h. The proteins were then mixed
with 20 μl of glutathione sepharose beads (GE Healthcare)
with constant rotation at 4 �C for 2 h. The beads were washed
three times with the assay buffer and then by the elution buffer
containing 50 mM Tris-HCl (pH 8.0) and 10 mM reduced
glutathione. The eluted protein samples were analyzed on 12%
SDS-PAGE, and the gels were scanned by AI680 (Amersham
RGB).
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Size-exclusion chromatography of polβ/XRCC1 protein
complexes

The protein complex of polβ and XRCC1 were obtained
using SEC. Briefly, polβ (5 μM) and XRCC1 (5 μM) were
prepared at equimolar 1:1 ratio of both proteins in the buffer
containing 50 mM Tris (pH 8.0), 200 mM NaCl, and 1 mM
DTT. The protein complexes were incubated for 2 h on ice
prior to SEC analysis. SEC was performed using Superdex 200
increase GL 10/30 column (GE Healthcare) in the same buffer
in which complexes were made. The fractions corresponding
to the peaks were collected and analyzed for shifts in elution
volumes for individual protein (polβ or XRCC1) versus protein
complex (polβ/XRCC1). The fractions corresponding to the
elution peaks were collected and analyzed on 12% SDS-PAGE,
and the gels were scanned by AI680 (Amersham RGB).

Polβ insertion coupled to ligation assay in the absence and
presence of XRCC1

The one nucleotide gap DNA substrates with template A or
C were used (Table S3) to test the ligation of polβ dGTP or 8-
oxodGTP insertion products in vitro in the reaction mixture
including polβ and ligase IIIα in the absence and presence of
XRCC1 wild-type or mutants (V86R, R109A, P161L, R194W,
R280H, R399Q, K431N, or Y576S). These BER assays were
performed as described previously (67, 92–95). Briefly, the
reaction mixture (final volume of 10 μl) contains 50 mM Tris-
HCl (pH 7.5), 100 mM KCl, 10 mM MgCl2, 1 mM ATP, 1 mM
DTT, 100 μg ml−1 BSA, 10% glycerol, dGTP or 8-oxodGTP
(100 μM), and DNA substrate (500 nM). The reaction was
initiated by the addition of the polβ/XRCC1 protein complex
(10 nM) into the reaction mixture containing DNA ligase IIIα
(10 nM). The reaction mixtures were incubated at 37 �C for
the time points as indicated in the figure legends. The reaction
products were then mixed with an equal amount of gel loading
buffer (95% formamide, 20 mM EDTA, 0.02% bromophenol
blue, and 0.02% xylene cyanol) and separated by electropho-
resis on an 18% polyacrylamide gel. The gels were finally
scanned with a Typhoon PhosphorImager (Amersham
Typhoon RGB), and the data were analyzed using ImageQuant
software. BER reactions were performed similarly for the
truncated proteins XRCC1▵BRCT-II and ligase IIIα▵BRCT.

Ligation assays in the absence and presence of XRCC1

The nick DNA substrate with preinserted 30-dG:C (Table S3)
was used to test the nick sealing in vitro in a ligation assay
including ligase IIIα in the absence and presence of XRCC1
wild-type or mutants (P161L, R194W, R280H, R399Q, K431N,
or Y576S). Ligation assays were performed as described previ-
ously (67, 92–95). Briefly, the reaction mixture (final volume of
10 μl) contains 50 mMTris-HCl (pH 7.5), 100 mMKCl, 10 mM
MgCl2, 1 mMATP, 1 mMDTT, 100 μg ml−1 BSA, 10% glycerol,
and DNA substrate (500 nM). The reaction was initiated by the
addition of ligase IIIα (10 nM) alone or after its preincubation
with XRCC1 (10 nM). The reaction mixtures were incubated at
37 �C for the time points as indicated in the figure legends. The
reaction products were then mixed with an equal amount of gel
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loading buffer, separated by electrophoresis on an 18% poly-
acrylamide gel, and the data were analyzed using ImageQuant
software as described above. The ligation reactions were per-
formed similarly for the truncated proteins XRCC1▵BRCT-II
and ligase IIIα▵BRCT.
Data availability

All data are contained within the article. Further informa-
tion and requests of materials used in this research should be
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DNA constructs generated in this study will be made available
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Supporting information—This article contains supporting
information.

Acknowledgments—We thank Samuel H. Wilson (NIH/NIEHS) and
Mavis Agbandje-Mckenna (University of Florida) for their
exceptional support. The authors thank the Monoclonal Antibody
core at the ICBR, University of Florida Health Cancer Center for
their assistance with Octet Qke (Fortebio).
This work was supported by the National Institutes of Health/Na-
tional Institute of Environmental Health Sciences Grant
4R00ES026191 and the University of Florida Thomas H. Maren
Junior Investigator Fund P0158597.

Author contributions—M. Ç. conceptualization; M. Ç. formal anal-
ysis; M. Ç. funding acquisition; Q. T. investigation; Q. T. method-
ology; M. Ç. supervision; Q. T. validation; M. Ç. writing—original
draft; M. Ç. writing—review and editing.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: 50-dRP, 50-deoxyribose
phosphate; AP, apurinic/apyrimidinic; APE1, AP endonuclease 1;
APTX, aprataxin; BER, base excision repair; BLI, BioLayer Inter-
ferometry; CHO, Chinese hamster ovary; IPTG, isopropyl β-D-thi-
ogalactoside; LB, Lysogeny Broth; NTD, N-terminal domain;
OGG1, 8-oxoguanine DNA glycosylase; SEC, size-exclusion chro-
matography; SN-BER, single-nucleotide BER; SNP, single-nucleo-
tide polymorphism; Tdp1, tyrosyl-DNA phosphodiesterase 1;
XRCC1, X-ray cross-complementing protein 1.

References

1. Chatterjee, N., and Walker, G. C. (2017) Mechanisms of DNA damage,
repair and mutagenesis. Environ. Mol. Mutagen. 58, 235–263

2. Krokan, H. E., Nilsen, H., Skorpen, F., Otterlei, M., and Slupphaug, G.
(2000) Base excision repair of DNA in mammalian cells. FEBS Lett. 476,
73–77

3. Lindahl, T. (2001) Keynote: Past, present, and future aspects of base
excision repair. Prog. Nucleic Acid Res. Mol. Biol. 68, xvii–xxx

4. Beard, W. A., Horton, J. K., Prasad, R., and Wilson, S. H. (2019)
Eukaryotic base excision repair: New approaches shine light on mecha-
nism. Ann. Rev. Biochem. 88, 137–162

5. Nelsen, B. C., and Dizdaroglu, M. (2020) Implications of DNA damage
and DNA repair on human diseases. Mutagenesis 35, 1–3

6. Parikh, S. S., Mol, C. D., and Tainer, J. A. (1997) Base excision repair
enzyme family portrait: Integrating the structure and chemistry of an
entire DNA repair pathway. Structure 5, 1543–1550
7. Hitomi, K., Iwai, A., and Tainer, J. A. (2007) The intricate structural
chemistry of base excision repair machinery: Implications for DNA
damage recognition, removal, and repair. DNA Repair 6, 410–428

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

9. Wilson, S. H., and Kunkel, T. A. (2000) Passing the baton in base excision
repair. Nat. Struct. Biol. 7, 176–178

10. Prasad, R., Shock, D. D., Beard, W. A., and Wilson, S. H. (2010) Substrate
channeling in mammalian base excision repair pathways: Passing the
baton. J. Biol. Chem. 285, 40479–40488

11. 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. 45, 586–600

12. Srivastava, D. K., Berg, B. J., Prasad, R., Molina, J. T., Beard, W. A., and
Tomkinson, A. E. (1998) Mammalian abasic site base excision repair.
Identification of the reaction sequence and rate-determining steps. J. Biol.
Chem. 273, 21203–21209

13. Moor, N. A., Vasil’eva, I. A., Anarbaev, R. O., Antson, A. A., and Lavrik,
O. I. (2015) Quantitative characterization of protein-protein complexes
involved in base excision DNA repair. Nucleic Acids Res. 43, 6009–6022

14. 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 beta. J. Biol. Chem. 282, 13532–13541

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

16. Fortini, P., Parlanti, E., Sidorkina, O. M., Laval, J., and Dogliotti, E. (1999)
Type of DNA glycosylase determines the base excision repair pathway in
mammalian cells. J. Biol. Chem. 274, 15230–15236

17. Whitaker, A. M., and Freudenthal, B. D. (2018) APE1: A skilled nucleic
acid surgeon. DNA Repair 71, 93–100

18. Beard, W. A., Prasad, R., and Wilson, S. H. (2006) Activities and mech-
anism of DNA polymerase β. Methods Enzymol. 408, 91–107

19. Tomkinson, A. E., Vijayakumar, S., Pascal, J. M., and Ellenberger, T.
(2006) DNA ligases: Structure, reaction mechanism, and function. Chem.
Rev. 106, 687–699

20. Cappelli, E., Taylor, R., Cevasco, M., Abbondandolo, A., Caldecott, K.,
and Frosina, G. (1997) Involvement of XRCC1 and DNA ligase III
gene products in DNA base excision repair. J. Biol. Chem. 272,
23970–23975

21. Caglayan, M., and Wilson, S. H. (2015) Oxidant and environmental
toxicant-induced effects compromise DNA ligation during base excision
DNA repair. DNA Repair 35, 85–89

22. Caglayan, M. (2019) Interplay between DNA polymerases and DNA li-
gases: Influence on substrate channeling and the fidelity of DNA ligation.
J. Mol. Biol. 431, 2068–2081

23. Brem, R., and Hall, J. (2005) XRCC1 is required for DNA single-strand
break repair in human cells. Nucleic Acids Res. 33, 2512–2520

24. Caldecott, K. W. (2003) XRCC1 and DNA strand break repair. DNA
Repair 2, 955–969

25. Caldecott, K. W. (2019) XRCC1: Protein, form, and function. DNA Repair
81, 102664

26. Abbotts, R., and Wilson, D. M. (2017) Coordination and DNA single
strand break repair. Free Radic. Biol. Med. 107, 228–244

27. Moor, N. A., and Lavrik, O. I. (2018) Protein-protein interactions in DNA
base excision repair. Biochemistry 83, 411–422

28. Vidal, A. E., Boiteux, S., Hickson, D. I., and Radicella, J. P. (2001) XRCC1
coordinates the initial and late stages of DNA abasic site repair through
protein-protein interactions. EMBO J. 20, 6530–6539

29. Campalans, A., Marsin, S., Nakabeppu, Y., O’connor, T. R., Boiteux, S., and
Radicella, J. P. (2005) XRCC1 interactions withmultiple DNA glycosylases:
Amodel for its recruitment to base excision repair.DNARepair 4, 826–835

30. Marsin, S., Vidal, A. E., Sossou, M., Murcia, J. M., Page, F., Boiteux, S.,
Murcia, G., and Radicella, J. P. (2003) Role of XRCC1 in the coordination
and stimulation of oxidative DNA damage repair initiated by the DNA
glycosylase hOGG1. J. Biol. Chem. 278, 44068–44074
J. Biol. Chem. (2021) 297(3) 101025 15

mailto:caglayanm@ufl.edu
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref1
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref2
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref3
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref4
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref5
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref6
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref7
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref8
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref9
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref10
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref11
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref12
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref13
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref14
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref15
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref16
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref17
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref18
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref19
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref20
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref21
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref22
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref23
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref24
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref25
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref26
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref27
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref28
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref29
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref30
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref30


XRCC1 orchestrating downstream steps of coordinated BER
31. Akbari, M., Solvang-Garten, K., Hanssen-Bauer, A., Lieske, N. V., Pet-
tersen, H. S., Pettersen, G. K., Wilson, D. M., Krokan, H. E., and Otterlei,
M. (2010) Direct interaction between XRCC1 and UNG2 facilitates rapid
repair of uracil in DNA by XRCC1 complexes. DNA Repair 9, 785–795

32. Marintchev, A., Mullen, M. A., Maciejewski, M. W., Pan, B., Gryk, M. R.,
and Mullen, G. P. (1999) Solution structure of the single-strand break
repair protein XRCC1 N-terminal domain. Nat. Struct. Biol. 6, 884–893

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

34. 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 β complex. Nucleic Acids Res. 28, 2049–2059

35. Gryk, M. R., Marintchev, A., Maciejewski, M. W., Robertson, A., Wilson,
S. H., and Mullen, G. P. (2002) Mapping of the interaction interface of
DNA polymerase β with XRCC1. Structure 10, 1709–1720

36. Dianova, I. I., Sleeth, K. M., Allinson, S. L., Parsons, J. L., Breslin, C.,
Caldecott, K. W., and Dianov, G. L. (2004) XRCC1-DNA polymerase β
interaction is required for efficient base excision repair. Nucleic Acids Res.
32, 2550–2555

37. Kubota, Y., Nash, R. A., Klungland, A., Schar, P., Barnes, D. E., and
Lindahl, T. (1996) Reconstitution of DNA base excision-repair with pu-
rified human proteins: Interaction between DNA polymerase β and the
XRCC1 protein. EMBO J. 15, 6662–6670

38. Whitehouse, C. J., Taylor, R. M., Thistlethwaite, A., Zhang, H., Karimi-
Busheri, F., Lasko, D. D., Weinfeld, M., and Caldecott, K. W. (2001)
XRCC1 stimulates human polynucleotide kinase activity at damaged
DNA termini and accelerates DNA single-strand break. Cell 104, 107–
117

39. Ploa, I., Liao, Z. Y., Barcelo, J. M., Kohlhagen, G., Caldecott, K. W.,
Weinfeld, M., and Pommier, Y. (2003) Association of XRCC1 and tyrosyl
DNA phosphodiesterase (Tdp1) for the repair of topoisomerase I-medi-
ated DNA lesions. DNA Repair 2, 1087–1100

40. Caldecott, K. W., McKeown, C. K., Tucker, J. D., Ljungquist, S., and
Thompson, L. H. (1994) An interaction between the mammalian DNA
repair protein XRCC1 and DNA ligase III. Mol. Cell Biol. 14, 68–76

41. Caldecott, K. W., Aoufouchi, S., Johnson, P., and Shall, S. (1996) XRCC1
polypeptide interacts with DNA polymerase β and possibly poly(ADP-
ribose) polymerase, and DNA ligase III is a novel molecular ‘nick-
sensor’ in vitro. Nucleic Acids Res. 24, 4387–4394

42. 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

43. Cuneo, M. J., Gabel, S. A., Krahn, J. A., Ricker, M. A., and London, R. E.
(2011) The structural basis for partitioning of the XRCC1/DNA ligase III-
α BRCT-mediated dimer complexes. Nucleic Acids Res. 39, 7816–7827

44. Horton, J. K., Stefanick, D. F., Caglayan, M., Zhao, M., Janoshazi, A. K.,
Prasad, R., Gassman, N. R., and Wilson, S. H. (2018) XRCC1 phos-
phorylation affects aprataxin recruitment and DNA deadenylation ac-
tivity. DNA Repair 64, 26–33

45. Ganos, C., and Bras, J. (2017) Ataxia with oculomotor apraxia is associ-
ated with the DNA damage repair pathway. Mov. Disord. 32, 720

46. Caglayan, M., Batra, V. K., Sassa, A., Prasad, R., and Wilson, S. H. (2014)
Role of polymerase β in complementing aprataxin deficiency during
abasic-site base excision repair. Nat. Struct. Mol. Biol. 21, 497–499

47. Caglayan, M., Horton, J. K., Prasad, R., and Wilson, S. H. (2015)
Complementation of aprataxin deficiency by base excision repair en-
zymes. Nucleic Acids Res. 43, 2271–2281

48. Caglayan, M., Prasad, R., Krasich, R., Longley, M. J., Kadoda, K., Tsuda,
M., Sasanuma, H., Takeda, S., Tano, K., Copeland, W. C., and Wilson, S.
H. (2017) Complementation of aprataxin deficiency by base excision
repair enzymes in mitochondrial extracts. Nucleic Acids Res. 45, 10079–
10088

49. Yoon, G., and Caldecott, K. W. (2018) Nonsyndromic cerebellar ataxias
associated with disorders of DNA single-strand break repair. Handb. Clin.
Neurol. 155, 105–115
16 J. Biol. Chem. (2021) 297(3) 101025
50. Hoch, N. C., Hanzlikova, H., Rulten, S. L., Tetreault, M., Komulainen, E.,
Ju, L., Hornyak, P., Zeng, Z., Gittens, W., Rey, S. A., Staras, K., Mancini,
G. M. S., McKinnon, P. J., Wang, Z., Wagner, J. D., et al. (2017) XRCC1
mutation is associated with PARP1 hyperactivation and cerebellar ataxia.
Nature 541, 87–91

51. Thompson, L. H., Brookman, K. W., Dillehay, L. E., Carrano, A. V.,
Mazrimas, J. A., Mooney, C. L., and Minkler, J. L. (1982) CHO cell strain
having hypersensitivity to mutagens, a defect in DNA strand-break repair,
and an extraordinary baseline frequency of sister-chromatid exchange.
Mutat. Res. 95, 427–440

52. Thompson, L. H., Brookman, K. W., Jones, N. J., Allen, S. A., and Car-
rano, A. V. (1990) Molecular cloning of the human XRCC1 gene, which
corrects defective DNA strand break repair and sister chromatid ex-
change. Mol. Cell. Biol. 10, 6160–6171

53. Shen, R., Zdzienicka, M. Z., Mohrenweiser, H., Thompson, L. H., and
Thelen, M. P. (1998) Mutations in hamster single-strand break repair
gene XRCC1 causing defective DNA repair. Nucleic Acids Res. 26, 1032–
1037

54. Tebbs, R. S., Flannery, M. L., Meneses, J. J., Tucker, J. D., Thompson, L.
H., Cleaver, J. E., and Pedersen, R. A. (1999) Requirement for the XRCC1
DNA base excision repair gene during early mouse development. Dev.
Biol. 208, 513–529

55. Tebbs, R. S., Thompson, L. H., and Cleaver, J. E. (2003) Rescue of XRCC1
knockout mouse embryo lethality by transgene-complementation. DNA
Repair 2, 1405–1417

56. 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., London,
R. E., and Wilson, S. H. (2013) Preventing oxidation of cellular XRCC1
affects PARP-mediated DNA damage responses. DNA Repair 12, 774–
785

57. Horton, J. K., Watson, M., Stefanick, D. F., Shaughnessy, D. T., Taylor, J.
A., and Wilson, S. H. (2008) XRCC1 and DNA polymerase β in cellular
protection against cytotoxic DNA single-strand breaks. Cell Res. 18, 48–63

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

59. Berquist, B. R., Singh, D. K., Fan, J., Kim, D., Gilenwater, E., Kulkarni, A.,
Bohr, V. A., Ackerman, E. J., Tomkinson, A. E., and Wilson, D. M. (2010)
Functional capacity of XRCC1 protein variants identified in DNA repair-
deficient Chinese hamster ovary cell lines and the human population.
Nucleic Acids Res. 38, 5023–5035

60. Moullan, N., Cox, D. G., Angele, S., Romestaing, P., Gerard, J., and Hall, J.
(2003) Polymorphisms in the DNA repair gene XRCC1, breast cancer
risk, and response to radiotherapy. Cancer Epidemiol. Biomarkers Prev.
12, 1168–1174

61. Sultane, R. (2013) Targeting XRCC1 deficiency in breast cancer for
personalized therapy. Cancer Res. 73, 1621–1634

62. Ali, R., Kawaz, A., Toss, M. S., Green, A. R., Miligy, I. M., Mesquita, K. A.,
Seedhaouse, C., Mirza, S., Band, V., Rakka, E. A., and Madhusudan, S.
(2018) Targeting PARP1 in XRCC1-deficient sporadic invasive breast
cancer or preinvasive ductal carcinoma in situ induces synthetic lethality
and chemoprevention. Cancer Res. 78, 6818–6827

63. Jiang, J., Zhang, X., Yang, H., and Wang, W. (2009) Polymorphisms of
DNA repair genes: ADPRT, XRCC1, and XPD and cancer risk in genetic
epidemiology. Methods Mol. Biol. 471, 305–333

64. Hanssen-Bauer, A., Garten, K., Gilijam, K. M., Torseth, K., Wilson, D. M.,
Akbari, M., and Otterlei, M. (2012) The region of XRCC1 which harbours
the three most common nonsynonymous polymorphic variants, is
essential for the scaffolding function of XRCC1. DNA Repair 11, 357–366

65. Karahalil, B., Bohr, V. A., and Wilson, D. M. (2012) Impact of DNA
polymorphisms in key DNA base excision repair proteins on cancer risk.
Hum. Exp. Toxicol. 31, 981–1005

66. Lee, K. J., Piett, C. G., Andrews, J. F., Mann, E., Nagel, Z. D., and Gass-
man, N. R. (2019) Defective base excision repair in the response to DNA
damaging agents in triple negative breast cancer. PLoS One 14, e0223725

67. Caglayan, M., Horton, J. K., Dai, D., Stefanick, D. F., and Wilson, S. H.
(2017) Oxidized nucleotide insertion by pol β confounds ligation during
base excision repair. Nat. Commun. 8, 14045

http://refhub.elsevier.com/S0021-9258(21)00827-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref31
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref32
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref33
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref34
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref35
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref36
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref37
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref38
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref39
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref40
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref41
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref42
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref43
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref44
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref45
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref46
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref47
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref48
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref49
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref50
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref51
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref52
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref53
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref54
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref55
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref56
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref57
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref58
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref59
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref60
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref61
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref62
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref63
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref64
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref65
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref66
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref67
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref67


XRCC1 orchestrating downstream steps of coordinated BER
68. Wallace, S. S., Murphy, D. L., and Sweasy, J. B. (2012) Base excision repair
and cancer. Cancer Lett. 327, 73–89

69. Sweasy, J. B., Lang, T., Starcevic, D., Sun, K., Lai, C., Dimaio, D., and
Dalal, S. (2005) Expression of DNA polymerase β cancer-associated
variants in mouse cells results in cellular transformation. Proc. Natl.
Acad. Sci. U. S. A. 102, 14350–14355

70. Ginsberg, G., Angle, K., Guyton, K., and Sonawane, B. (2011) Poly-
morphism in the DNA repair enzyme XRCC1: Utility of current database
and implications for human health risk assessment.Mutat. Res. 727, 1–15

71. Roszak, A., Lianeri, M., and Jagodzinski, P. P. (2011) Involvement of the
XRCC1 Arg399Gln gene polymorphism in the development of cervical
carcinoma. Int. J. Biol. Markers 26, 216–220

72. Barbisan, G., Perez, L. O., Difranza, L., Fernandez, C. J., Ciancio, N. E.,
and Golijow, C. D. (2011) XRCC1 Arg399Gln polymorphism and risk for
cervical cancer development in Argentine women. Eur. J. Gynaecol.
Oncol. 32, 274–279

73. Geng, J., Zhang, Q., Zhu, C., Wang, J., and Chen, L. (2009) XRCC1 ge-
netic polymorphism Arg399Gln and prostate cancer risk: A meta-anal-
ysis. Urology 74, 648–653

74. Wei, B., Zhou, Y., Xu, Z., Ruan, J., Zhu, M., Jin, K., Zhou, D., Hu, Q.,
Wang, Q., Wang, Z., and Yan, Z. (2011) XRCC1 Arg399Gln and
Arg194Trp polymorphisms in prostate cancer risk: A metaanalysis.
Prostate Cancer Prostatic Dis. 14, 225–231

75. Roberts, M. R., Shields, P. G., Ambrosone, C. B., Nie, J., Marian, C.,
Krishnan, S. S., Goerlitz, D. S., Modali, R., Seddon, M., Lehman, T.,
Amend, K. L., Trevisan, M., Edge, S. B., and Freudenheim, J. L. (2011)
Single-nucleotide polymorphisms in DNA repair genes and association
with breast cancer risk in the web study. Carcinogenesis 32, 1223–1230

76. Ryu, R. A., Tae, K., Min, H. J., Jeong, J. H., Cho, S. H., Lee, S. H., and Ahn,
Y. H. (2011) XRCC1 polymorphisms and risk of papillary thyroid carci-
noma in a Korean sample. J. Korean Med. Sci. 26, 991–995

77. Chiang, F. Y., Wu, C., Hsiao, P., Kup, W., Lee, K., Lin, J., Liao, Y., and Jup,
S. H. (2008) Association between polymorphisms in DNA base excision
repair genes XRCC1, APE1, and ADPRT and differentiated thyroid car-
cinoma. Clin. Cancer Res. 14, 5919–5924

78. Xue, H., Ni, P., Lin, B., Xu, H., and Huang, G. (2011) X-Ray repair cross-
complementing group 1 (XRCC1) genetic polymorphisms and gastric
cancer risk: A HuGE review and metaanalysis. Am. J. Epidemiol. 173,
363–375

79. Vodicka, P., Stetina, R., Polakova, V., Tulupova, E., Naccarati, A.,
Vodickova, L., Kumar, R., Hanova, M., Pardini, B., Slyskova, J., Musak, L.,
Palma, G. D., Soucek, P., and Hemminki, K. (2007) Association of DNA
repair polymorphisms with DNA repair functional outcomes in healthy
human subjects. Carcinogenesis 28, 657–664

80. Halasova, E., Matakova, T., Musak, L., Polakova, V., Letkova, L., Dobrota,
D., and Vodicka, P. (2011) Evaluating chromosomal damage in workers
exposed to hexavalent chromium and the modulating role of poly-
morphisms of DNA repair genes. Int. Arch. Occup. Environ. Health 85,
473–481
81. Chandirasekar, R., Suresh, K., Jayakumar, R., Venkatesan, R., Kumar, B. L.,
and Sasikala, K. (2011) XRCC1 gene variants and possible links with
chromosome aberrations and micronucleus in active and passive
smokers. Environ. Toxicol. Pharmacol. 32, 185–192

82. Mani, R. S., Karimi-Busheri, F., Fanta, M., Caldecott, K. W., Cass, C. E., and
Weinfeld, M. (2004) Biophysical characterization of human XRCC1 and its
binding to damaged and undamaged DNA. Biochemistry 43, 16505–16514

83. London, R. E. (2015) The structural basis of XRCC1-mediated DNA
repair. DNA Repair 30, 90–103

84. Sizova, D. V., Keh, A., Taylor, B. F., and Sweasy, J. B. (2015) The R280H
X-ray cross-complementing 1 germline variant induces genomic insta-
bility and cellular transformation. DNA Repair 31, 73–79

85. Takanami, T., Nakamura, J., Kubota, Y., and Horiucho, S. (2005) The
Arg280His polymorphism in X-ray repair cross-complementing gene 1
impairs DNA repair ability. Mutagenesis 582, 135–145

86. Mok, M. Y., Campalans, A., Pillon, M. C., Guarne, A., Radicella, J. P., and
Junop, M. S. (2019) Identification of an XRCC1 DNA binding activity
essential for retention at sites of DNA damage. Sci. Rep. 9, 3095

87. Cotner-Gohara, E., Kim, I., Hammel, M., Tainer, J. A., Tomkinson, A. E.,
and Ellenberger, T. (2010) Human DNA ligase III recognizes DNA ends
by dynamic switching between two DNA-bound states. Biochemistry 49,
6165–6176

88. Kukshal, V., Kim, I., Hura, G. L., Tomkinson, A. E., Trainer, J. A., and
Ellenberger, T. (2015) Human DNA ligase III bridges two DNA ends to
promote specific intermolecular DNA end joining. Nucleic Acids Res. 43,
7021–7031

89. Mani, R. S., Mermershtain, I., Abdou, I., Fanta, M., Hendzel, M. J., Glover, J.
N., andWeinfeld, M. (2019) Domain analysis of PNKP-XRCC1 interactions:
Influence of genetic variants of XRCC1. J. Biol. Chem. 294, 520–530

90. Campalans, A., Moritz, E., Kortulewski, T., Biard, D., Epe, B., and Radi-
cella, J. P. (2005) Interaction with OGG1 is required for efficient
recruitment of XRCC1 to base excision repair and maintenance of genetic
stability after exposure to oxidative stress. Mol. Cell Biol. 35, 1648–1658

91. Kelley, M. R., Logsdon, D., and Fishel, M. L. (2014) Targeting DNA repair
pathways for cancer treatment: What’s new? Future Oncol. 10, 1215–
1237

92. Caglayan, M. (2020) The ligation of pol β mismatch insertion products
governs the formation of promutagenic base excision DNA repair in-
termediates. Nucleic Acids Res. 48, 3708–3721

93. Caglayan, M. (2020) Pol β gap filling, DNA ligation and substrate-product
channeling during base excision repair opposite oxidized 5-
methylcytosine modifications. DNA Repair 95, 102945

94. Tang, Q., Kamble, P., and Caglayan, M. (2020) DNA ligase I variants fail
in the ligation of mutagenic repair intermediates with mismatches and
oxidative DNA damage. Mutagenesis 35, 391–404

95. Kamble, P., Hall, K., Chandak, M., Tang, Q., and Caglayan, M. (2021)
DNA ligase I fidelity the mutagenic ligation of pol β oxidized and
mismatch nucleotide insertion products in base excision repair. J. Biol.
Chem. 296, 100427
J. Biol. Chem. (2021) 297(3) 101025 17

http://refhub.elsevier.com/S0021-9258(21)00827-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref68
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref69
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref70
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref71
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref72
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref73
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref74
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref75
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref76
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref77
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref78
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref79
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref80
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref81
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref82
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref83
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref83
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref84
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref85
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref86
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref87
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref88
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref89
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref90
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref91
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref92
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref93
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref94
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref95
http://refhub.elsevier.com/S0021-9258(21)00827-9/sref95

	The scaffold protein XRCC1 stabilizes the formation of polβ/gap DNA and ligase IIIα/nick DNA complexes in base excision repair
	Results
	XRCC1 variants form stable protein complexes with polβ
	Protein–protein interaction kinetics of XRCC1 with BER proteins
	DNA-binding affinities of XRCC1 to gap and nick repair intermediates
	Ligation of polβ nucleotide insertion products by DNA ligase IIIα in the absence and presence of XRCC1
	Ligation of polβ oxidized nucleotide insertion products by DNA ligase IIIα in the absence and presence of XRCC1
	Ligation of nick DNA by ligase IIIα in the absence and presence of XRCC1
	Impact of XRCC1/ligase IIIα interaction domain on the efficiency of downstream steps in BER pathway

	Discussion
	Experimental procedures
	Protein purifications
	Surface plasmon resonance assay for protein–protein interaction measurements
	BioLayer interferometry assays for DNA-binding measurements
	GST-pull-down assays
	Size-exclusion chromatography of polβ/XRCC1 protein complexes
	Polβ insertion coupled to ligation assay in the absence and presence of XRCC1
	Ligation assays in the absence and presence of XRCC1

	Data availability
	Supporting information
	Author contributions
	References


