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ABSTRACT: Base excision repair (BER) is the major corrective pathway for most spontaneous, oxidative,
and alkylation DNA base and sugar damage. X-ray cross-complementing 1 (XRCC1) has been suggested
to function at nearly every step of this repair process, primarily through direct protein-protein interactions.
Using whole cell extract (WCE) repair assays and DNA damage measurement techniques, we examined
systematically the quantitative contribution of XRCC1 to specific biochemical steps of BER and single-
strand break repair (SSBR). Our studies reveal that XRCC1-deficient Chinese hamster ovary WCEs exhibit
normal base excision activity for 8-oxoguanine (8-OH-dG), 5-hydroxycytosine, ethenoadenine, and uracil
lesions. Moreover, XRCC1 mutant EM9 cells possess steady-state levels of endogenous 8-OH-dG base
damage similar to those of their wild-type counterparts. Abasic site incision activity was found to be
normal in XRCC1-deficient cell extracts, as were the levels of abasic sites in isolated chromosomal DNA
from mutant cells. While one- and five-nucleotide gap filling was not affected by XRCC1 status, a
significant∼2-4-fold reduction in nick ligation activity was observed in EM9 WCEs. Our results herein
suggest that the primary biochemical defect associated with XRCC1 deficiency is in the ligation step of
BER/SSBR, and that XRCC1 plays no significant role in endogenous base damage and abasic site repair,
or in promoting the polymerase gap-filling step.

More than two decades ago, researchers generated and
isolated Chinese hamster Ovary (CHO)1 mutant cells that
exhibit hypersensitivity to specific classes of physical and/
or chemical DNA-damaging agents (see, for instance, refs1
and2). The mutant strain EM9, derived from the wild-type
CHO AA8 line, was distinguished by its>10-fold hyper-
sensitivity to the alkylating agent ethyl methanesulfonate
(EMS) (3). In addition to EMS, EM9 cells exhibit increased
sensitivity to other alkylating agents [e.g., methyl methane-
sulfonate (MMS), ethyl nitrosourea, andN-methyl-N′-nitro-
N-nitrosoguanidine], as well as to X-rays. Moreover, fol-
lowing treatment with either EMS or ionizing radiation, the
rate of rejoining of DNA single-strand breaks (SSBs) was
found to be reduced severalfold. EM9 cells also display a

very high level of sister chromatid exchange (SCE) when
grown in the presence of bromodeoxyuridine or chloro-
deoxyuridine (CldUrd) (4). While the precise reason for the
elevated level of chromosomal aberrations is unclear, it has
been suggested that halogen-substituted pyrimidine molecules
give rise to SSBs (via processes of DNA repair), which when
unrepaired promote lethal and/or recombinogenic outcomes
(5).

Many of the mutant CHO cell lines have proven to be
valuable tools for the molecular cloning of human DNA
repair genes via functional complementation (reviewed in
refs 6 and 7). In particular, the human X-ray cross-
complementing 1 (XRCC1) gene was isolated as a clone that
corrects the CldUrd sensitivity of EM9 cells (8 and references
therein). This gene also complemented the EMS sensitivity,
SSB repair (SSBR) deficiency, and elevated SCEs associated
with the EM9 mutant strain. While the open reading frame
of the XRCC1 clone revealed no obvious sequence homology
with any protein in the databases at the time, the EM9 cellular
phenotypes clearly indicated that XRCC1 functions promi-
nently in the repair of DNA SSBs. It is important to note
that Western blot analysis has indicated that EM9 cells
possess no detectable XRCC1 protein (9).

Subsequent studies revealed that XRCC1 plays a major
role in stabilizing the strand break repair protein, DNA ligase
3 (Lig3), in vivo (10-12). It was later determined that
XRCC1 and ligase 3R (Lig3R)sthe mitotic, nuclear form
of the enzymesinteract directly through a C-terminal BRCT
domain found in each protein (refs13and14and references
therein). Since the discovery that XRCC1 is a key contributor
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to Lig3 protein stability and function, it has been demon-
strated that XRCC1 physically and/or functionally interacts
with other proteins of the base excision repair (BER) and
SSBR pathways (15, 16). To ascertain which of these
interactions (detailed later) are quantitatively critical to the
phenotypes of XRCC1-deficient EM9 cells, we measured
systematically for the first time the enzymatic efficiency of
specific steps of BER/SSBR using defined oligonucleotide
substrates and whole cell extract (WCE) assays. Moreover,
we employed previously established techniques to measure
steady-state levels of certain BER DNA damage substrates.
The investigations indicate that nick ligation is the major
biochemical deficiency associated with XRCC1 absence, and
that XRCC1 is not a major contributor to endogenous base
damage or apurinic/apyrimidinic (AP) site repair in vivo, or
in facilitating the gap-filling polymerization step of BER/
SSBR.

MATERIALS AND METHODS

Oligonucleotides and Cell Lines.Undamaged and AP site-
containing oligonucleotides were purchased from Integrated
DNA Technologies (Coralville, IA). Base-modified oligo-
nucleotides were obtained from Synthegen (Houston, TX).
Wild-type parental AA8 and XRCC1-defective EM9 CHO
cell lines were kindly provided by L. Thompson (Lawrence
Livermore National Laboratory, Livermore, CA). The EM9
vector-complemented (EM9-V) and the EM9 wild-type
human XRCC1-complemented (EM9-WT) lines were created
as previously described (17). All cells were cultured at 5%
CO2 in DMEM (Gibco, Invitrogen, Carlsbad, CA) containing
10% fetal bovine serum, 1% glutamine, and 1% penicillin-
streptomycin.

Preparation of WCE.Upon attaining∼80% confluence,
cells were trypsinized, washed with phosphate-buffered
saline, and then harvested by centrifugation at 2000 rpm for
2 min. Cell pellets were resuspended in 1 mL of lysis buffer
[50 mM Tris (pH 7.4), 1 mM EDTA, 1 mM DTT, 10%
glycerol, and 0.5 mM PMSF] followed by sonication. Upon
clarification by centrifugation, supernatants, defined here as
WCE, were retained and stored at-80 °C in small aliquots.
Protein concentrations were measured using the Bio-Rad
protein assay (Bio-Rad Laboratories, Hercules, CA), and

confirmed by standard SDS-polyacrylamide gel electro-
phoresis and Coomassie blue staining.

DNA Repair Assays.Substrates were 5′-32P-end-labeled
using T4 polynucleotide kinase essentially as described
previously (18). In the DNA glycosylase and AP site incision
assays, the damage-containing strand (Figure 1) was labeled.
In the gap-filling and nick ligation experiments, oligonucleo-
tide 15P (Figure 1) was labeled. Following heat inactivation
of the kinase, unlabeled complementary DNAs were mixed
at an equimolar concentration in the following arrange-
ments: 34U*:34G, 34OxG*:34G, 34EthA*:34G, 34OHC*:
34G, 34F*:34G, 15P*:pG18:34G, and 15P*:pC19:34G (where
the asterisk denotes the labeled oligonucleotide). For each
of the WCE repair assays (see below), the appropriate duplex
substrate at 100 nM was used unless otherwise instructed.
Assays were typically performed at varying protein concen-
trations first, and then at a set protein concentration for
varying lengths of time.

For base excision activity, reactions were performed at
37 °C for 2 h in 50 mMTris-HCl (pH 7.4), 50 mM KCl, 1
mM DTT, 0.5 mM EDTA, and 5% glycerol. AP site incision,
gap-filling, and nick ligation assays were executed at the
indicated times and WCE concentrations using the same
reaction buffer, except EDTA was replaced with 5 mM
MgCl2. Reactions were carried out at 37°C, unless otherwise
specified. In the one-nucleotide (nt) gap-filling assays, dCTP
was included at a final concentration of 0.5 mM. ATP was
added to a final concentration of 1 mM in the nick ligation
assays. In all cases, at the completion of the reaction, an
equal volume of stop dye was added (95% formamide, 20
mM EDTA, bromophenol blue, and xylene cyanole), samples
were heated to 95°C for 5 min, and an aliquot was separated
on a denaturing polyacrylamide gel essentially as described
previously (18). Quantitation of the substrate and product
(defined within) was carried out using standard Molecular
Dynamics PhosphorImager analysis. Percent conversion)
product/(product plus substrate), followed by subtraction of
the background in the substrate alone lane.

AP Site Measurements.The number of AP sites was
determined using a commercially available DNA damage
quantification kit (Dojindo Molecular Technology, Gaith-
ersburg, MD). In brief, a Get pure DNA kit (Dojindo

FIGURE 1: Deoxyribose oligonucleotide substrates. The name and nucleotide sequence are shown. All oligonucleotides are written in the
5′ to 3′ orientation, except 34G, which is written upside-down, with the 5′ end to the right (depicted complementary to the 34 damage-
containing substrates). The underlined X denotes the position of the modified base, where OxG is 8-oxoguanine, OHC is 5-hydroxycytosine,
EthA is ethenoadenine, and U is uracil. F is the abasic site analogue, tetrahydrofuran. HO is the 3′-hydroxyl end, and P is 5′-phosphate. The
one-nucleotide gap and the nick substrate oligonucleotides are marked.
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Molecular Technology) was used to extract and purify
genomic DNA from the indicated CHO cell line according
to the manufacturer’s specifications. Purified DNA (1µg)
was then incubated for 1 h at 37°C with an aldehyde reactive
probe (ARP) reagent (N′-aminooxymethyl-carbonyl-hydrazino-
D-biotin), which reacts specifically with the ring-open
aldehyde form of an AP site (19), as described in the damage
quantification kit protocol (Dojindo Molecular Technology).
After the overnight fixation step, biotin-tagged AP sites were
quantified via colorimetric detection with peroxidase-
conjugated streptavidin using a Bio-Rad Benchmark Plus
microplate spectrophotometer and Microplate Manager ver-
sion 5.2 (Bio-Rad Laboratories).

8-Oxoguanine (8-OH-dG) Measurements.For base damage
measurements, genomic DNA was extracted using the salting
out procedure described in ref20. Three independently
cultured batches of each cell line (AA8, EM9, EM9-V, and
EM9-WT) were used. Briefly, cell pellets were resuspended
in lysis buffer [0.5 M Tris-HCl (pH 8), 20 mM EDTA, 10
mM NaCl, 1% SDS, and 0.5 mg/mL proteinase K] and
incubated overnight at 37°C. One-fourth volume of saturated
NaCl was then added, and samples were centrifuged at 500g
for 45 min to remove protein precipitants. DNA in the
supernatant was precipitated with ethanol, and next washed
with 70% ethanol. After treatment with 100µg/mL RNase
for 3 h at 37°C, one-fifth volume of 11 M sodium acetate
was added to the DNA solution. Final DNA pellets were
resuspended in water prior to quantification by UV spec-
troscopy.

The concentration of DNA in aqueous samples was
determined by UV spectroscopy (1 absorbance unit) 0.05
mg of DNA/mL). 8-OH-dG-15N5 (Cambridge Isotope
Laboratories, Cambridge, MA) was used as an internal
standard for quantification of 8-OH-dG in hydrolyzed DNA
samples by LC-MS. For enzymatic hydrolysis, 50µg
aliquots of DNA were dissolved in 50µL of a 10 mM Tris-
HCl solution (pH 7.5) supplemented with 1.25µL of 1 M
sodium acetate containing 45 mM ZnCl2 (final pH of 6.0).
Aliquots ofPenicillium citrinumnuclease P1 (3 units; Sigma
Chemical Co., St. Louis, MO), snake venom phosphodi-
esterase (0.002 unit; Worthington Biochemical Corp., Lake-
wood, NJ), alkaline phosphatase (16 units; Roche Diagnostics
Corp., Indianapolis, IN), and 8-OH-dG-15N5 (5 pmol) as
an internal standard were added, and the samples were
incubated at 37°C for 24 h (21). The samples were then
centrifuged at 13200g for 4 min at room temperature, and
the supernatant was filtered using ultrafiltration membranes
(Biomax5 from Millipore, Bedford, MA) with a molecular
mass cutoff of 5 kDa by centrifugation at 8000g for 30 min
at 4 °C.

LC-MS analysis was performed using a liquid chromato-
graph-mass selective detector (1100B Series, Agilent Tech-
nologies, Rockville, MD) with the atmospheric pressure
ionization-electrospray (API-ES) process in the positive
ionization mode. Experimental conditions were as described
elsewhere (22). Aliquots of filtered enzymatic hydrolysates
of DNA were injected on the column without any further
treatment. For identification and quantification of 8-OH-dG,
selected-ion monitoring was used to monitor the character-
istic ions of 8-OH-dG (m/z168 and 306) and 8-OH-dG-15N5
(m/z 173 and 311) during LC-MS analyses of DNA
hydrolysates (23). For the LC-MS analyses, acetonitrile

(HPLC grade) was from Burdick and Jackson (Muskegon,
MI) and HPLC-grade water was from J. T. Baker (Phillips-
burg, NJ).

RESULTS

Repair of DNA Base Damage

BER involves five primary steps: (1) base excision, (2)
AP site incision, (3) termini “cleanup”, (4) gap filling, and
(5) nick ligation (24). Recent work has demonstrated an in
vitro physical and functional (i.e., stimulatory) interaction
of XRCC1 with the 8-OH-dG DNA repair glycosylase OGG1
(25). Additionally, XRCC1 has been reported to interact
weakly under certain conditions with the human endonu-
clease VIII-like 1 (NEIL1) protein (26), a glycosylase
suggested to operate preferentially in transcription-coupled
repair (TCR) of oxidative base lesions (27). However, there
currently is no biological evidence for a role of XRCC1 in
the repair of DNA base damage.

To assess this possibility, we prepared WCEs from wild-
type CHO AA8 cells and its XRCC1-deficient EM9 coun-
terpart, as well as from EM9 cell lines stably complemented
with either the pcDNA3 vector (EM9-V) or a recombinant
pcDNA3 plasmid expressing wild-type human XRCC1
(EM9-WT). Using oligonucleotide duplexes containing a
single, site-specific base damage (Figure 1), we then assessed
the ability of mutant and wild-type cell extracts to excise
the lesion and cleave at the resulting AP site. The four base
modifications, 8-OH-dG, 5-hydroxycytosine (5-OH-dC),
ethenoadenine (etheno-dA), and uracil (dU), were chosen
because they represent the major endogenous substrates for
the DNA glycosylases OGG1, endonuclease III homologue
1 (NTH1), alkyl purine glycosylase (APG), and uracil
glycosylase (UNG), respectively (28-30). As shown in
Figure 2 (and quantitatively reported in Table 1), all cell

FIGURE 2: DNA base excision activities. A representative gel is
shown for repair activity toward the four indicated base lesions:
8-OH-dG, 5-OH-dC, etheno-dA, and dU. WCEs examined are
denoted AA8, EM9, EM9-V, and EM9-WT. NE represents the no
enzyme, DNA alone control. Extracts were incubated at increasing
amounts (indicated in micrograms per 20µL) for 2 h at 37°C.
Initial intact substrate (S) and cleaved DNA product (P) are
indicated. Quantification of multiple experimental runs is reported
in Table 1. We note that in several cases, most notably the dU
assays, additional contaminant DNA bands are seen, but are also
present in the NE control lanes (where appropriate, these bands
were subtracted out as background).
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extracts exhibited statistically similar excision activity for
each of the base lesions.

In addition to the WCE assays, 8-OH-dG base damage
content was quantified in genomic DNA isolated from AA8,
EM9, EM9-V, and EM9-WT cells. The hypothesis was that
if XRCC1 functions prominently in facilitating base damage
removal in vivo, then the level of such lesions would be
elevated in an XRCC1-deficient background. Using LC-
MS (see Materials and Methods), we specifically measured
the steady-state level of 8-OH-dG, a major oxidative DNA
damage product that is a prominent substrate for both OGG1
and NEIL1 (31, 32). This analysis revealed that both wild-
type and mutant cells maintain similar endogenous levels of
this lesion in their chromosomal DNA (Figure 3).

Repair of AP Sites

Prior work had reported a direct interaction between
XRCC1 and the major mammalian AP endonuclease, APE1,
and had found that XRCC1-deficient cell extracts exhibit a
1.2-1.7-fold reduced AP site incision activity (33). However,
earlier work had found no difference in total AP endonu-
clease activity between EM9 and wild-type AA8 cell lines
(34). To examine this repair function further, and to scrutinize
the potential biological significance of this association, we
determined the AP site incision efficiency of mutant and
wild-type XRCC1 WCEs, and measured the steady-state
levels of AP sites in EM9-V and EM9-WT genomic DNA.
As shown in Figure 4 (panels A and B), we found no
significant difference in the ability of vector- or wild-type-
complemented cell extracts to convert an AP site-containing
duplex substrate to the site-specifically, incised product. More
importantly, as determined via an ARP-based colorimetric
assay, both EM9-V and EM9-WT cell lines were found to
contain a statistically similar steady-state level of AP sites
in their chromosomal DNA (Figure 4C); identical results
were obtained with AA8 and EM9 (data not shown).

Repair of SSBs

Gap Filling. While the interaction between XRCC1 and
DNA polymeraseâ (POLâ) has been characterized in great
detail (35-37 and references therein), the specific biochemi-
cal impact of this interaction remains unclear. Since POLâ
is the major gap-filling DNA polymerase of mammals (38),
we sought to determine specifically whether short-patch
nucleotide replacement, a central step of BER, is defective
in XRCC1-deficient cell extracts. Using the one-nucleotide
gap substrate described in Figure 1 (i.e., 15P, pG18, and
34G), or a five-nucleotide gap oligonucleotide substrate (not
shown), we evaluated gap filling by quantifying the percent
of 5′-labeled primer extended (ligation was prevented by
omission of ATP). With the one-nucleotide gap substrate,
we found that XRCC1-deficient WCEs displayed a similar
polymerization capacity (i.e., one-nucleotide extended prod-
uct) as wild-type extracts (Figure 5); comparable extension
results were also obtained with the five-nucleotide gap
substrate (data not shown). Moreover, positioning an abasic
residue (i.e., the AP site analogue F) in place of the phosphate
at the 5′-terminus within the one-nucleotide gap did not
noticeably affect the comparative polymerization outcomes
of wild-type and mutant cell extracts (data not shown).

Nick Ligation. Previous work has demonstrated that
XRCC1 functions to stabilize DNA Lig3R protein in vivo
(12). More recent work indirectly concluded that XRCC1-
deficient EM-C11 extracts exhibit a defect in the ligation
step of AP site-initiated repair, with short-patch BER being
specifically affected (and not the long-patch PCNA-depend-
ent BER pathway) (39). We sought here to extend this
previous analysis, which could not distinguish between the
different steps of BER unambiguously, and examine explic-
itly the nick ligation capacity of wild-type and XRCC1-
deficient cell extracts using a defined DNA substrate (Figure
1). Our studies reveal that EM9 and EM9-V cell extracts
display a 1.5-2.7-fold decrease in nick ligation activity
specifically in comparison to AA8 cell extracts (Figure 6).

While the initial studies were performed at room temper-
ature (panels A and B), subsequent analysis at 37°C
produced a similar result, with the following nick ligation
rates (femtomoles of nicked substrate converted to ligated
product per minute): 17( 1.7 for AA8, 4.3( 0.1 for EM9,
9.0 ( 0.3 for EM9-V, and 16( 2.1 for EM9-WT (Figure
6C). The reason(s) for the difference between EM9 and
EM9-V is not known, but may in part stem from slight
inaccuracies in protein concentration measurements or altered
protein expression that may have arisen during the geneticin-
selection step with EM9-V. Nonetheless, the observed
ligation defect was corrected by complementation with the
wild-type XRCC1 cDNA (EM9-WT), indicating that this
deficiency is a direct result of the absence of XRCC1 in the
EM9 cells (9). Finally, consistent with XRCC1 functioning

Table 1: DNA Base Damage Repair Efficiency of AA8, EM9, EM9-V, and EM9-WT WCEsa

cell extract 8-OH-dG 5-OH-dC etheno-dA dU

AA8 6.1 ( 1.2 (1) 3.5( 0.5 (1) 7.2( 1.6 (1) 334( 111 (1)
EM9 7.0( 1.4 (1.2) 3.7( 0.5 (1) 7.1( 1.9 (1) 311( 81 (0.9)
EM9-V 7.1( 1.7 (1.2) 3.8( 0.6 (1.1) 9.6( 3.2 (1.3) 359( 99 (1.1)
EM9-WT 6.3( 1.3 (1.1) 3.6( 0.5 (1) 5.7( 2.0 (0.8) 270( 60 (0.8)

a Specific activities (i.e., femtomoles of base damage excised/incised per hour per microgram of cell extract) and efficiency relative to AA8 (in
parentheses) are reported. Activity numbers represent the average and standard deviation of at least three independent experimental measurements.

FIGURE 3: Endogenous levels of 8-OH-dG. Damage measurements
were performed as described in Materials and Methods. Shown are
the average and standard deviation of values obtained from three
to five independent genomic DNA isolates. Numbers represent
8-OH-dG residues per 106 bases.
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most prominently in short-patch BER and not interacting with
flap endonuclease 1 (39, 40), the primary 5′-flap excision
enzyme (41), XRCC1-deficient cell extracts exhibited normal
26-nucleotide flap processing activity (data not shown).

DISCUSSION

Studies have demonstrated interactions of XRCC1 with
the following BER/SSBR proteins: OGG1, APE1, POLâ,

poly(ADP-ribose) polymerase 1 (PARP-1), polynucleotide
kinase/phosphatase (PNKP), and DNA Lig3R (10, 25, 33,
35, 36, 42-44). In this capacity, XRCC1 has been suggested
to operate as a major nonenzymatic, assembly/scaffold
protein, facilitating each step of the BER/SSBR process.
However, several of the reported interactions have only been
demonstrated by in vitro biochemical approaches. To obtain
a more detailed understanding of the biological contributions
of XRCC1, cell extracts were prepared from both wild-type
and mutant CHO cell lines and assayed for repair competence
at the major steps of BER/SSBR: that is, base excision, AP
site incision, gap filling, and nick ligation. In addition, total
genomic DNA was isolated from XRCC1-deficient and
-proficient cells and evaluated for in vivo steady-state base
damage and AP site content.

Our finding that XRCC1-deficient cell extracts and cells
(i) exhibit normal base excision activity for 8-OH-dG, 5-OH-
dC, etheno-dA, and dU (Figure 2 and Table 1) and (ii)
possess normal endogenous levels of 8-OH-dG (Figure 3)
contradicts the idea of XRCC1 being a major contributor to
global-genome base damage repair. However, a more
specialized role for XRCC1 in facilitating base lesion
removal, for instance, during TCR or upon DNA damage
induction, cannot be excluded. Our extract results for AP
site incision (Figure 4A,B) and measurements of AP site
steady-state levels in wild-type and mutant XRCC1 cell lines
(Figure 4C) also rule out a major role for XRCC1 in normal
AP site processing in vivo. This conclusion is consistent with
two groups (including ours) independently being unable to
reproduce the stable interaction reported for Ape1 and
XRCC1 (40, 45). Thus, the current data contend that the most
prominent function(s) of XRCC1 takes place after AP site
incision in BER, or at direct (i.e., agent-induced) SSBs (44,
46, 47). This nonenzymatic function has been suggested to
be orchestrated in part through a physical interaction with
PARP-1, a major strand break recognition/binding protein,
and poly(ADP-ribosyl)ation (42, 43, 48). In fact, a role for

FIGURE 4: AP site incision efficiency. (A) WCE concentration-dependent incision. Shown is a representative gel of reactions performed at
the indicated concentrations of EM9-V or EM9-WT WCE (micrograms per 10µL). NE represents the no enzyme control. Percentage of
intact substrate (S) converted to incised product (P) is denoted under each lane. (B) Incision kinetics. The indicated extract (1µg/10 µL)
was incubated for the specified time, and the percent of substrate converted to product was determined. Plotted are the average and standard
deviation of at least three data points. (C) AP site levels in isolated chromosomal DNA. Genomic DNA was purified and analyzed as
described in Materials and Methods. The number of AP sites measured per 106 nucleotides is shown for EM9-V and EM9-WT. Values
represent the average and standard deviation of five independent measurements.

FIGURE 5: Single-nucleotide gap filling. (A) Representative gel of
a typical time course reaction set. The indicated WCE (AA8, EM9,
EM9-V, or EM9-WT at 0.5µg/10 µL) was incubated with a one-
nucleotide gap substrate for the specified time (minutes). Initial
substrate (S) and the one-nucleotide polymerase extended product
(P) are denoted. C denotes the purified recombinant DNA POLâ
positive control. NE represents no enzyme control. (B) Quantitation
of multiple time course reactions. Shown are the average and
standard deviation of three independent data points for the indicated
WCEs. The percent extended product formed is plotted against time.
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XRCC1 in direct, specific DNA binding in vivo remains in
question (17, 46, 49, 50).

Several groups have demonstrated that XRCC1 and POLâ
physically interact (35, 36). Indeed, Mullen and colleagues
have mapped in detail the protein-protein interface using
NMR spectroscopy and biochemical/molecular biology tech-
niques (37, 51, 52). Recently, this interaction was found to
be important biologically, as site-specific mutations in
XRCC1 which disrupt its physical association with POLâ
are unable to fully complement the hydrogen peroxide or
MMS sensitivities of XRCC1 mutant CHO cell lines (17,
53). Nevertheless, the precise biochemical role of this
interaction remains unclear, although (as seen with Lig3R;
see below) it is not to stabilize the POLâ protein in vivo
(17, 54). We report here that XRCC1 does not regulate gap-
filling (one nucleotide or five nucleotides) efficiency (Figure
5 and unpublished observations), a major function of DNA
POLâ (38).

Attempts were also made to evaluate the role of XRCC1
in 5′-deoxyribose 5-phosphate (dRp) excision, another
prominent task of DNA POLâ in BER (55), using wild-type
and mutant WCE assays. While firm conclusions cannot be
drawn because of the overall inefficient removal of these
termini (56, 57), qualitative judgment of the results suggests
that XRCC1 does not influence dRp excision rates signifi-
cantly (unpublished observations). Consistent with the as-
sertions given above, preliminary reconstitution experiments
with purified recombinant proteins and defined DNA sub-
strates have not revealed a major effect of XRCC1 on the
gap-filling and dRp lyase activities of POLâ in vitro (J. Fan
and D. M. Wilson, III, unpublished observations). Thus,
current evidence suggests that the XRCC1-POLâ interaction

functions primarily during BER/SSBR to promote efficient
assembly of a repair complex containing DNA Lig3R (50,
53).

In XRCC1-deficient CHO cell lines (EM9 and EM-C11),
Lig3 protein levels have been consistently found to be 4-6-
fold lower compared to their wild-type counterparts (see, for
instance, ref12). However, assays with extracts from
XRCC1-deficient cells indicate an only∼50% decline in total
DNA ligase activity (ref11 and Figure 6). Since DNA Lig1
protein levels were found to be unchanged in XRCC1 mutant
extracts (12), this apparent discord probably reflects the
ability of DNA Lig1 to operate as a partial backup enzyme
in sealing SSB intermediates (58), at least in the in vitro
assays. Nevertheless, the incomplete compensation by DNA
Lig1, and thus the reduced overall ligation activity displayed
by XRCC1 mutant cells, is likely a key factor in the poor
SSBR, elevated SCEs, and increased DNA-damaging agent
hypersensitivities exhibited by XRCC1-deficient cell lines.

In summary, while many physical interactions have been
reported for XRCC1 (16), data in total favor the idea that
the primary biochemical deficiency associated with XRCC1
absence is defective DNA ligation, in terms of both ligase
protein levels and repair complex assembly, particularly in
the context of mammalian BER/SSBR substrate processing.
Other studies argue that XRCC1 also plays a prominent role
in facilitating the repair of 3′-phosphate-containing oxidative
strand breaks or 3′-topoisomerase I-mediated DNA lesions,
which block repair synthesis and ligation (44, 59-61). Such
results are consistent with the many cell biology studies that
indicate a general defect in the kinetics of SSBR in XRCC1
mutant cells (see, for instance, refs8, 44, and62-64).

FIGURE 6: Nick ligation activity. (A) Representative gel of a typical time course reaction set. The indicated WCE (AA8, EM9, EM9-V, or
EM9-WT at 10µg/10µL) was incubated with the nick substrate for the specified time (minutes) at room temperature. Initial substrate (S)
and ligated product (P) are denoted. C represents the recombinant T4 polynucleotide kinase control. NE represents the no enzyme control.
(B) Plot of the average of two independent time point reactions performed at room temperature. The average percent of full-length product
is plotted against time. WCE analyzed is denoted. (C) Nick ligation efficiency at 37°C. Reactions were performed as described above,
except at 1µg/10 µL WCE for 10, 20, and 30 min. Specific activities (femtomoles of substrate converted to product per minute per
microgram of extract) represent the average and standard deviation of three independent data points.
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Nonetheless, it is important to emphasize that analyses also
suggest unique, specialized roles for XRCC1 outside of
classical SSBR. In particular, theDrosophila melanogaster
XRCC1 gene product apparently lacks the C-terminal BRCT
domain found in the mammalian proteins that stabilizes and
promotes the activity of DNA Lig3R (65). This observation
strongly suggests additional roles for eukaryotic XRCC1
proteins outside of simply mediating BER/SSBR nick
ligation. Specifically, studies have identified specialized
functions for XRCC1 during the S phase or in direct
connection with DNA replication (14, 40, 65), as well as in
repairing DNA double-strand breaks (62, 66). These bio-
chemical functions undoubtedly contribute to the pronounced
cellular defects displayed by XRCC1 mutant cells, such as
the elevated SCEs (15, 67). Moreover, recent evidence has
revealed an interaction of XRCC1 with the histidine triad
superfamily protein aprataxin, a protein defective in the
neurodegenerative disease ataxia-oculomotor apraxia 1.
Investigations have suggested that this interaction contributes
to a global response to genotoxic stress (68-71). Future
studies will need to more explicitly define the molecular
details of these cell cycle-specific and/or pathway-targeted
repair roles of human XRCC1.

Around the time of submission, a report appeared indicat-
ing that XRCC1 interacts with DNA glycosylases APG,
NTH1, and NEIL2 (72). While we emphasize that the studies
herein do not exclude the possibility that XRCC1 coexists
in a multiprotein complex with certain DNA glycosylases
or Ape1 in vivo (33, 72, 73), our data argue against a
significant role for XRCC1 in facilitating or promoting the
early steps of BER of endogenous DNA damage. Moreover,
we note that the in vitro studies suggesting a function for
XRCC1 in stimulating base damage removal (i.e., glycosy-
lase activity) or AP site incision have often required an excess
of XRCC1 protein over the repair enzyme in question (in
some cases,>1000-fold molar excess). At this time, a more
thorough analysis of the base damage content of XRCC1-
deficient cells and the biological role of XRCC1 in base
lesion removal seems warranted.
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