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Abstract
XPF-ERCC1 is a structure-specific endonuclease that is essential for nucleotide excision repair
and DNA interstrand cross-link repair in mammalian cells. The yeast counterpart of XPF-ERCC1,
Rad1-Rad10, plays multiple roles in DNA repair. Rad1-Rad10 is implicated to be involved in the
repair of oxidative DNA damage. To explore the role(s) of XPF-ERCC1 in the repair of DNA
damage induced by reactive oxygen species (ROS), cellular sensitivity of the XPF-deficient
Chinese hamster ovary cell-line UV41 to ROS was investigated. The XPF-deficient UV41 showed
sensitivity to hydrogen peroxide, bleomycin and paraquat. Furthermore, XPF-ERCC1 showed an
ability to remove 3’-blocked ends such as 3’-phosphoglycolate from the 3’-end of DNA in vitro.
These data suggest that XPF-ERCC1 plays a role in the repair of ROS-induced DNA damage by
trimming 3’-blocked ends. The accumulation of various types of DNA damage, including ROS-
induced DNA damage due to defects in multiple XPF-ERCC1-mediated DNA repair pathways,
could contribute to the accelerated aging phenotypes observed in an XPF-ERCC1 deficient
patient.

Introduction
Reactive oxygen species (ROS) are considered to be major sources of endogenous DNA
damage. ROS induces various types of oxidative DNA damage, including base
modifications and single strand breaks (SSBs). These SSBs are often damaged with
modified 3’-ends such as phosphoglycolate, phosphate and αβ unsaturated aldehyde.1, 2

Interestingly, modified 3’-ends can also be introduced during BER. Bi-functional DNA
glycosylases, 8-oxoguanine-DNA glycosylase (OGG1), endonuclease III homologue
(NTH1) and endonuclease VII-like enzymes (NEIL1, 2 and 3), have an associated β-lyase
activity. After removing modified bases, these glycosylases generate a nick 3’ to the abasic
site to generate a 3’-α,β-unsaturated aldehyde (by OGG1 and NTH1) or 3’-phosphate (by
NEIL1, 2, and 3).3 In addition, modified 3’-ends might be induced as a result of abortive
DNA topoisomerase I (Top1) activity.1, 2 Top1 generates a nick transiently and remains
covalently attached at the 3’-end of the nick. Then Top1 re-ligates the nick to complete its
action. If this re-ligation process is inhibited by DNA lesions located near a nick, a protein-
DNA cross-link will be generated at the 3’-end of the nick.

The “damaged” 3’-ends must be restored to conventional 3’-hydroxy (3’-OH) moieties for
DNA repair synthesis and DNA ligation to occur. Thus, end processing is a crucial step
during SSB repair and BER. Several DNA end processing enzymes have been identified in
mammalian cells.1, 2 The AP endonuclease, APE1, functions as the major 3’-end processing
enzyme in human cells. APE1 contains 3’-phosphatase, 3’-phosphodiesterase and 3’ to 5’
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exonuclease activities specific for internal nicks and gaps in DNA, in addition to the AP
endonuclease activity. Polynucleotide kinase (PNK) is also an important end-processing
enzyme that is involved in the restoration of 3’-OH as well as 5’-phosphate ends at SSBs.
PNK is believed to be involved in removing the 3’-phosphate moieties generated by NEILs
during BER. Tyrosyl-DNA phosphodiesterase I (TDP1) is a specialized enzyme to remove a
Top1-DNA cross-link at the 3’-ends that arise from abortive Top1 activity. The processing
of the Top1-modified end by TDP1 results in a generation of 3’-phosphate that must be
repaired by PNK. It is noted that TDP1 is mutated in a hereditary neurodegenerative disease,
Spinocerebellar ataxia with axonal neuropathy 1 (SCAN1).4 It is unclear how much
contribution each enzyme makes for end processing of a certain type of damaged 3’-end due
to the lack of a systematic genetic study.

An evolutionally conserved DNA structure-specific DNA endonuclease, the XPF-ERCC1
complex, plays important roles in nucleotide excision repair (NER) and DNA interstrand
cross-link (ICL) repair.5, 6, 7, 8 A counterpart of XPF-ERCC1 in Saccharomyces cerevisiae,
Rad1-Rad10, is implicated to play multiple roles in different DNA repair pathways. In
addition to its roles in NER, Rad1-Rad10 is involved in single-strand annealing (SSA) and
microhomology-mediated end-joining repair pathways.9 In these pathways, Rad1-Rad10
removes non-homologous 3′ single strand tails from recombination intermediates that would
otherwise prevent completion of the recombination event. Interestingly, Rad1-Rad10 also
participates in the repair of ROS-induced DNA lesions.10, 11 ROS-induced 3’-blocked ends
are mainly removed by two AP endonucleases, Apn1 and Apn2, in yeast. In the absence of
Apn1 and Apn2, a further inactivation of Rad1-Rad10 sensitizes the triple mutant cells to
ROS. In vitro studies demonstrated that Rad1-Rad10 removes 3’-blocking ends induced by
ROS.11 Rad1-Rad10 is a critical back-up enzyme to remove 3’-blocking ends in the absence
of Apn1 and Apn2.

To explore a possible role of XPF-ERCC1 in the repair of ROS-induced DNA lesions, we
investigated the cellular sensitivity of the XPF-deficient rodent cell-line UV41 to various
agents that produce ROS. UV41 cells are sensitive to three different chemicals, hydrogen
peroxide (H2O2), paraquat, and bleomycin. Furthermore, XPF-ERCC1 is capable of
removing 3’-phosphoglycolates, which are one of the 3’-blocking ends in vitro. Taken
together, our results show that XPF-ERCC1 might participate in the repair of ROS-induced
lesions by trimming 3’-blocked ends in mammalian cells.

Experimental Procedures
Cell lines

Chinese hamster ovary (CHO) cells, AA8, UV41 (XPF deficient), and UV20 (ERCC1
deficient), were purchased form ATCC. UV41 corrected by the XPF gene was generated as
described in Fisher et al.7

Colony-Forming Assay
Cells were seeded at 500 cells/10 cm dish and allowed to attach overnight. The next day, the
medium was removed and the cells were washed with PBS prior to treatment. To determine
the sensitivity of cells to agents that induce strand breaks containing a 3’-PG, cells were
treated with H2O2, paraquat (PQ), and bleomycin. H2O2 was diluted in the medium and the
cells were exposed for 30 min at 37°C. For PQ treatment, cells were treated with the
indicated concentrations of PQ for 24 hours. For bleomycin treatment, cells were treated
with bleomycin for two hours. After exposure to chemicals, the medium with the chemicals
was removed, the cells were washed with PBS twice and the cells were incubated at 37°C
with 5% CO2 for an additional 6–7 days in fresh medium until colonies formed.
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Once colonies were formed, the cells were washed with PBS, fixed with ethanol, and stained
with Giemsa for counting. The surviving fraction is expressed as the ratio of cells that
formed colonies relative to the number of colonies on untreated control plates.

Preparation of DNA Substrates Containing 3’-Phosphoglycolate (PG)
A 21mer with 3’-PG and an undamaged complementary strand (CD) were purchased from
Trevigen (Gaithersburg, MD). Other oligonucleotides, 3’-P, D1, D2 and D3, were
synthesized by the UNMC Eppley Molecular Biology Core Laboratory.

CD: 5’- CCCACAGCTGCTCAGGGCAGG-3’

PG: 5’- CCTGCCCTGAGCAGCTGTGGG–[PG]-3’

3’-P: 5’- CCTGCCCTGAGCAGCTGTGGG–[phosphate]-3’

D1: 5’- CCTGCCCTGAGCAGCTGTGGG-3’

D2: 5’- TTGATCTTTCGAGTCAACTGACCCACAGCTGCTCAGGGCAGG-3’

D3: 5’- TCAGTTGACTCGAAAGATCAA -3’

Oligonucleotides PG, 3’-P, and D1 were labeled at the 5’-end with [γ32P]-ATP by T4
polynucleotide kinase. The labeled PG or D1was annealed to CD to make a 21 bp blunt
ended substrate (DS), to D2 to make a recessed substrate (DS/SS), and to D2 and D3 for a
nicked substrate (Nick). The substrates were purified by 6% native polyacrylamide gels.

Protein Expression and Purification from Insect Cells
A FLAG tag was attached to the N-terminus of each form of the XPF gene by ligating an
oligonucleotide containing the FLAG tag sequence in the pFastBac1 vector. The proteins
were then expressed in Sf-9 or Sf-21 cells for purification. The cells from 24 10 cm dishes
were harvested and lysed in five times the cell pellet volume insect cell lysis buffer (50 mM
Tris-HCl pH 7.5, 150 mM NaCl, and 1 % v/v NP-40) for 30 minutes with rocking at 4°C.
The cell debris was removed by centrifugation and the cell lysate was applied to a 250 µl
anti-FLAG agarose (Sigma, St. Louis, MO). The anti-FLAG agarose was washed five times
with 5 ml 1M KCl Tris buffer (20 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, 1 M KCl, 10% v/
v glycerol), then once with starting buffer (20 mM Tris-HCl pH 7.5, 0.1 mM EDTA, 0.8 M
KCl, 10% v/v glycerol, 10 mM imidazole). The protein was eluted with 2 mg/ml FLAG
peptide (Sigma) in starting buffer by rotating at 4°C for 1–2 hrs. This elution was repeated
once and then the resin was washed with the starting buffer. Peak elution fractions were
pooled and incubated with 100 µl Ni-agarose (Qiagen, Valencia, CA) overnight with end-
over-end rotation at 4°C. The resin was then washed with P-1000 buffer (40 mM HEPES pH
7.5, 1M NaCl, 10% v/v glycerol) containing 10 mM imidazole and once with P-I10 buffer
(40 mM HEPES pH 7.5, 100 mM NaCl, 10% v/v glycerol, 10 mM imidazole). The protein
was eluted twice with 100 µl PI-100 (40 mM HEPES pH 7.5, 100 mM NaCl, 10% v/v
glycerol, 100 mM imidazole) by rotating at 4°C for 30 min then by 100 µl PI-300 (40mM
HEPES pH 7.5, 100 mM NaCl, 10% v/v glycerol, 300 mM imidazole) two times. Purity was
assessed by silver staining and Western blotting (Fig. S-1).

Endonuclease Assay
The endonuclease assays were performed as in Fisher et al7 with modifications. Briefly,
5’ 32P-labeled DNA substrate was incubated with purified proteins in 20 µl of the reaction
buffer (10 mM HEPES pH 7.5, 25 mM KCl, 0.05 mM EDTA, 0.5 mM DTT, 10% v/v
glycerol, and 1 mM MnCl2) at 30°C for the indicated time. Proteins were removed by
phenol/chloroform extraction and DNA precipitated with ethanol, the reaction products were
analyzed on a 10% denaturing polyacrylamide gel. The gel was dried and exposed to a
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PhosphorImager screen. After scanning with a Typhoon 9700 (GE Healthcare, Piscataway,
NJ), the image was quantitated using ImageQuant software (GE Healthcare). The percent
incised was determined by dividing the value of the 16 nt and 14 nt bands by the total value
of DNA loaded in the lane.

Results
Loss of XPF Increases the Sensitivity of CHO Cells to Agents that Produce 3’-PG ends

Hydrogen peroxide (H2O2), bleomycin, and paraquat induce oxidative stress and are widely
used as DNA damaging agents to study cellular responses to reactive oxygen species
(ROS).12, 13 Major DNA damage caused by these chemicals is believed to be single-strand
breaks with modified 5’ and/or 3’-ends. Chinese hamster ovary (CHO) cell line AA8 and
UV41 were treated with increasing concentrations of each of these agents to examine a
potential role of XPF-ERCC1 in oxidative DNA damage repair. The XPF-deficient UV41
showed a mild sensitivity to H2O2 compared to AA8 (Fig. 1, open circles in the left graph).
UV20 that is deficient in ERCC1 also showed a similar sensitivity to H2O2, as was reported
with ERCC1−/− mouse embryonic stem cells (Fig. 1, open triangles in the left graph).14

Importantly, the expression of XPF in UV41 restored resistance to H2O2 (Fig. 1, open
squares in the left graph), demonstrating that the sensitivity to H2O2 in UV41 is due to a
specific defect in XPF. UV41 cells displayed mild sensitivity to other ROS-inducing agents,
bleomycin (Fig. 1, open circles in the middle graph) and paraquat (Fig. 1, open circles in the
right graph). These data showed that XPF-ERCC1 is required for cellular resistance to ROS-
inducing chemicals in CHO cells. The results are significantly different from the ones
obtained with yeast strains. In yeast, the impact of yeast Rad1-Rad10 on the cellular
sensitivity to ROS was only observed in the absence of Apn1 and Apn2.10, 11 In contrast,
because it appears that AP endonuclease activities are not compromised in AA8,15, 16 XPF-
ERCC1 is not merely a backup for AP endonuclease(s) in the processing of ROS-induced
DNA damage in mammalian cells. We conclude that the repair of ROS-induced DNA
damage requires XPF-ERCC1 in mammalian cells.

XPF-ERCC1 Removes a Short Fragment of DNA Containing the 3’-phosphoglycolates
Our results in Figure 1 indicate that the repair of ROS-induced DNA damage requires XPF-
ERCC1. Oxidative stress induced by H2O2, bleomycin, and paraquat generates single-strand
breaks with blocked 3’-ends, mostly 3’-phosphoglycolate (3’-PG) and 3’-phosphate.17

These 3’-blocked ends should be removed and converted to 3-hydroxy groups for gap-
filling/ligation reaction by a DNA polymerase and a DNA ligase. We investigated the ability
of XPF-ERCC1 to remove this type of damage using DNA substrates containing a 3’-PG.
First, XPF-ERCC1 was incubated with a 3’- recessed substrate (DS/SS) with a 3’-PG (Fig.
2A). XPF-ERCC1 generated 16 nt fragments with the substrate with a 3’-PG (Fig. 2B). This
activity was stimulated by Mn2+ (Fig. 2B, compare lanes 2 and 3 to lane 4).18, 19 Thus, we
included MnCl2 at 1 mM in the reaction in this report.

XPF-ERCC1 was able to make an incision 5 nt or 7 nt from the damaged end, generating 16
nt or 14 nt fragments, respectively (Fig. 2C, lanes 3–6, and the graph next to the gel).
Therefore, XPF-ERCC1 effectively removes the 3’-PG ends. The endonuclease deficient
XPF(DA)-ERCC17, 19 , showed no activity with the same substrate (Fig. 2C, lane 2), thus
the activity detected is due to the endonuclease activity of XPF-ERCC1 and not a
contaminating nuclease. XPF-ERCC1 has a trimming activity to remove the 3’-blocked end.

We further examined substrate specificity of the 3’-trimming activity of XPF-ERCC1. In
addition to a 3’-recessed substrate, a blunt-ended substrate and nicked substrates with a 3’-
PG were prepared (Fig. 3, below the gel images). A blunt-ended substrate and nicked
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substrates mimic a 3’-PG that is introduced at the end of a double strand break and a single
strand break, respectively. We also prepared substrates with a 3’-phosphate moiety that
represents other types of 3’-blocked ends. XPF-ERCC1 removed 3’-PGs from the DS/SS
and the DS substrates with a similar efficiency and the nicked substrates with a lesser extent
(Fig. 3, lanes 1–6 and the graph next to the gel). Interestingly, XPF-ERCC1 did not show a
significant preference to a 3’-PG and/or a 3’-phosphate over an undamaged 3’-end. Also, the
presence of a 3’-blocked end did not alter the substrate specificity of XPF-ERCC1 (Fig. 3,
lanes 2–18, and the graph, Figs. S-2, S-3, and S-4).

It is noted that the major reaction product with the DS/SS substrate was 16 nt length, while
the 14 nt length fragment was the major product in the reaction with the DS substrate (Fig.
3, compare lanes 2 and 4, and lanes 8 and 10, and lanes 14 and 16). Time course
experiments also confirmed that XPF-ERCC1 generates primarily 16 nt fragments with the
DS/SS substrate (Fig. S-2) and 14 nt fragment with the DS substrate (Fig. S-3). Since an
exonuclease normally degrades DNA with a periodic pattern and gradually shortens DNA
with time, these data suggest that these fragments were generated endonucleolytically by
XPF-ERCC1.

Our in vitro results demonstrate that XPF-ERCC1 has a 3’-end trimming activity to remove
the 3’-blocked end generated by ROS.

Discussion
XPF-ERCC1 is involved in various DNA repair pathways.8 XPF-ERCC1 is essential for
NER and ICL repair. XPF-ERCC1 also plays a role in SSA,20, 21 one of the DSB repair
pathways. Recently, it has also been demonstrated that XPF-ERCC1 functions in a Ku80-
independent end-joining DSB repair pathway.22 In this report, we found an additional role
of XPF-ERCC1 in ROS-induced DNA damage. The XPF-deficient rodent cell-line, UV41,
displays cellular sensitivity to three ROS-generating reagents (H2O2, paraquat, bleomycin)
(Fig. 1). In vitro, XPF-ERCC1 removes a 3’-blocked end induced by ROS (Figs. 2 and 3).
These results show that XPF-ERCC1 may function in the repair of oxidative DNA damage
by trimming a 3’blocked terminus induced by ROS. This putative activity would lead to the
generation of a 3’-hydoxyl end that is accessible to a DNA repair polymerase to allow
completion of SSB repair, BER and DSB repair.

Oxidative DNA damage, cyclopurines are implicated to be critical DNA lesions in the
neurodegenerations observed in some XP patients.23 Cyclopurines are induced by γ-ray
irradiation and other oxidative stress.24 Unlike other oxidative DNA damage, cyclopurines
are shown to be repaired by NER, but not by BER.25 Because XPF-ERCC1 is an essential
component of NER, cellular sensitivity of UV41 and UV20 to hydrogen peroxide could be a
result of a defect of the repair of cyclopurines. However, XP-A cells have been shown not to
be sensitive to γ-ray irradiation, hydrogen peroxide and paraquat.12, 26, 27, 28 We are of the
opinion that the observed sensitivity of UV41 to ROS-inducing chemicals is not due to a
defect in NER activity.

The yeast counterpart of XPF-ERCC1, Rad1-Rad10, removes 3’-blocked termini and
functions as a back-up enzyme of two major 3’-trimming enzymes Apn1 and Apn2.11

Inactivation of Rad1 (or Rad10) alone does not sensitize the cells to H2O2.11 The impact of
Rad1-Rad10 on the repair of ROS-generated DNA damage can be seen only in the absence
of Apn1 and Apn2.10, 11 Mammalian APN1 has also been proposed as a major enzyme to
remove the 3’-blocked ends generated by ROS in SSB repair and BER.13, 29, 30 However,
our results indicate that XPF-ERCC1 also plays a significant role in the processing of 3’-
blocked ends. Many in vitro studies with APN1 included Mg2+ as a cofactor,13, 30 which is a
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poor co-factor for the trimming activity of XPF-ERCC1 (Fig. 2A). XPF-ERCC1 might be
involved in an APN1-independent SSB repair/BER pathway. Epistatic studies should be
performed to determine the genetic relationship between XPF-ERCC1 and APN1 in the
repair of ROS-induced DNA damage.

The roles of XPF-ERCC1 in the repair of “two-ended” DSBs induced by γ-ray or restriction
enzymes have been reported. XPF-ERCC1 removes 3’-overhangs in a Ku86-independent
end-joining repair pathway22 and also participates in single strand annealing (SSA) and gene
conversion to repair DSBs induced by a restriction enzyme I-SceI.31 Intermediate DNA
structures, which XPF-ERCC1 processes in these repair pathways, are believed to be a 3’-
splay/flap-like structure. Hydrogen peroxide is also known to induce DSBs directly32 and
the 3’-ends of these breaks can be blocked. These 3’-blocked ends can be removed from a
3’-splay/flap-like structure as a part of a 3’-overhang in an end-joining repair and SSA. In
gene conversion to repair “two-ended” DSBs, DNA synthesis-dependent extension from one
of the broken ends initiates the repair process.33 Our results indicate that XPF-ERCC1 can
remove 3’-bloked ends at DSBs and therefore may participate in the repair of breaks
generated directly by ROS and promote the initiation of repair synthesis.

A single strand break (SSB), if not repaired, results in the formation of a DSB after DNA
replication. The resulting break is a “one-ended” DSB, which is distinct from the “two-
ended” DSBs induced by γ-ray or restriction enzymes. “One-ended” DSBs are repaired by
homologous recombination and required a 3’-hydroxy moiety at the broken end to initiate
the repair process.34 If a SSB with a 3’-blocked end is located in the template for a lagging
strand synthesis, a structure of the broken end could be a 3’-splay-like structure. This
structure is a favorite for XPF-ERCC1, thus a single-stranded tail with a blocked end can be
removed by the endonuclease activity of XPF-ERCC1. A SSB with a 3’-blocked terminus
on a leading strand template will generate a gap structure that is similar to our DS/SS
substrate. It is shown that XPF-ERCC1 and yeast Rad1-Rad10 are involved in the repair of
camptothecin-induced Top1-lesions in a TDP1-independent pathway.35, 36 Camptothecin
induces an abortive Top1-DNA complex at a 3’-terminus of a single strand nick. These
Top1-lesions are normally repaired by TDP1-mediated single strand break repair.1
Unrepaired Top1-lesions can be converted to DSBs during DNA replication. In the absence
of TDP1, XPF-ERCC1 and Rad1-Rad10 are proposed to remove Top1-lesions from the 3’-
terminus of DNA and the DSBs are repaired by homologous recombination. XPF-ERCC1
might play a specific role in the repair of SSB-induced DSBs and/or gaps with 3’-blocked
termini in conjunction with DNA replication.

XPF-ERCC1 is a structure-specific endonucelase that prefers a 3’-splay/flap structure with a
3’-single-strand tail.18 XPF-ERCC1 makes an incision in the double stranded DNA 3–5 nt
from the junction of double stranded and 3’-single stranded DNA. Our results showed that
XPF-ERCC1 makes an incision 5–7 nt from the 3’-ends, with or without damage (Fig. 3).
Rad1-Rad10 removes 3’-blocked ends by a 3’-5’ exonuclease activity without showing a
preference to damaged ends over non-damaged ends.11 XPF-ERCC1 also contains an
intrinsic 3’-5’exonuclease activity,37 thus this exonuclease activity could remove 3’-blocked
ends. Our time course experiments showed that XPF-ERCC1 makes an incision on DS/SS
and DS substrates differently, but with a similar efficiency (Figs. S-2 and S-3). An
exonuclease normally degrades substrate DNA from an end, regardless of its structure, in the
same fashion. It is likely that XPF-ERCC1 removes 3’-blocked ends by its endonuclease
activity.

XPF-ERCC1 is one of the six factors that are essential for in vitro NER,38 XPF-deficient
cell lines derived from XP patients are moderately sensitive to UV irradiation due to residual
NER activities. It was reported recently that one patient with a mutation in XPF displayed
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accelerated aging symptoms, but not the XP symptoms.14 A cell line derived from this
patient (XFE cells) showed hypersensitivity to UV irradiation and DNA cross-linking agents
due to a severe defect of XPF-ERCC1. It is also important to note that the XFE cells showed
sensitivity to IR.22 Thus, XFE would also be defective in the repair of ROS-induced DNA
damage. Accumulation of DNA damage has been long proposed to be one of the causes of
aging. Because other XP patients do not show aging phenotypes, DNA repair defects in
addition to the NER defect contribute to the aging phenotypes. An accumulation of various
types of DNA damage, including ROS-induced DNA damage due to defects in multiple
XPF-ERCC1-mediated DNA repair pathways, could contribute to the aging phenotypes
observed in the XFE patient.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

XP xeroderma pigmentosum

ROS reactive oxygen species

3’-PG 3’-phosphoglycolate
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Figure 1. The XPF-deficient UV41 cells are sensitive to various ROS-generating reagents
Cellular sensitivity of AA8 and UV41 to hydrogen peroxide (H2O2), bleomycin and
paraquat was investigated by clonogenic survival assays. Both XPF-defective UV41 and
ERCC1-defective UV20 showed sensitivity to H2O2. UV41 corrected by the human XPF
gene showed a similar resistance to H2O2, compared to AA8. UV41 cells also displayed
sensitivity to bleomycin and paraquat. Closed circle, AA8; opened circle, UV41; open
triangle, UV20; open square, UV41 expressing XPF. The bars indicate standard deviations
obtained from three independent experiments. Single asterisks and two asterisks indicate the
results of the Student’s t-test, P<0.01 and P<0.05, respectively. The difference in the
survival between AA8 and UV41 at 100 µM bleomycin treatment was not statistically
significant. The actual values for each concentration in the graphs are summarized in Table
S-1.
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Figure 2. XPF-ERCC1 removes a 3’-phosphoglycolate (3’-PG) at a 3’-terminus in vitro
(A). Substrate DNA and in vitro nuclease assay A 21 nt oligonucleotide with a PG at the 3’
end was labeled with 32P and annealed to a partially complementary 42 nt oligonucleotide to
generate the DS/SS substrate. Incision products by XPF-ERCC1 are analyzed on a 10%
sequencing gel. (B). Mn2+ stimulates the removal of 3’-PG by XPF-ERCC1. The 5’-labeled
DS/SS substrate with a 3’-PG (2 nM) was incubated with XPF-ERCC1 (35 nM) at 30°C for
1 hr. XPF-ERCC1 released 5 nt fragments from the 3’end by removing 3’-PGs. Lane 1, no
XPF-ERCC1; lane 2, with 1 mM MnCl2; lane 3, with 0.5 mM MnCl2; and lane 4, with 5
mM MgCl2. 2.8 %, 2.2 % and 0.8 % of the substrate was incised in lanes 2, 3, and 4,
respectively. (C). Removal of 3’-PG by XPF-ERCC1. Increasing amounts of XPF-ERCC1
were incubated with 5’-labeled DS/SS substrate (2 nM) with a 3’-PG in 10 µl reaction buffer
at 30°C for 1 hr. Lane 1, no XPF-ERCC1; lane 2, the endonuclease defective XPF(DA)-
ERCC1 (42 nM); lane 3, 7 nM; lane 4, 14 nM; lane 5, 28 nM; lane 6, 56 nM. No incision
was detected in lane 2. 0.4%, 0.6%, 1.5%, and 3% were incised in lanes 3, 4, 5, and 6,
respectively. The average incision activities at the indicated amount of XPF-ERCC1 from
three different experiments were plotted in a graph with standard deviations (error bars).
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Figure 3. Substrate specificity of the 3’-trimming activity of XPF-ERCC1
Three different substrates (blunt ended, DS; recessed, DS/SS; nicked, Nick) were examined.
Each substrate (0.2 nM) was incubated with XPF-ERCC1 (70 nM) at 30°C for 30 min. XPF-
ERCC1 removes a short oligonucleotide from the substrates. XPF-ERCC1 incises blunt
ended and recessed substrates in a similar efficiency and nicked substrate with a lesser
extent. XPF-ERCC1 does not have a preferential activity to the ends with a 3’-blocked end
(3’-PG or 3’-phosphate) to the ends with an unmodified 3’-hydroxy group. Lanes 1–6, 3’-
PG substrates; lanes 7–12, non-damaged substrates, lanes 13–18, 3’-phosphate substrates .
Lanes 1, 2, 7, 8, 13 and 14, blunt ended substrate; lanes 3, 4, 9,10, 15, and 16, recessed
substrate; lanes 5, 6, 11,12,17, and 18, nicked substrate. Even numbered lanes, with XPF-
ERCC1. The incision products were marked by triangles, closed triangles; 6 nt and open
triangles; 4 nt. The average from three independent experiments was plotted in a graph next
to the gel. Bars represents standard deviations. Major incision sites for each substrate were
shown in the schematics under the gel.
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