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Nucleotide excision repair (NER) requires the coordinated
sequential assembly and actions of the involved proteins
at sites of DNA damage. Following damage recognition,
dual incision 50 to the lesion by ERCC1-XPF and 30 to the
lesion by XPG leads to the removal of a lesion-containing
oligonucleotide of about 30 nucleotides. The resulting
single-stranded DNA (ssDNA) gap on the undamaged
strand is filled in by DNA repair synthesis. Here, we
have asked how dual incision and repair synthesis are
coordinated in human cells to avoid the exposure of
potentially harmful ssDNA intermediates. Using catalytically inactive mutants of ERCC1-XPF and XPG, we show
that the 50 incision by ERCC1-XPF precedes the 30 incision
by XPG and that the initiation of repair synthesis does not
require the catalytic activity of XPG. We propose that a
defined order of dual incision and repair synthesis exists
in human cells in the form of a ‘cut-patch-cut-patch’
mechanism. This mechanism may aid the smooth progression through the NER pathway and contribute to genome
integrity.
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Introduction
Nucleotide excision repair (NER) is a versatile DNA repair
pathway that enables cells to eliminate a plethora of helixdistorting lesions caused by different environmental agents.
Versatility and specificity in NER are achieved through the
sequential and highly coordinated actions of at least 30
polypeptides that detect the lesion and excise a damagecontaining oligonucleotide, carry out repair synthesis and
ligation events to restore the DNA sequence to its original
state (de Laat et al, 1999; Friedberg et al, 2005; Gillet and
Schärer, 2006). A subpathway of NER, transcription-coupled
NER, preferentially removes damage from the transcribed
strand of active genes and is initiated through stalling of an
elongating RNA polymerase at DNA lesions (Hanawalt, 2002;
Svejstrup, 2002). In bulk DNA, XPC-RAD23B appears to be
the initial sensor of DNA damage and is essential for the
assembly of all subsequent NER factors in the process known
as global genome NER (GG-NER) (Sugasawa et al, 1998,
2001; Volker et al, 2001; Min and Pavletich, 2007). TFIIH,
the next factor to be recruited, is responsible for strand
separation around the lesion (Evans et al, 1997b; Wakasugi
and Sancar, 1998; Tirode et al, 1999), enabling XPA, RPA and
XPG to join the complex. ERCC1-XPF is then engaged
(Mu et al, 1997; Tapias et al, 2004; Tsodikov et al, 2007) to
perform the incision 50 to the damage (Bardwell et al, 1994;
Sijbers et al, 1996), whereas XPG cleaves 30 to the lesion
(O’Donovan et al, 1994). An oligonucleotide of 24–32 nucleotides in length containing the lesion is then released, and the
resulting gap is filled by DNA polymerase d/e (and/or
possibly k (Ogi and Lehmann, 2006)), replication factor C
(RFC), PCNA, RPA and the nick is sealed by DNA ligase I or
DNA ligase III/XRCC1 (Shivji et al, 1995; Moser et al, 2007) to
restore the original DNA sequence. At a higher level of
organization, chromatin assembly factor 1 (CAF-1) has
been implicated in the restoration of chromatin after the
repair reaction (Green and Almouzni, 2003).
Although many recent studies have been concerned with
the mechanisms of damage recognition (Schärer, 2007), less
is known about the coordination of the two incision and the
repair synthesis steps. For repair synthesis to occur, the
50 incision by ERCC1-XPF is required to generate a free 30 OH group, the substrate for the DNA polymerase. By contrast,
the 30 incision by XPG may not necessarily be needed to
initiate polymerization. If both incisions occurred without
any DNA repair synthesis, simple release of the oligonucleotide containing the damaged residue could result in the
formation of a single-stranded DNA (ssDNA) gap, another
deleterious DNA lesion with a key role in activating DNA
damage signalling pathways (Shechter et al, 2004).
Furthermore, the occurrence of aberrant DNA breaks is
associated with inadvertent NER activity at nondamaged
sites in XP/CS cells, underscoring the importance of avoiding
the formation of unwanted NER incision reactions
(Berneburg et al, 2000; Theron et al, 2005). Therefore, it
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appears likely that a mechanism ensuring the smooth transition between the dual incision and repair synthesis steps
would have evolved.
The similar kinetics of the damage removal and repair
synthesis indeed suggests a coordination of these two events
(Riedl et al, 2003). Analysis of the literature, however, reveals
that there is no consensus concerning the order of the two
incisions. Although there is agreement that the 50 and 30
incisions are made in a near-synchronous manner (Moggs
et al, 1996), both 50 uncoupled (Matsunaga et al, 1995; Moggs
et al, 1996) and 30 uncoupled (Mu et al, 1996; Evans et al,
1997a, 1997b) incisions have been observed in different
experimental contexts in vitro. Using catalytically inactive
forms of XPG, it has been shown that the presence of XPG,
but not its catalytic activity, is required for the generation
of the 50 incision by ERCC1-XPF (Wakasugi et al, 1997;
Constantinou et al, 1999). Another study showed that the
efficient 30 incision by XPG required the presence and catalytic activity of ERCC1-XPF (Tapias et al, 2004).
Here we report the use of catalytically inactive mutants of
XPF and XPG to establish the relative temporal order of the two
incision reactions and DNA repair synthesis in human cell-free
extracts and cells. The results suggest a novel ‘cut-patch-cutpatch’ mechanism whereby the dual incision and repair
synthesis events of NER are highly coordinated. In turn, this
mechanism can explain how the potentially dangerous effects
of ssDNA intermediates are minimized or even prevented.

Figure 1 XPF active site mutants deficient in NER in vitro. Cell
extracts prepared from XPF-deficient XP2YO cells were incubated
with a plasmid containing a single 1,3 cisplatin intrastrand crosslink
in the presence of 200 fmol purified recombinant wild-type ERCC1XPF (lane 1) or ERCC1-XPF proteins with different point mutations
in XPF (lanes 2–11). The excision products containing the cisplatin
adduct were labelled by the annealing of an oligonucleotide complementary to the excised oligonucleotides with a G4 overhang and
filling in with Sequenase 2.0 and [a-32P] dCTP. The products were
separated on a 14% denaturing polyacrylamide gel and visualized
by autoradiography. The positions of size markers are indicated on
the left.

Results
Active site mutants of XPG and XPF do not support
dual incision
To try to determine whether there is a strict temporal order to
the 50 and 30 incisions in human NER, we made use of
mutants of ERCC1-XPF and XPG that are catalytically inactive, but retain full DNA binding ability, with the hope of
trapping NER intermediates. Three useful active site mutants
of XPG have been reported earlier. These D77A, E791A and
D812A proteins do not display 30 nuclease activity and
prevent dual incision in NER in vitro but allow 50 incision
by ERCC1-XPF to occur (Wakasugi et al, 1997; Constantinou
et al, 1999). We have recently characterized the active site of
human XPF and constructed several mutants with severely
impaired endonuclease activity that retain full DNA binding
activity (Enzlin and Schärer, 2002). Here, we further characterized these mutants to select a catalytically inactive
mutant devoid of NER dual incision activity analogous to
the previously characterized XPG mutants. Hence, we tested
the ability of these purified recombinant proteins, expressed
as heterodimers with ERCC1, to restore NER activity in XP-F
deficient cell extracts (Moggs et al, 1996).
The wild-type, R678A, R681A, E701A and R715A XPF
proteins fully restored the excision of a lesion-oligonucleotide
from a plasmid containing a site-specific 1,3-intrastrand
d(GpTpG) cisplatin DNA crosslink (Figure 1, lanes 1, 3, 5, 6
and 9, respectively), whereas E679A displayed residual activity (Figure 1, lane 4). By contrast, the D676A, D704A, E714A,
K716A and D720A XPF mutants (Figure 1, lanes 2, 7, 8, 10
and 11, respectively) failed to restore any NER activity. An
earlier study using a fully reconstituted system showed that
XPF-D676A was devoid of any NER activity, whereas D720A
had some residual activity (Tapias et al, 2004).
1112 The EMBO Journal VOL 28 | NO 8 | 2009

Efficient 3 0 incision by XPG is dependent on prior
5 0 incision by ERCC1-XPF
We used ERCC1-XPF-D676A and XPG-E791A for further
studies to discern any possible interdependency of the 50
and 30 incision steps. Covalently closed circular DNA containing a single 1,3-intrastrand cisplatin DNA crosslink was
incubated with an XPF- or XPG-deficient cell-free extract
complemented with wild-type or nuclease-deficient ERCC1XPF and XPG proteins. The reaction products were purified
and cleaved with BssHII to excise a 190-bp fragment from the
plasmid DNA. Incision products were detected by annealing
an oligonucleotide complementary to the BssHII incision site
30 to the lesion followed by a fill-in reaction to generate a
fragment of approximately 130 nt for the 50 uncoupled incision by XPF and a 100-nt fragment for incision by XPG, in the
presence or absence of the 50 incision (Figure 2A).
Incubation of the plasmid with XP-G or XP-F cell extract
did not yield any incision products (Figure 2B, lanes 2 and 5,
respectively). When the extracts were complemented with
wild-type XPG or XPF proteins (lanes 3 and 6, respectively),
products specific for 30 incision by XPG (three bands around
100 nt) were visible. Addition of XPF-D676A to the XP-F cell
extract only yielded marginal amounts of 30 incision products
(lane 7), suggesting that 30 uncoupled incision by XPG does
not occur efficiently in the presence of catalytically inactive
XPF. By contrast, addition of XPG-E791A to the XP-G cell
extract resulted in the appearance of two intense specific
bands (of around 130 nt in length) corresponding to the
product of XPF 50 -uncoupled incision (lane 4). These results
indicate that efficient 30 incision by XPG is dependent on the
presence and catalytic activity of ERCC1-XPF, whereas the
presence, but not the catalytic activity of XPG is required for
& 2009 European Molecular Biology Organization
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Figure 2 Efficient XPG cleavage is dependent on the catalytic
activity of XPF. (A) Schematic representation of a 190-bp BssHII
fragment with a single defined cisplatin lesion. Incision sites by
ERCC1-XPF and XPG are indicated. Incisions were detected using
fill-in reactions with Sequenase 2.0 and [a-32P] dCTP by annealing
an oligonucleotide complementary to a BssHII cleavage site containing a G4 overhang allowing for the visualization of the 130 and
100 mer products for 50 and 30 incision, respectively. Possible
excision products are indicated by arrows and the position of the
[a-32P] label is indicated with an asterisk. (B) cccDNA with a single
defined cisplatin lesion was incubated with cell extracts lacking
XPG- (XPCS1RO, lanes 2–4) or XPF-deficient (XP2YO, lanes 5–7),
either alone (lanes 2 and 5) or complemented with wild-type XPG
(lane 3), XPG E791A (lane 4), wild-type XPF (lane 6), XPF D676A
(lane 7), purified, digested with BssHII, radioactively labelled and
analysed on a denaturing PAGE gel. The positions of size markers
are indicated on the left, and the position of the reaction products
on the right of the gel. Unspecific bands present in all the lanes are
marked with an asterisk.

Figure 3 XPG E791A supports partial DNA repair synthesis in vitro.
(A) Schematic representation of the lesion-containing plasmid used
in the assay. Incision sites by ERCC1-XPF and XPG and the sizes of
restriction fragments are indicated. The fragments containing the
repair synthesis products are shown in bold (79 and 112 bp).
(B) cccDNA with a single defined cisplatin lesion was incubated
with a XP-G cell extract, either alone (lanes 1–6) or in the presence
of 600 fmol of wild-type XPG (lanes 7–12) or XPG E791A (lanes
13–18) as well as 10 mCi of [a-32P]dCTP and 10 mCi [a-32P]TTP. DNA
was further purified, digested with KpnI (lanes 1, 7, 13), SacI (lanes
2, 8, 14), KpnI þ SacI (lanes 3, 9, 15), BsrBI (lanes 4, 10, 16), XhoI
(lanes 5, 11, 17), BsrBI þ XhoI (lanes 6, 12, 18) and analysed on a
denaturing PAGE gel. The positions of size markers are indicated on
the left, the nature of the observed products on the right of the gel.
Two unspecific bands are marked with an asterisk. Abbreviations:
K, KpnI; S, SacI; KS, KpnI þ SacI; B, BsrBIl X, XhoI; BX, BsrBI þ XhoI.

the 50 incision by ERCC1-XPF. Hence, the 50 incision might
precede the 30 incision.

DNA Repair Synthesis can be initiated in vitro
without the 30 incision by XPG
To determine whether both 50 and 30 incisions need to occur
before DNA repair synthesis can be initiated, we investigated
the nature of the repair synthesis products in XP-G cell
extracts complemented with wild-type XPG and XPG-E791A, by
incubating a plasmid containing a single defined cisplatin lesion
in the extracts together with [a-32P]-dCTP and [a-32P]-TTP.
& 2009 European Molecular Biology Organization

After the reaction, DNA was purified and digested with KpnI
and/or SacI or XhoI and/or BsrBI (Figure 3A).
When DNA was incubated with the XP-G cell extract alone,
products of nonspecific DNA synthesis were observed with
signal intensities roughly proportional to the length of the
DNA fragments (Figure 3B, lanes 1–6). These signals are
likely due to random nicks produced by topoisomerases and/
or nucleases present in the cell-free extracts (Hansson et al,
1989). Addition of wild-type XPG to the mixture led to a
significant increase in the intensity of the bands of 112 nt
The EMBO Journal
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(KpnI and SacI) and 79 nt (BsrBI and XhoI), corresponding to
newly synthesized and ligated DNA at the site of the cisplatin
lesion (lanes 9 and 12, respectively). Note that the 79 nt
signal of the BsrBI/XhoI digestion in lane 12 is much more
intense than the nonspecific signal at 108 nt, strongly suggesting that the 79-bp band results from XPG-induced repair
synthesis. The specificity of the signal for repair synthesis
was further supported by the observation that no increase of
the specific band at 79 bp was seen if the reaction was carried
out with the parental nondamaged plasmid (data not shown).
Addition of nuclease deficient XPG-E791A, which permits
incision by ERCC1-XPF, to the XP-G cell extracts, did not
result in a change in the intensity of the full-length repair
synthesis products of 112 and 79 bp. However, two new
products with the most intensive bands of 39 nt (KpnI and
SacI) and 28 nt (BsrBI and XhoI) were visible after a longer
exposure of the gel (lanes 15 and 18, respectively). These
bands were also present after the cleavage with only one
restriction enzyme 50 to the damaged site (lanes 13 and 17),
while no products were visible after cutting with restriction
enzymes 30 to the incision sites (lanes 14 and 16). The
appearance of these bands is, therefore, consistent with
their being partial repair synthesis products, in which the
polymerase extended the 30 -OH group generated by ERCC1XPF about 18–20 nt in the absence of XPG incision. These
observations indicate that initiation of repair synthesis is
dependent on cleavage by ERCC1-XPF and that it can occur
before 30 cleavage by XPG. No partial repair synthesis products were observed when an extract made from XP-F cells
was complemented with wild-type XPF or XPF-D676A (data
not shown). These results demonstrate that repair synthesis
can be initiated in vitro before the 30 incision by XPG.
Catalytically inactive XPF persists at sites of UV damage
Having observed partial repair synthesis without XPG
cleavage in vitro, we wished to test whether repair synthesis
could also be initiated in vivo before 30 incision by XPG. For
repair synthesis to take place, the DNA replication machinery
has to be recruited to the sites of DNA damage. Therefore, we
examined the localization of PCNA, a component of the DNA
replication machinery, after local UV irradiation of a XP-G cell
line expressing wild-type XPG or XPG-E791A and a XP-F cell
line expressing wild-type XPF or XPF-D676A. We have
described earlier the generation and characterization of XP-G
cell lines expressing wild-type XPG and XPG-E791A using
lentiviral transduction. Both XPG proteins were localized to
UV-damaged spots in cell nuclei shortly after damage infliction, but only XPG-E791A persisted in these spots, suggesting
that completion of NER is required for the dissociation of XPG
(Thorel et al, 2004). XP-F cell lines expressing wild-type XPF
and XPF-D676A were generated in an analogous fashion by
transducing XPF-deficient XP2YO cells with lentiviral recombinants encoding HA-tagged wild-type XPF and XPF-D676A.
The resulting cells were subjected to local UV irradiation
and the recruitment of XPC, the initial damage recognition
factor, and XPF to sites of UV damage was analysed (Volker
et al, 2001).
At 0.5 h after irradiation, we observed colocalization of
XPC with both HA-tagged wild-type XPF and XPF-D676A
(Figure 4A). At 3 h after local UV irradiation, XPC and XPF
were no longer present at the damaged sites in the cells
expressing wild-type XPF. However, in the mutant XPF trans1114 The EMBO Journal VOL 28 | NO 8 | 2009

Figure 4 Recruitment of XPF to sites of local UV damage in
different XP-F cell lines. XP2YO (XP-F) cells, untransduced or
transduced with XPF-WT or XPF-D676A, were grown on coverslips
and locally irradiated with a UV dose of 150 J/m2 through filters
with 5 mm pores and fixed 0.5 h (A) or 3 h (B) after irradiation. The
cells were immunolabelled with antibodies against XPC (red) or the
HA tag present on the C-terminus of XPF (green). Merged images
indicate the overlay of XPC, XPF and DAPI staining. Scale bars,
10 mm.

ductants, XPC remained colocalized with the catalytically
deficient XPF-D676A (Figure 4B). Hence, cleavage by
ERCC1-XPF and XPG is needed for both nucleases to dissociate from the damaged site and for the completion of NER.
Recruitment of PCNA, and CAF-1 to sites of local UV
damage depends on the presence, but not the catalytic
activity of XPG
Using the transduced XP-G and XP-F cell lines, we studied
how the catalytic activity of the two nucleases correlates with
the recruitment of repair synthesis factors to NER sites. It has
been shown before that recruitment of PCNA to the sites of
local UV damage is severely affected in XPG-deficient cells
(Essers et al, 2005). In agreement with this report, we did not
observe any colocalization of PCNA with XPC in XP-G cells
0.5 h after UV irradiation (Figure 5A, middle row). However,
as expected, XPC and PCNA colocalized at sites of UV
damage in XP-G cells expressing wild-type XPG (Figure 5A,
top row). PCNA also colocalized with XPC in the XPG-E791A
transductants (Figure 5A, bottom row). In principle, the
recruitment of PCNA to sites of UV damage in the presence
of catalytically inactive XPG could reflect partial DNA repair
synthesis or be due to the recruitment of PCNA before
& 2009 European Molecular Biology Organization

Dual incision and repair synthesis in NER
L Staresincic et al

Figure 5 XPF- and XPG-dependent colocalization of PCNA and CAF-1 with XPC. XPCS1RO (XP-G) cells, untransduced or transduced with XPGWT or XPG-E791A (A, C) and XP2YO (XP-F) cells, untransduced or transduced with XPF-WT or XPF-D676A (B, D), were grown on coverslips
and locally irradiated with a UV dose of 150 J/m2 through filters with 5 mm pores and fixed 0.5 h after irradiation. The cells were
immunolabelled with antibodies against XPC (green), PCNA (red) and CHAF150, the largest subunit of CAF-1 (red). Merged images indicate
the overlay of XPC, PCNA or CHAF150 and DAPI staining. Scale bars, 10 mm.

incision, possibly by direct interaction with XPG (Gary et al,
1997). To distinguish between these possibilities, we investigated the recruitment of PCNA in various XP-F cells.
Although PCNA was found at sites of UV damage in XP-F
cells expressing wild-type XPF, PCNA did not colocalize with
XPC in untransduced XP-F cells or in the XPF-D676A transductants (Figure 5B). These observations demonstrate that
the recruitment of PCNA to sites of UV damage is dependent
on the catalytic activity of XPF and, therefore, likely on active
DNA repair synthesis. Consistent with this notion, the presence of Pold at sites of UV damage also required catalytically
active XPF (Supplementary Figure 1).
Having established that the recruitment of the replication
machinery required the catalytic activity of XPF, but not that
of XPG, we asked whether factors acting even later in NER
could be recruited to sites of UV damage in the absence of
XPG incision. We examined the recruitment of CHAF150, a
subunit of the CAF-1 that is involved in the restoration of
chromatin after an NER reaction (Green and Almouzni,
2003). CHAF150 behaved like PCNA in that its recruitment
was dependent on the catalytic activity of XPF, but not on that
of XPG (Figure 5D and C). These results are consistent with
an earlier observation that CAF-1 is recruited to the sites of
DNA damage in a PCNA-dependent manner (Green and
Almouzni, 2003). The important novel conclusion is that
even factors acting downstream of DNA repair synthesis
& 2009 European Molecular Biology Organization

can be recruited to sites of UV damage before the second
incision 30 to the lesion has occurred.
Partial unscheduled DNA synthesis occurs
in the absence of 30 incision by XPG
To test whether loading of PCNA to NER sites is able to
stimulate DNA repair synthesis in the absence of 30 incision
in vivo, we examined DNA repair by unscheduled DNA
synthesis (UDS) after UV irradiation of XP-G transductants
expressing wild-type XPG or XPG-E791A. Wild-type XPG
complemented the severe UDS defect of untransduced XP-G
cells (102 versus 7%, with NER-proficient cells assayed in
parallel set at 100%, Figure 6A). In line with the observed
partial DNA repair synthesis in vitro and recruitment of
PCNA, the very low UDS level of untransduced XP-G cells
was significantly increased upon expression of the catalytically inactive XPG (from 7 to 49% UDS, Figure 6A). To try to
ensure that this UV-induced DNA synthesis occurs at sites of
NER rather than being a nonspecific artifact, we monitored
repair synthesis at locally UV-damaged areas (Figure 6B).
Although quantification is difficult, significant numbers of
autoradiographic grains were found clustered together
over non-S phase nuclei in NER-proficient cells and XP-G
transductants expressing wild-type XPG (Figure 6B, upper
panels). Very few grains were found over comparable
nuclear areas of untransduced XP-G cells but the nuclei of
The EMBO Journal

VOL 28 | NO 8 | 2009 1115

Dual incision and repair synthesis in NER
L Staresincic et al

Discussion
An unresolved longstanding issue for human NER is whether
the 50 and 30 incisions, by ERCC1-XPF and XPG, respectively,
occur in a strict temporal order and, if so, which one occurs
first. A related issue is how these incisions are coordinated
with DNA repair synthesis to prevent the exposure of potentially extremely damaging ssDNA gaps. We believe that the
following observations described here provide novel and
important insight into these issues.
First, the 50 incision by ERCC1-XPF depends on the presence, but not catalytic activity, of XPG whereas efficient 30
incision by XPG requires the catalytic activity of ERCC1-XPF
(Figure 2), extending previous findings (Wakasugi et al, 1997;
Constantinou et al, 1999; Tapias et al, 2004). Second, and
most important, partial DNA synthesis is detectable in vitro in
the presence of catalytically inactive XPG (Figure 3), thereby
demonstrating that the incision 50 to the lesion by ERCC1-XPF
is both necessary and sufficient for the initiation of repair
synthesis, whereas 30 incision by XPG is needed for the
completion, but not the initiation of repair synthesis. Third,
some late NER factors, including the replication factors PCNA
and Polymerase d as well as the CAF-1, are recruited to sites
of local UV damage in cells expressing catalytically inactive
XPG, but not in cells expressing catalytically inactive XPF
(Figure 5). Fourth, cells expressing catalytically inactive XPG,
but not those expressing catalytically inactive XPF, are capable of undergoing intermediate levels of unscheduled DNA
repair synthesis (Figure 6).

Figure 6 UDS in XP-F and XP-G cells transduced with wild-type
and mutant XPF and XPG, respectively. (A). DNA repair synthesis or
UV-induced UDS levels of different, as indicated, XP-F and XP-G
cells, expressed as percentage of the UDS of an NER-proficient cell
line (MRC5) assayed in parallel. (B, C) UDS in cells locally irradiated through a 5-mm microporous filter (60 J/m2), NER-proficient
MRC, XPCS1RO, XPCS1RO transduced with wild-type XPG and XPGE791A (B) and XP2YO transduced with wild-type XPF or XPF-D676A
(C). Heavily labelled cells were those in S-phase, incorporating large
amounts of tritiated thymidine by replicative DNA synthesis. Dotted
circles indicate the position of pores in which UV damage has been
induced and UDS has been observed.

the XPG-E791A transductants exhibited a significant amount
of grain clustering, roughly mid-way between the wild-type
and XP-G levels (Figure 6B, lower panels). In contrast, the
levels of UDS in XP-F cells expressing XPF-D676A (8% of
wild type, Figure 6A) was at the same background level as
untransduced XP-F cells, whereas UDS was restored to
normal levels in cells expressing wild-type XPF (104%,
Figure 6A). Local UDS experiments confirmed these findings;
although UDS sites were clearly observed for XP-F transductants expressing wild-type XPF, they were not evident in XPFD676A transductants (Figure 6C). Together, these results
strongly suggest that the observed UDS is linked to sites of
local UV damage, and that partial repair synthesis can occur
in living cells in the absence of the catalytic activity of XPG,
whereas it does require the catalytic activity of XPF.
1116 The EMBO Journal VOL 28 | NO 8 | 2009

A defined temporal order for human NER incision
and DNA repair synthesis events
Based on these observations we suggest that the human NER
pathway does indeed have a defined temporal order for the 50
and 30 incisions and for DNA repair synthesis. Specifically, we
propose the following model for the coordination of the dual
incision and repair synthesis steps (Figure 7). After assembly
of all the factors of the preincision complex, 50 cleavage by
ERCC1-XPF takes place, generating a free 30 -OH group. The
repair synthesis machinery consisting minimally of polymerase d, the clamp loader RFC and the processivity factor PCNA
are recruited and repair synthesis is initiated. Which factors
and interactions may facilitate this recruitment remains to be
established, but it is possible that RPA has an important role
in this transition (Riedl et al, 2003). DNA synthesis is then
initiated and proceeds about half way through the repair
patch. The stalling of the polymerase at this point might
trigger the XPG endonuclease activity, allowing the repair
synthesis to be completed. We have shown earlier that XPG
has distinct requirements for binding and cleaving DNA
(Hohl et al, 2003) raising the possibility that a conformational
change in the NER complex brought about by the polymerase
activity triggers the catalytic activity of XPG.
Due to the near simultaneous occurrence of the two
incision reactions, we have not yet been able to prove that
this reaction sequence is also favoured in a situation where
wild-type XPF and XPG proteins are present. However, indirect support for our model comes from a recent study that
considered the sequence of arrival and release of various NER
factors during the dual incision and repair synthesis steps in
NER using a fully reconstituted system (Mocquet et al, 2008).
This study showed that ERCC1-XPF is released from repair
& 2009 European Molecular Biology Organization
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cells with HU and AraC inhibited the removal of 6-4PPs
(Moser et al, 2007). Although the molecular basis for this
observation is currently unknown, it is consistent with our
model and the notion that inhibition of repair synthesis
blocks at least one of the incisions (presumably by XPG).
The model proposed here does not exclude an involvement
of additional protein-protein interactions or protein modifications in the various steps. For example, it is known that XPG
has a PIP box and that it can interact with PCNA (Gary et al,
1997). Although it has not yet been shown convincingly that
the interaction between PCNA and XPG is required for NER,
an interaction between the two proteins may contribute to the
activation of the XPG incision. A recent study has implicated
polk in the repair synthesis step of NER (Ogi and Lehmann,
2006). It is possible that two polymerases, pold and polk, act
at different steps of repair synthesis, for example before and
after incision by XPG has taken place. Further studies will be
required to determine how the various phases of repair
synthesis in NER are regulated by protein-protein interactions
and possibly post-translational modifications.

Figure 7 Model for the coordination of dual incision and repair
synthesis steps in NER. Schematic representation of the proposed
sequence of events following the assembly of the preincision
complex. The red triangle stands for the DNA lesion. Individual
proteins involved in each step are indicated.

complexes with the arrival of RFC, whereas XPG (and RPA)
are only fully displaced once the entire repair synthesis
machinery (RFC, PCNA and Pold) has been recruited.
One prediction of our model is that the addition of DNA
polymerase inhibitors might inhibit 30 incision by XPG. We
observed that addition of the Pold inhibitor aphidicolin to an
in vitro NER reaction did not show a significant inhibition of
the 50 or 30 incision (data not shown), consistent with an
earlier study (Moggs et al, 1996). Although further studies
will be necessary to fully delineate the biochemical relationship of repair synthesis and the 30 incision by XPG, it is
interesting to note that a recent study found that treatment of
& 2009 European Molecular Biology Organization

Apparent contradictions
One set of experimental observations appears to be in contrast with our results. Under very similar experimental conditions and using a variety of substrates either 50 uncoupled
(Matsunaga et al, 1995; Moggs et al, 1996) or 30 uncoupled
(Matsunaga et al, 1995; Mu et al, 1996; Evans et al, 1997a, b)
incisions have been observed. Our model would predict that
30 uncoupled incision by XPG should not occur at any
appreciable frequency. One possible explanation is that
ERCC1-XPF and XPG, can incise NER intermediates under
certain conditions in vitro that would be disfavoured in vivo.
It is known, for example, that the intrinsic structure-specific
endonuclease activity of both ERCC1-XPF and XPG can be
readily detected in vitro without the need for additional
proteins (O’Donovan et al, 1994; Sijbers et al, 1996).
Similarly, high relative concentration of XPG or the absence
of ERCC1-XPF in a cell extract or reconstituted system may
allow incision by XPG 30 to the lesion in the absence of a
properly assembled NER complex. We have shown earlier
that XPG has distinct requirements for binding and cleaving
DNA substrates and that the XPG spacer region has a critical
role in mediating this substrate preference (Hohl et al, 2003,
2007; Dunand-Sauthier et al, 2005). We suggest that XPG is
present in a catalytically inactive conformation before 50
incision and partial repair synthesis and that its catalytic
activity is revealed by a change in the complex brought about
by partial repair synthesis. The barrier for XPG to cleave
certain substrates does not occur at the level of substrate
binding, but likely involves a subsequent rearrangement of
an XPG-substrate complex (Hohl et al, 2003). We propose
that a lowering of this activation barrier under certain experimental conditions leads to 30 uncoupled incisions.
A ‘cut-patch-cut-patch’ mechanism
Early investigations of excision repair in bacteria focused on
the discrimination between two models: ‘patch and cut’,
involving a first incision close to the damage, followed by
repair synthesis and second incision, and ‘cut and patch’,
invoking excision of the damaged base/s before repair synthesis (Hanawalt, 1966; Hanawalt and Haynes, 1967).
Subsequently, in particular with the ability to reconstitute
The EMBO Journal
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NER in vitro, and the ability to observe dual incision on NER
substrates in the absence of repair synthesis, the ‘cut and
patch’ model became accepted as the way by which NER
operates (Aboussekhra et al, 1995; Mu et al, 1995; Moggs
et al, 1996; Araujo et al, 2000).
The present work suggests that the human NER machinery
operates via a ‘cut-patch-cut-patch’ mechanism that includes
features of both previous models. Interestingly, long-patch
base excision repair (BER) has been shown to proceed in a
similar way. In long-patch BER, polymerase d/e, supported by
the replication accessory factors RFC and PCNA or polymerase b, carries out repair synthesis past the abasic site and
introduces 2–6 nucleotides. The short oligonucleotide overhang generated in this way is excised by the Flap endonuclease FEN-1, and the nick is sealed by DNA ligase I
(Matsumoto et al, 1999; Pascucci et al, 1999). In line with
this model, it was demonstrated that PCNA facilitates excision in long-patch BER (Gary et al, 1999). Stimulation of the
dual incision by PCNA has also been observed in NER,
leading to the proposal that PCNA may promote the turnover
of the early NER factors (Nichols and Sancar, 1992) linking
the excision and repair synthesis steps. Although many
aspects of these important DNA repair processes remain to
be discovered, it is interesting and unexpected that both NER
and long-patch BER have operational similarities.

Materials and methods
Protein purification
Wild-type XPF, XPF D676A, XPF R678A, XPF E679A, XPF 681A, XPF
E701A, XPF D704A, XPF E714A, XPF R715A, XPF K716A, XPF
D720A, wild-type XPG and XPG E791A proteins were expressed in
Sf9 insect cells and purified, as described earlier (Enzlin and
Schärer, 2002; Hohl et al, 2003). The purity of the enzyme
preparations was very similar to the ones reported earlier
and 0.2–0.5 mg of proteins were obtained at concentrations of
0.2–0.3 mg/ml.
In vitro NER dual incision assay
Covalently closed circular DNA (pBluescript) containing a single
1,3-intrastrand d(GpTpG) cisplatin-DNA crosslink was prepared, as
described earlier (Moggs et al, 1996) and additionally purified over
two consecutive sucrose gradients. Reactions were carried out in a
buffer containing 40 mM HEPES-KOH (pH 7.8), 70 mM KCl, 5 mM
MgCl2, 0.5 mM DTT, 2 mM ATP, 0.36 mg/ml BSA, 22 mM phosphocreatine (di-Tris salt) and 50 ng/ml creatine phosphokinase. Each
reaction contained 200 ng DNA and 30 mg of cell-free extract
prepared from XPG- or XPF-deficient fibroblast cells (XPCS1RO
and XP2YO, respectively). Complementation was assayed upon
addition of 730 fmol wild-type or mutant protein (XPG or XPF).
Reactions were incubated at 301C for 45 min. 50 nM of an
oligonucleotide complementary to the excision product with a G4
50 -overhang (50 -GGGGGAAGAGTGCACAGAAGAAGACCTGGTCGA
CC) was added, followed by heat inactivation at 951C for 5 min.
For detection of individual incisions, the incision reaction was
inactivated by addition of 1 M EDTA, pH 8.0, 3% SDS and 12 mg
proteinase K. DNA was extracted with phenol:chloroform and
ethanol precipitated, as described earlier (Shivji et al, 1999), then
50 nM of an oligonucleotide complementary to the BssHII restriction site with a G5 50 -overhang was added (50 –GGGGGCAATTAAC
CCTCACTAAAGGGAACAAAAGCTGG) followed by heat inactivation
at 951C for 5 min. After cooling down the reactions for 15 min at
room temperature, 0.5 units of Sequenase and 3.5 mCi of [a-32P]dCTP (both from Amersham-Pharmacia, diluted in Sequenase
dilution buffer) were added. Reactions were incubated for 3 min
at 371C prior the addition of 1.2 ml dNTP mix (100 mM of each dATP,
dGTP, TTP and 50 mM dCTP) and incubation for another 12 min at
371C. This fill-in reaction labelled the product using the G4
overhang provided by the respective complementary oligonucleotides as a template. Reactions were stopped by addition of
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formamide loading buffer, heated at 951C for 5 min and analysed
on a 12 or 8% denaturing polyacrylamide sequencing gel. The gel
was exposed on a phosphor screen and scanned on a PhosphorImager.
In vitro NER repair synthesis assay
The assay was performed using the same substrate, cell extracts and
proteins as described for the excision assay. The reaction mixtures
additionally contained 10 mM dATP, 10 mM dGTP, 5 mM dCTP, 5 mM
TTP, 10 mCi of [a-32P]-dCTP and 10 mCi [a-32P]-TTP. Complementation was assayed upon addition of 600 fmol of wild-type or mutant
protein (XPG or XPF). Reactions were incubated at 301C for 3 h.
DNA was purified using MinElute PCR Purification Kit (Qiagen),
cleaved with KpnI and SacI or BsrBI and XhoI and analysed on a
10% denaturing polyacrylamide sequencing gel.
Cell culture conditions and preparation of whole cell extracts
For the generation of whole cell extracts, SV40-transformed
fibroblast cells XPCS1RO (XPG-deficient (Ellison et al, 1998) and
XP2YO (XPF-deficient, GM08437) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Invitrogen) supplemented with
10% fetal calf serum and 2 mM L-glutamine, 100 U/ml penicillin,
and 0.1 mg/ml streptomycin at 371C in the presence of 5% CO2.
Cells were grown to near confluency, and whole cell extract was
prepared accordingly to a published procedure (Biggerstaff and
Wood, 1999).
Cell transduction with lentiviral recombinants
XPG wild-type cDNA, XPG-E791A cDNA were cloned into the pLOX/
EWGFP lentiviral vector and XPF wild type (with a C-terminal HA
tag) and XPF-D676A (with a C-terminal HA tag) cDNAs were cloned
into the pWPXL lentiviral vector by replacing the GFP cDNA.
Lentiviruses containing the different constructs under the control of
the EF1a promoter were produced by co-transfecting 293T cells with
the following three plasmids: the packaging plasmid pMD2G, the
envelop plasmid psPAX2 and the lentiviral vector containing the
different XPG and XPF cDNAs. Details of the vectors and protocols
are described on the following Web site http://www.lentiweb.com.
XP-G/CS (94RD27, patient XPCS1RO) and XP-F (XP2YO) SV40
immortalized fibroblasts at 50% confluency were infected with viral
particles containing the different XPG and XPF recombinants.
Transduced cells were then cultured in DMEM supplemented with
10% FCS, 2 mM L-glutamine, 100 U/ml penicillin and 0.1 mg/ml
streptomycin in a 5% CO2 humidified incubator. The transduction
efficiency was further assessed by immunofluorescence.
Local UV irradiation and immunofluorescence
Local DNA damage infliction within cultured cells was performed,
as described earlier (Mone et al, 2001). Briefly, cells cultured on
coverslips were rinsed with PBS and covered with a micro-porous
polycarbonate filter containing 5 mm pores (Millipore). Cells were
irradiated through the filter with a Philips TUV lamp (254 nm) with
a dose of 150 J/m2. After UV –irradiation, cells were cultured for
0.5 h, washed first with PBS and then with PBS containing 0.05%
Triton X-100 for 30 s before fixation with 3% paraformaldehyde for
15 min at room temperature or with ice-cold methanol for 20 min
(for PCNA staining). Subsequently, cells were permeabilized by a 2
times 10 min incubation in PBS containing 0.1% Triton X-100, and
washed with PBS þ (PBS containing 0.15% glycine and 0.5%
bovine serum albumin). For the experiments with Pold, cells were
incubated with Hu-AraC (10 mM HU, 0.1 mM AraC) from 30 min
before irradiation until fixation and cells were fixed with MeOH
rather than formaldehyde. Cells were incubated at room temperature with the primary antibody (diluted in PBS þ ) for 2 h in a moist
chamber. Subsequently cells were washed 5 times for 10 min. with
PBS Triton X-100, washed with PBS þ , and incubated at room
temperature with the secondary antibody (diluted in PBS þ ) for 1 h
in a moist chamber. Cells were washed 5 times for 10 min in PBS
Triton X-100, washed in PBS, and embedded in Vectashield
mounting medium (Vector) containing 0.1 mg of DAPI (40 -60 diamidino-2-phenylindole)/ml.
Primary antibodies were as follows: mouse monoclonal antiPCNA (Dako, clone PC10), 1:1000, rabbit polyclonal affinity purified
anti-XPC (Ng et al, 2003), 1:300, rabbit polyclonal anti-XPB (TFIIH
p89, S-19m Santa Cruz), 1:1000, mouse monoclonal anti-Pold (A-9,
Santa Cruz), 1:25, mouse monoclonal anti-CHAF150 (CAF-1)
(abcam, ab7655), 1:2000, and mouse monoclonal FITC-conjugated
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anti-HA (Roche, clone 3F10) Secondary antibodies were as follows:
Cy3-conjugated goat anti-mouse (Jackson ImmunoResearch
Laboratories), 1:1000, Cy3-conjugated goat anti-rabbit (Jackson
ImmunoResearch Laboratories), 1:1000, and Alexa-488 conjugated
goat anti-rabbit (Molecular Probes), 1:800.
Confocal microscopy
Confocal images of the cells were obtained using a Zeiss LSM 510
microscope equipped with a 25 mW Ar laser at 488 nm, a He/Ne
543 nm laser, and a 40 1.3 NA oil immersion lens. Alexa-488 was
detected using a dichroic beam splitter (HFT 488), and an additional
505- to 530-nm bandpass emission filter. Cy3 was detected using a
dichroic beam splitter (HFT 488/543) and a 560- to 615-nm
bandpass emission filter.
Unscheduled DNA synthesis
To determine GG-NER activity in cultured cells, UV-induced DNA
repair synthesis or UDS was measured. Coverslip cultures were
rinsed with PBS, UV-irradiated (16 J/m2, Philips 254 nm TUV lamp)
and subsequently incubated for 2 h in culture medium supplemented with 20 mCi/ml [3H-10 ,20 ]-thymidine (120 Ci/mmol, Amersham
TRK565). After fixation coverslips were dipped in Ilford K2
photographic emulsion, exposed for three days an after development stained with Giemsa. Autoradiographic grains above the
nuclei of 50 cells were counted and compared to the number of

grains above nuclei of NER-proficient fibroblasts (MRC5, set at
100% UDS), assayed in parallel. UDS in locally damaged cells (local
UDS) with 60 J/m2 was performed in a similar fashion with the
exception of an extended exposure time to six days.
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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