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ABSTRACT

ERCC1–XPF is a structure-specific nuclease with two
subunits, ERCC1 and XPF. The enzyme cuts DNA at
junctions where a single strand moves 5′ to 3′ away
from a branch point with duplex DNA. This activity
has a central role in nucleotide excision repair (NER),
DNA cross-link repair and recombination. To dissect
the activities of the nuclease it is necessary to inves-
tigate the subunits individually, as studies of the
enzyme so far have only used the heterodimeric
complex. We produced recombinant ERCC1 and XPF
separately in Escherichia coli as soluble proteins.
Activity was monitored by a sensitive dual incision
assay for NER by complementation of cell extracts.
XPF and ERCC1 are unstable in mammalian cells in
the absence of their partners but we found, surpris-
ingly, that ERCC1 alone could confer some repair to
extracts from ERCC1-defective cells. A version of
ERCC1 lacking the first 88 non-conserved amino
acids was also functional. This indicated that a small
amount of active XPF was present in ERCC1 extracts,
and immunoassays showed this to be the case.
Some repair in XPF-defective extracts could be
achieved by adding ERCC1 and XPF proteins
together, but not by adding only XPF. The results
show for the first time that functional ERCC1–XPF can
be formed from separately produced subunits. Protein
sequence comparison revealed similarity between
the ERCC1 family and the C-terminal region of the
XPF family, including the regions of both proteins
that are necessary for the ERCC1–XPF heterodimeric
interaction. This suggests that the ERCC1 and XPF
families are related via an ancient duplication.

INTRODUCTION

The human ERCC1–XPF complex is one of the two DNA
endonucleases essential for the dual incision step of nucleotide
excision repair (NER), a DNA repair pathway that removes
from the genome a wide spectrum of lesions induced by UV
and chemicals (1). This complex is found in human cells as a
tight association of the ERCC1 and XPF proteins with
predicted molecular masses of 31 and 103 kDa, respectively.
ERCC1–XPF shows a remarkable structure-specific nuclease

activity as it can cut DNA at junctions between a duplex and a
single strand, where the single strand moves 5′ to 3′ away from
the junction (2,3). This property allows the enzyme to cut the
damaged strand during NER specifically on the 5′ side of a
lesion once the DNA double helix has been locally unwound at
the site of damage.

In addition to its role in NER, ERCC1–XPF is involved in a
pathway of recombinational repair of DNA interstrand cross-
links. Both ERCC1- and XPF-defective cells show not only
UV sensitivity but also high sensitivity to DNA cross-linking
agents. In budding yeast, the homologous Rad1–Rad10
complex is involved in mitotic recombination (4) and in a
pathway for resolving recombination intermediates in repair of
double-strand breaks (5). The Drosophila homologue of XPF,
Mei9, is involved in meiosis (6) and the fission yeast homo-
logues of XPF and ERCC1 (rad16 and swi10, respectively) in
mating type switching (7,8). Indications of the involvement of
ERCC1 in other DNA metabolism pathways in addition to
NER are also provided by ERCC1 knock-out mice (9,10).
These show an unusual phenotype of growth retardation, early
death and liver and kidney abnormalities. This severe pheno-
type cannot be explained only by a deficiency in NER and it
reveals an essential role for the ERCC1 protein.

An early finding that suggested ERCC1 and XPF proteins
are in a complex was that ERCC1 and XPF (ERCC4) mutant
cell extracts do not complement one another for DNA repair
when mixed together in vitro (11–13). The suggested explanation
for this is that, in mammalian cells, ERCC1 and XPF are each
unstable in the absence of their partner (11,12,14). In agreement
with this is the fact that a low content of ERCC1 protein is a
frequent feature of XP group F cells (11,15) despite normal
levels of ERCC1 mRNA. Furthermore, ERCC1 protein levels
can be increased in XPF-defective cells by transfection with an
expression vector encoding wild-type XPF (16). Similarly,
undetectable levels of XPF in ERCC1 mutant cells can be
restored to normal by transfection with an expression vector
encoding wild-type ERCC1 (17).

There are many unanswered questions about the ERCC1–XPF
nuclease, including which of the subunits mediates DNA
binding and cleavage. To answer such questions it is desirable
to produce the subunits individually, but studies of the enzyme
so far have only used the heterodimeric complex. In this study
we produced recombinant ERCC1 and XPF individually in
Escherichia coli and obtained activity with individual
subunits. We detected significant sequence similarity between
the C-terminal regions of both ERCC1 and XPF, including the
area in which the two subunits interact.
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MATERIALS AND METHODS

Expression of recombinant proteins in E.coli

All proteins were expressed from pET30b(+) vectors
(Novagen). ERCC1 and ∆88ERCC1 had a C-terminal His tag
while XPF had an N-terminal His tag. For expression of
ERCC1 and ∆88ERCC1, E.coli BL21 (DE3) recA host cells
were grown at 37°C to an OD600 of 0.5, cooled on ice to 30°C
before addition of IPTG (1 mM final) and further incubated for
5 h at 30°C. For expression of XPF, E.coli BL21 (DE3) recA
host cells were grown at 37°C to an OD600 of 0.5, cooled on ice
to 20°C and further incubated for 20 h at 20°C without IPTG.
This helped to avoid extensive proteolytic degradation as well
as accumulation in inclusion bodies. After expression, the cells
were pelleted, washed in cold PBS and resuspended in a lysis
buffer containing 500 mM NaCl, 50 mM Tris–Cl (pH 8.0), 5%
glycerol, 1 mM PMSF. Cells were disrupted by sonication and
the lysate centrifuged (20 min, 11 000 g). For purification of
ERCC1 and ∆88ERCC1, the supernatant was directly loaded
on to a Talon Co++ charged resin (Clontech) pre-equilibrated in
lysis buffer. Washing and elution were with lysis buffer
containing 20 and 500 mM imidazole, respectively. Eluted
proteins were dialysed against buffer containing 250 mM KCl,
25 mM HEPES–KOH (pH 7.9), 1 mM EDTA, 10% glycerol,
aliquoted and stored at –80°C. For purification of XPF, the
supernatant was diluted five times with 50 mM Tris–Cl
(pH 8.0), 5% glycerol to bring the salt concentration to
100 mM NaCl. The diluted supernatant was loaded on a phos-
phocellulose column equilibrated in 100 mM NaCl, 50 mM
Tris–Cl (pH 8.0), 5% glycerol. The column was washed twice
with 10 column vol of 250 and 500 mM NaCl buffers before
eluting the protein fraction containing XPF in 1 M NaCl,
50 mM Tris–Cl (pH 8.0), 5% glycerol. The eluate was directly
loaded on a Ni++-Agarose column (Qiagen) prequilibrated in
the phosphocellulose elution buffer. The column was washed
with 10 column vol of 30 mM imidazole, 1 M NaCl, 50 mM
Tris–Cl (pH 8.0), 5% glycerol before eluting XPF in 500 mM
imidazole, 1 M NaCl, 50 mM Tris–Cl (pH 8.0), 5% glycerol.
The eluate was dialysed against a buffer containing 250 mM
KCl, 25 mM HEPES–KOH (pH 7.9), 1 mM EDTA, 10% glycerol,
and aliquots stored at –80°C. The ERCC1–XPF complex was
purified using a plasmid that expresses both subunits simulta-
neously (18).

Cell lines and whole cell extracts

CHO cell line 43-3B (ERCC1–) was isolated after treatment of
CHO-9 cells with the point mutagen ethylnitrosourea (19).
ERCC1– CHO cell lines UV20 and CHO UV203 were isolated
after treatment of CHO AA8 cells with ethylmethane sulfonate
(20,21). CHO UV41 (XPF–) was derived from CHO AA8 cells
treated with the frameshift mutagen ICR-170. All cell lines
with the UV prefix were provided by Dr D. Busch. The CHO
43-3B His-ERCC1 cells were obtained after transfection into
CHO 43-3B cells of a pSVL–ERCC1–His construct as
described by Sijbers et al. (2). HeLa cells and the XP-F cell
line GM8437 (patient XP2YO) were obtained from the Human
Genetic Mutant Cell Repository (Coriell Institute, Camden,
NJ). Whole cell extracts were prepared as previously described
(22).

DNA repair assay

Reaction mixtures (10 µl) included 50 ng of plasmid DNA
molecules containing a single cisplatin adduct, 60 µg of extract
protein, 10 mM HEPES–KOH (pH 7.9), 70 mM KCl, 2.5 mM
MgCl2, 0.4 mM EDTA, 0.4 mM DTT, 2 mM ATP, 0.02% NP-40,
3.4% glycerol. When recombinant proteins were included in
the reaction they were pre-incubated at 30°C with all the
components of the reaction except the DNA. The reaction was
started by addition of the DNA substrate and further incubated
for 45 min at 30°C. Repair was detected as previously
described (23). Briefly, 5 ng of a 34mer oligonucleotide
complementary to the region around the adduct was annealed
with excised repair products, creating an overhang of four G
residues. The repair products were labelled with 0.1 U Sequenase
v2.0 polymerase (USB) and 1 µCi [α-32P]dCTP (Amersham
Pharmacia Biotech, 3000 Ci/mmol) and separated on a 14%
(w/v) polyacrylamide gel. The dried gel was then exposed to a
phosphorimager screen for 2 days and analysed using Image
Quant Software. In order to detect complementation of XPF-
defective cell extracts by r∆88ERCC1 and rXPF, repair
reactions were scaled up 10-fold to 100 µl. The reaction was
terminated after 45 min by addition of 100 µl of a Stop Mix
(30 mM EDTA, 0.7% SDS) and 10 µl of Proteinase K (2 mg/ml),
and incubated for 30 min at 37°C. After phenol/chloroform
extraction, DNA was ethanol-precipitated and resuspended in
20 µl of a 1× Sequenase v2.0 polymerase reaction buffer. The
excised oligonucleotides were labelled with 0.2 U Sequenase
v2.0 polymerase and 1 µCi [α-32P]dCTP after they were
annealed to 10 ng of the 34mer described above. The labelled
repair products were then processed as above.

Immunoblotting and immunoprecipitation

Detection of recombinant proteins was carried out with a
monoclonal anti-6-His antibody (Clontech) and a secondary
anti-mouse IgG antibody conjugated to horseradish peroxidase
(Sigma). The peroxidase activity was detected with the ECL
system (Amersham Pharmacia Biotech). XPF was detected
with rabbit polyclonal serum KJ (directed against a C-terminal
fragment containing the last 391 residues of human XPF,
kindly provided by Dr N. G. J. Jaspers, Erasmus University,
Rotterdam) and with a secondary anti-rabbit IgG antibody
conjugated to horseradish peroxidase (Sigma). For immuno-
precipitation of XPF from extract, M-280 anti-rabbit IgG
magnetic beads (Dynal) coated with polyclonal antibody RA1
(directed against the last 334 C-terminal residues of human XPF)
were incubated with extract for 6 h at 20°C. Proteins recovered
with the magnetic beads were detected by immunoblotting as
described above for immunodetection of XPF in extract.

RESULTS

Production of ERCC1 and XPF independently in E.coli

Human ERCC1 and XPF were engineered to contain fusion
domains that included a stretch of six histidines to facilitate
their purification through metal chelate affinity chromato-
graphy. Expression conditions in E.coli were optimised for
each protein by adjusting the temperature, time of culture, and
concentration of IPTG. Substantial purification of ERCC1
could be achieved on a Co++ charged resin (Fig. 1A). In
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contrast, recombinant XPF bound very weakly to Co++ or Ni++

charged resins unless the E.coli lysate was first cleared by
chromatography on phosphocellulose. Two smaller poly-
peptides co-purified with full-length XPF (Fig. 1B). The
smaller was identified as an N-terminal fragment using an anti-
6-His antibody, while the larger fragment was identified as a
C-terminal XPF fragment by mass spectrometry fingerprinting
and by using affinity-purified polyclonal antibody RA1 (data
not shown).

It is known that a truncated ERCC1 gene lacking the coding
information for the first 91 non-conserved residues can still
correct the UV- and MMC-sensitivity of ERCC1-defective
Chinese hamster ovary (CHO) cells (14). We produced a
similar truncated version of ERCC1 (∆88ERCC1) in E.coli.
Expression levels of ∆88ERCC1 were much higher than for full-
length ERCC1, but most of the expressed protein accumulated in
inclusion bodies and so the amounts recovered in the soluble
fraction were comparable to those obtained with ERCC1
(Fig. 1C).

Repair activity can be conferred to an ERCC1-defective
cell extract by ERCC1 alone

The activity of the recombinant proteins was monitored by
their capacity to correct the NER defect of an ERCC1 mutant
extract in a cell-free repair assay. The dual incision step of
NER was followed on a closed circular plasmid bearing a
single 1,3 intrastrand d(GpTpG) cisplatin–DNA cross-link.
Damaged oligonucleotides excised during NER were detected
by end-labelling.

ERCC1 is found in low amounts in XPF-defective cells,
presumably because in the absence of its protein partner, XPF,
it is unstable and undergoes proteolytic degradation (14). It
was anticipated that XPF in turn would also be unstable in the

absence of ERCC1, and that complementation of ERCC1-
defective cell extracts would require the addition of both
subunits. Various amounts of recombinant ERCC1 and recom-
binant XPF were added to an extract from ERCC1-defective
43-3B CHO cells. Surprisingly, addition of ERCC1 alone
conferred some dual incision activity to the extract (Fig. 2A,
lane 2). As expected, XPF alone did not correct the defect
(Fig. 2A, lane 6). The level of complementation reached with
ERCC1 alone was comparable to the level reached with XPF
and ERCC1 added together, indicating that XPF did not
contribute to the reaction (lanes 3–5). These data suggested
that the extract from 43-3B cells contained residual amounts of
wild-type XPF that could associate in vitro with recombinant
ERCC1. The amount of repair was relatively low, as a 25-fold
stronger complementation was obtained when the extract was
supplemented with a limited amount of recombinant ERCC1–XPF
complex (18) produced in E.coli from a dicistronic vector
encoding both subunits (Fig. 2A, lane 7). The fact that XPF did
not enhance the level of complementation obtained with
ERCC1 alone contrasted with the high complementation
activity of the preformed complex. This suggested that XPF
produced independently of ERCC1 might be misfolded and unable
to easily associate with ERCC1. The weak complementation
observed with ERCC1 alone might be due to the fact that only
a small amount of hamster XPF is present in the extract. We
tested the activity of the shorter version of ERCC1,
∆88ERCC1, and found that it could also confer repair activity
to a 43-3B whole cell extract (Fig. 2B). The complementation
levels reached with ∆88ERCC1 were higher than with full-
length ERCC1 (Fig. 2C), suggesting that this version of
ERCC1 might be better folded. In fact, ∆88ERCC1 could be
refolded from inclusion bodies in a similarly active form (data
not shown). The rest of the experiments were carried out with
∆88ERCC1.

Figure 1. Expression in E.coli and purification of soluble recombinant proteins.
(A) Purification of ERCC1 on a Talon Co++ charged resin. Proteins were
separated on a 12% SDS–PAGE gel and stained with Coomassie blue. Lane 1,
total cellular proteins; lane 2, soluble proteins; lane 3, flow through from a
Talon column; lane 4, 10 mM imidazole wash; lane 5, ERCC1 eluted with
500 mM imidazole. Size markers (kDa) are on the left. (B) Purification of XPF.
Proteins were separated on an 8% SDS–PAGE gel and stained with Coomassie
blue. Sizes (kDa) are shown on the left. The protein lanes show the high salt eluate
from P11 phosphocellulose (P11) and the Ni++-agarose eluate. (C) Purification of
∆88ERCC1 on Talon. Proteins were separated on a 12% SDS–PAGE gel and
stained with Coomassie blue. Lane 1, total cellular proteins; lane 2, soluble
proteins, loaded on Talon; lane 3, flow through; lane 4, 10 mM imidazole wash;
lane 5, ∆88ERCC1 eluted with 500 mM imidazole.

Figure 2. Complementation of a CHO 43-3B extract with ERCC1 protein.
(A) Extract (60 µg protein) derived from the CHO 43-3B ERCC1 mutant cell
line was incubated with plasmid DNA molecules containing a single cisplatin
lesion (lane 1) and various amounts of recombinant ERCC1 and/or recombinant
XPF (lanes 2–6). Reactions in lanes 2–5 received 300, 262.5, 150 and 37.5 ng
of ERCC1, respectively. Reactions in lanes 3–6 received 37.5, 150, 262.5 and
300 ng of XPF, respectively. Lane 7 is a control reaction with 18.5 ng of the
ERCC1–XPF complex produced in E.coli with a dicistronic vector encoding
both subunits. Excised oligonucleotides are indicated by the bracket on the left.
(B) The activity of ∆88ERCC1 was compared to the activity of full-length
ERCC1. Reactions in lanes 2–4 received 38, 150 and 300 ng of rERCC1,
respectively, and in lanes 5–7 they received 38, 150 and 300 ng of ∆88ERCC1,
respectively. (C) Quantification of the relative complementation levels reached
with ERCC1 (dotted line) and ∆88ERCC1 (solid line).
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Presence of XPF in ERCC1 mutant cell extracts

The finding that ERCC1 alone could confer some NER activity
to 43-3B ERCC1-defective cell extracts suggested that these
extracts retain a significant amount of XPF. The 43-3B cells
have a point mutation in the ERCC1 gene (24,25) that leads to
the replacement of a Val by a Glu at position 98 (see Fig. 5).
This mutation affects the binding of ERCC1 to XPA but does
not prevent binding to XPF (24). In addition, 43-3B cells
contain very low amounts of mutant ERCC1 (11,24,25).
Therefore, 43-3B cells might harbour low amounts of wild-
type XPF stabilised by the presence of low amounts of mutant
ERCC1. Recombinant human ERCC1 added to a 43-3B
extract could then form a complex with the residual XPF after
subunit exchange with the mutant hamster ERCC1. Consequently,
we made extracts from two other ERCC1-defective cell lines,
CHO UV203 and CHO UV20, which both result from mutations
that lead to truncated ERCC1 proteins (25) lacking the entire
XPF binding domain (see Fig. 5). Dual incisions were formed
readily by a CHO UV203 extract after addition of ∆88ERCC1
(Fig. 3A, lanes 1–6). As for 43-3B, co-addition of XPF did not
significantly enhance the level of complementation obtained
with ∆88ERCC1 alone (Fig. 3A, lanes 7–9). Identical results
were obtained with a CHO UV20 extract. These results suggest
that low levels of XPF protein are present in cells even in the
complete absence of its partner ERCC1.

To search for XPF protein in these extracts, immunoblotting
of ERCC1 and XPF mutant extracts was carried out. Hamster
XPF could be detected in a repair-proficient CHO-9 cell
extract (Fig. 3B, lanes 2–5). As another positive control,
human XPF was detected in HeLa cells and in an extract
derived from 43-3B cells transfected with a cDNA coding for
human ERCC1 (Fig. 3B, lanes 14 and 17). Only very weak
XPF signals, if any, were detected in 240 µg of any ERCC1- or
XPF-defective extract (Fig. 3B, lanes 6–13), whereas it was
detected in as little as 20 µg of CHO-9 extract. Because non-
specific bands were also visible, it was difficult to be certain that
the band at the XPF position was specific. Therefore, an immuno-
precipitation assay was used. Larger amounts (400–1600 µg
protein) of normal CHO-9 and mutant UV203 extract were
incubated with XPF antibody RA1. HeLa cell extract was used
as a control. The precipitated protein was detected with XPF
antibody KJ. When sufficient CHO UV203 extract was used
(1600 µg protein), a unique band migrating at the position of
XPF was detected (Fig. 3C, lane 4), confirming that a small
amount of XPF persists in cells even in the absence of complex
formation with ERCC1. We tested directly for the ability of the
added ∆88ERCC1 to physically interact with this residual
XPF. A polyclonal antibody against ERCC1 (26) was used to
immunoprecipitate ∆88ERCC1 after it was incubated for 1 h at
30°C with UV203 extract as in Figure 3A. XPF from the
UV203 extract was found to co-immunoprecipitate (data not
shown) indicating association of ∆88ERCC1 with endogenous
hamster XPF.

Complementation of XPF-defective extracts by addition of
both subunits

Since ERCC1 or ∆88ERCC1 could alone confer repair on an
ERCC1-defective extract, it was still uncertain whether the
recombinant XPF had any activity. To test this, XPF-defective
extracts derived from XP-F rodent cells (CHO UV41) and XP-F

human cells (XP2YO) were supplemented with XPF and
∆88ERCC1. Detection of the dual incision products was
facilitated by scaling up the repair reactions from 10 to 100 µl
and purifying the DNA after the repair reaction, before end-
labelling the excised oligonucleotides. Some correction of the
NER defect of XPF-defective extracts was in fact achieved by
co-addition of both proteins (Fig. 4A and B, lanes 3–5).

Figure 3. Some XPF remains in cells lacking ERCC1. (A) Extract (60 µg
protein) derived from CHO UV203 ERCC1 mutant cells was used in a repair
assay and complemented with increasing amounts of r∆88ERCC1 ranging
from 12.5 to 300 ng (lanes 2–6) and 38 ng in lanes 7 and 8. Reactions in lanes
8 and 9 received 260 ng of XPF. A control reaction (lane 10) was carried out
with the rERCC1–XPF complex. Excised oligonucleotides are indicated by the
bracket on the left. Right panel: quantification of the relative complementation
levels reached with increasing amounts of r∆88ERCC1 in lanes 1–6. (B) Extract as
indicated (µg protein), from repair-proficient and mutant human and CHO cells
was separated on an 8% SDS–PAGE gel. Immunodetection was carried out
with XPF antibody KJ. (C) Immunoprecipitation of XPF from cell extracts.
XPF antibody RA1 was used to immunoprecipitate XPF from 200 µg protein of
HeLa extract (lane 1), 400 µg of normal CHO-9 extract (lane 2) and 400
(lane 3) and 1600 µg (lane 4) of ERCC1 mutant CHO UV203 extract. Immuno-
detection was carried out with XPF antibody KJ.
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Interestingly, whereas no NER activity could be detected in a
non-complemented CHO UV41 extract (Fig. 4A, lane 1), we
detected low dual incision activity in a non-complemented
XP2YO extract (Fig. 4B, lane 1). This confirms previous
suggestions that XP2YO cells have a residual NER activity
that could explain the mild clinical symptoms of the donor
patient (27,28). One allele of XP2YO is a frameshift change
that would remove the critical C-terminus of the protein (see
Fig. 5), whereas the other allele is an amino acid substitution at
a poorly conserved residue (29).

These results indicate that functional XPF can be produced
independently from ERCC1 and show reconstitution of

ERCC1–XPF activity with subunits produced separately.
However, the complementation reached with independently
produced subunits was very low compared to that observed in
control reactions with preformed ERCC1–XPF complex
(Fig. 4A and B, lane 7). This suggested that only a minor frac-
tion of recombinant ∆88ERCC1 and XPF associate to form an
active complex.

Primary sequence similarity between ERCC1 and XPF
proteins

In an iterated PSI-BLAST search (30) with the human XPF
sequence, we were intrigued to find that members of the
ERCC1 family were also detected (E-value = 10–6 in the
second iteration). To explore the significance of this, align-
ments were carried out with the sequences of ERCC1 and XPF
homologues from human, Chinese hamster, Drosophila,
Caenorhabditis elegans and yeast. We found a region of
similarity that includes two areas of the C-terminal domain of
XPF and much of ERCC1. The similarity (Figs 5 and 6) begins
with residue 100 of human ERCC1, just at the point where
residues of ERCC1 are known to be essential [a deletion of the
first 88–91 residues retains function in vivo (14) and in vitro
(this study), whereas deletion of the first 102 residues
inactivates the protein (14)]. Members of the ERCC1 family
have a variable, non-conserved N-terminal extension before
this point.

In a region of about 90 amino acids the alignment shows a
number of identical or highly-conserved residues found
throughout the XPF and ERCC1 families (Fig. 6A). This area
of similarity between ERCC1 and XPF family members is also
the most conserved region within the XPF family and within
the ERCC1 family. A second region of similarity is found near
the C-terminus of both proteins (Fig. 6B). In ERCC1, this
region has been predicted to include two helix–hairpin–helix
(HhH) motifs (14). These are domains of 20 amino acids
containing hydrophobic residues (h) at key positions
surrounding a hairpin, usually centred at a GhG sequence. The
alignment with the XPF sequence indicates a number of resi-
dues conserved throughout both families and by comparison
with the HhH consensus we predict that XPF also has an HhH
in domain 1 (Fig. 1B). The presence of a domain 2 HhH
sequence in the XPF family seems unlikely because of a gap in
the alignment. Nevertheless, in this area there are significantly
conserved residues between the ERCC1 and XPF families.

By using truncated proteins and immunoprecipitation of in
vitro translated proteins, the major regions of interaction
between ERCC1 and XPF have been localised to residues 224–
297 of human ERCC1 and 814–905 of human XPF (31). The
region in Figure 6B covers most of these areas.

DISCUSSION

The first indication that the ERCC1 and XPF gene products are
biochemically connected was the observation that extracts of
ERCC1- and XPF-defective mammalian cells do not complement
one another in NER assays in vitro (11–13). Subsequently,
ERCC1 and XPF were found to be bound to one another in a
heterodimeric complex. Each subunit has been undetectable by
standard methods in cell extracts where the corresponding
protein partner was mutated or absent. Thus, it has been
assumed that each protein in the heterodimer is absolutely

Figure 4. Complementation of XPF mutant extract with r∆88ERCC1 and rXPF.
Repair reactions (100 µl) were set up with XP-F extract (180 µg protein) and
250 ng of plasmid DNA with a single cisplatin lesion (lane 1) and various
amounts of recombinant ERCC1 and/or recombinant XPF (lanes 2–6). Reactions
in lanes 2–5 received 3000, 2625, 1500 and 375 ng of ERCC1, respectively.
Reactions in lanes 3–6 received 375, 1500, 2625 and 3000 ng of XPF, respectively.
Lane 7 is a control reaction with 90 ng of the ERCC1–XPF complex produced
in E.coli with a vector encoding both subunits. Excised oligonucleotides are
indicated by the brackets on the left. (A) Reactions with extract derived from the
CHO UV41 XPF mutant cell line. (B) Reactions with extract derived from the
human XP2YO XPF mutant cell line. Dual incision signals are quantified in the
lower panels.
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necessary for stability. A main result of the present study is that
ERCC1-defective cells in fact harbour a small amount of XPF
protein. It is interesting that in Saccharomyces cerevisiae, the
situation is significantly different. Extracts of Rad1 and Rad10
mutant cells can readily complement one another, to nearly
normal levels (32). This indicates that although there are many
similarities, budding yeast is not the optimal model for under-
standing the multifunctional ERCC1–XPF complex in
mammalian cells.

A related finding is that for the first time we have produced
ERCC1 and XPF individually in a form active for repair. This
should facilitate identification of individual functions of the
two subunits. The activity of XPF protein could only be
detected when both ERCC1 and XPF were added to XPF-
defective cell extracts, using more protein than in normal
assays. The amount of repair in this situation is considerably
lower than in reaction mixtures where ERCC1 alone was
added to ERCC1-defective cell extracts. The weak activity of
recombinant XPF explains why it has no easily detectable
effect in the experiments with ERCC1-defective extracts.

An interaction between ERCC1 and the XPA protein is also
critical for the NER reaction (33). ERCC1 produced individually
by in vitro translation, or in E.coli with affinity tags, can
readily interact with XPA (24,33–35). It is likely that our
recombinant ERCC1 also interacts adequately with XPA,
although we did not directly test this. A weak interaction
between individually produced ERCC1 and XPF seems
sufficient to explain the low complementation activity in the
present experiments.

So far, however, we have only been able to assess function of
ERCC1 and XPF when they are mixed together in mammalian
cell extracts, and have not been able to reconstitute NER or
nuclease activity with purified factors including the two
individual subunits (data not shown). These results suggest
that the independently produced proteins in E.coli do not easily
associate in vitro. A possible explanation is that each subunit
tends to aggregate in the absence of its partner because of

exposed hydrophobic surfaces usually involved in
heterodimeric interactions. In fact, we find that XPF, ERCC1
and ∆88ERCC1 all have a strong tendency to self-aggregate.
Gel exclusion chromatography showed that each protein
independently produced in E.coli was in a large protein
complex recovered in the void volume of a Superose 12
column even in 0.5 M NaCl buffer. It seems likely that proper
folding requires other cellular factors. Limited complex formation
between ERCC1 and XPF has been achieved by mixing
reticulocyte lysates in which each subunit was synthesized by
in vitro translation (31). Reticulocyte lysates are crude systems
containing protein chaperones that may encourage folding.
The fact that ERCC1, ∆88ERCC1 and XPF can confer repair to
defective mammalian cell extracts suggests that these extracts
may also contain protein chaperones that allow association of the
subunits.

ERCC1–XPF structure and function

Although both ERCC1 and XPF protein families are evolution-
arily conserved among eukaryotes, neither subunit has bacte-
rial orthologs. However, the XPF protein is related to
presumed archaeal RNA-helicases belonging to superfamily 2
(36,37). Alignments within the XPF family (2,38) show that it is
composed of two conserved regions in the N-terminal and C-
terminal thirds, separated by a poorly conserved domain in the
middle (Fig. 5). The N-terminal domain of XPF is related to
superfamily 2 DNA and RNA helicases in the region covered
by domains I, Ia, II and III (36). Because XPF is not a helicase
and critical residues that would be required for helicase func-
tion are not present, this resemblance is thought to reflect an
overall structural fold. It may reflect the mode of polynucleo-
tide binding, in that both superfamily 2 helicases and the XPF
family would be expected to bind to a DNA strand at junctions
between single-stranded and duplex DNA with the same
polarity.

The highest degree of similarity between the XPF family and
the archaeal enzymes is found in the C-terminal half of the

Figure 5. Domain structure of XPF and ERCC1. Human XPF and ERCC1 are shown as examples. XPF consists of two conserved areas (grey) separated by a less
conserved region in the middle. The N-terminal area includes homology to SF2-family helicase domains I–III, and a predicted leucine zipper region. In the C-terminal
region there is an area of similarity (yellow) to ERCC1. Sequence details for this region are shown in Figure 6. Part of this region shows a high similarity to a region
near the C-terminus of archaeal helicases (36). In ERCC1, approximately the first 100 amino acids are dispensable and the remainder of the protein (yellow) shows
similarity to XPF. Positions of known mutations in the ERCC1 and XPF cells used in this study are indicated; no mutation has been reported for UV41. The ERCC1-
and XPF-binding regions are from de Laat et al. (31) and the XPA-binding region is from Li et al. (44).
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proteins (36). This region contains a CVERKS consensus
sequence of unknown function that is not found in RNA or
DNA helicases other than these archaeal examples. The signature
domain is found in few other proteins; one example is Mus81
of S.cerevisiae, apparently involved in a cell cycle checkpoint
(39).

Several predictions have been made previously regarding
functional domains in ERCC1 and XPF. When the DNA
sequence of ERCC1 became available, a similarity of the last
60 amino acids with the C-terminus of the E.coli NER nuclease
UvrC was quickly noted (40,41). Although it was suggested
that this similarity might reflect a nuclease activity of ERCC1
(14), the similarity with UvrC is confined to similar HhH
regions, which are found in many DNA-binding proteins and
are not necessarily diagnostic of nuclease activity (31,42).

The conserved region of the XPF family (Fig. 6A, bottom
sequences), including and surrounding the CVERKS
sequence, has many conserved acidic residues and it was
predicted that this may be a nuclease domain (37). This is an
intriguing possibility but so far it has not been biochemically
verified. If it is true, it may suggest that the archaeal helicases
also have nuclease activity. In contrast, McCutchen-Maloney
et al. (43) have suggested that N-terminal fragments of XPF
produced in E.coli have nuclease activity, but C-terminal frag-
ments do not. We have not been able to find specific nuclease

activity of XPF alone, or of C- or N-terminal fragments (data
not shown).

The N-terminal region of XPF is related to superfamily
2 helicases although key helicase domains are disrupted. The
C-terminal region of XPF is related to the functional region of
ERCC1, probably via an ancient duplication. This region is the
one in which the two proteins interact. This provides one
reasonable explanation for the tendency of the subunits to self-
aggregate in the absence of their partners. Consequently, for
structural and functional studies of the isolated nuclease we
suggest that it may be preferable to work with complexes
between the subunits, or fragments of them.
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