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Background: The structure-specific endonuclease ERCC1-XPF has multiple DNA binding domains.
Results: Mutations in two individual domains abolish activity on model substrates, but mutations in multiple domains are

needed to affect NER activity.

Conclusion: Multiple weak DNA binding interactions mediate the role of ERCC1-XPF in NER.
Significance: DNA binding domains regulate the activity of ERCC1-XPF in NER and ICL repair.

ERCCI1-XPF is a heterodimeric, structure-specific endonu-
clease that cleaves single-stranded/double-stranded DNA junc-
tions and has roles in nucleotide excision repair (NER), inter-
strand crosslink (ICL) repair, homologous recombination, and
possibly other pathways. In NER, ERCC1-XPF is recruited to
DNA lesions by interaction with XPA and incises the DNA 5’ to
the lesion. We studied the role of the four C-terminal DNA
binding domains in mediating NER activity and cleavage of
model substrates. We found that mutations in the helix-hairpin-
helix domain of ERCC1 and the nuclease domain of XPF abol-
ished cleavage activity on model substrates. Interestingly, muta-
tions in multiple DNA binding domains were needed to
significantly diminish NER activity in vitro and in vivo, suggest-
ing that interactions with proteins in the NER incision complex
can compensate for some defects in DNA binding. Mutations in
DNA binding domains of ERCC1-XPF render cells more sensi-
tive to the crosslinking agent mitomycin C than to ultraviolet
radiation, suggesting that the ICL repair function of ERCC1-
XPF requires tighter substrate binding than NER. Our studies
show that multiple domains of ERCC1-XPF contribute to sub-
strate binding, and are consistent with models of NER suggest-
ing that multiple weak protein-DNA and protein-protein inter-
actions drive progression through the pathway. Our findings are
discussed in the context of structural studies of individual
domains of ERCC1-XPF and of its role in multiple DNA repair
pathways.

Structure-specific endonucleases are widespread enzymes
that incise DNA as components of most DNA repair and
recombination pathways. The activity of these enzymes needs
to be tightly regulated since they might otherwise inadvertently
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fragment DNA (1). One of the most important pathways
depending on the action of endonucleases is nucleotide exci-
sion repair (NER),®> which addresses lesions induced by UV
light, environmental mutagens and certain cancer chemother-
apeutic agents. In NER, an oligonucleotide of 24—32 nucleo-
tides in length containing the damage is removed and the orig-
inal DNA sequence restored using the non-damaged strand as a
template (2). NER can be initiated in two ways: Transcription
coupled NER (TC-NER) is triggered when RNA polymerase II
is stalled by a bulky DNA lesion during transcription (3); Global
genome NER (GG-NER) occurs anywhere in the genome and is
initiated by the damage sensor XPC-RAD23B, in some cases
with the help of the UV-DDB-ubiquitin ligase complex (4—6).
Subsequently, TFIIH verifies the presence of the lesion and
opens up the DNA helix, allowing the formation of a pre-inci-
sion complex containing the endonuclease XPG, the single-
stranded DNA binding protein RPA and the architectural pro-
tein XPA (7-9). Finally, the second endonuclease, ERCC1-XPF
is recruited to the pre-incision complex (10, 11) and incises the
DNA 5’ to the lesion, triggering initiation of repair synthesis,
incision 3’ to the lesion by XPG, completion of repair synthesis
and ligation (12—14).

The two structure-specific endonucleases involved in NER,
XPG and ERCC1-XPF, are multifunctional proteins, with
diverse roles in NER and other pathways. XPG is a latent endo-
nuclease, fulfilling first a structural and subsequently a catalytic
role in NER. It has additional roles in transcription in conjunc-
tion with TFITH (1). The roles of XPG outside of NER are man-
ifest in the severe phenotypes of many XP-G patients (15, 16).
By contrast, most of the known XP-F patients present with a
mild XP phenotype and have significant residual NER activity
due to the presence of low levels of active XPF protein (17).
However, a subset of patients and mice with deficiencies in XPF
or ERCC1 are much more severely affected and suffer symp-
toms not caused by NER deficiency alone including develop-
mental abnormalities, premature aging and early death, (18—

3 The abbreviations used are: NER, nucleotide excision repair; ICL, interstrand
crosslink; HhH, helix-hairpin-helix; HLD, helicase like domain.
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22). It is believed that these additional symptoms are due to the
roles of ERCC1-XPF in interstrand crosslink (ICL) repair,
homologous recombination, and possibly telomere mainte-
nance (23-27).

ERCC1-XPF forms an obligate heterodimer and contains a
number of distinct domains that contribute to various aspects
of its function (Fig. 1). Both proteins contain helix-hairpin-he-
lix (HhH) domains at their C termini that are required for het-
erodimer formation (28, 29). The active site with the conserved
nuclease motif is located adjacent to the HhH domain in XPF
(30). The central domain of ERCC1 is structurally homologous
to the XPF nuclease domain (29, 31), however, instead of the
active site rich in acidic residues, it contains a groove lined with
basic and aromatic residues that interact with the XPA protein,
connecting ERCC1-XPF to the NER machinery (10, 32-34).
XPF, the larger of the two proteins, contains an N-terminal
SF2-helicase like domain (HLD), which has lost the ability to
bind ATP and to unwind duplex DNA (35). This domain has
been implicated in DNA binding and protein-protein interac-
tions, possibly mediating an interaction with SLX4 in ICL
repair and other pathways (36 -39).

Interestingly, these five domains have been implicated in
DNA binding, but evidence to date has been based on analysis
of individual domains or on studies of archaeal XPF proteins
(10,29, 34,40 -43). We investigated the role of four C-terminal
DNA binding domains by mutational analysis in the context of
full-length ERCC1-XPF. Our studies show that DNA binding
mutations in any single domain are insufficient to abolish NER
in vitro and in vivo. Instead, we report that mutations in multi-
ple domains are necessary to disrupt NER and that there is a
hierarchy of importance of the individual domains. Our studies
are consistent with the notion that multiple weak interactions
among proteins and DNA substrates drive progress through the
NER reaction (2, 44).

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Site-directed mutagen-
esis of pFastBac-XPF and pFastBac-ERCC1-His (30) was per-
formed using the QuikChange site-directed mutagenesis kit
(Stratagene) to generate the following mutations: XPFR6784,
XPFKSSOA/RSSsA, XPFR678A/K850A/K853A’ ERCC11<247A/I<281A,
ERCCIN''94, and ERCCIN!OA/K47AMK281A Bacmid DNA was
generated in DH10Bac cells and transfected into the Sf9 insect
cells to obtain baculoviruses according to a standard protocol
(Bac-to-Bac, Invitrogen). The following combination of ERCC1
and XPF proteins were co-expressed in Sf9 cells for 60 to 65 h
with an MOI of 5: ERCC1-XPF, ERCC1-XPF*%’®4, ERCC1-
XPFK85OA/ R853A’ ERCCl_XPFR678A/ K850A/ R853A, ERCC1K247A/ K281A _
XPF, ERCC1N10A_XPF, ERCC1N110A/K247A/K281A_Y pE
ERCC11<247A/I<281A‘XPFR678A, ERCCINI IOA-XPFR678A, and
ERCC1K2*47A/K28LA_Y DEKESOA/KES3A (Colls were lysed and pro-
teins purified over a 1 ml Nickel (His Trap) column (Amersham
Biosciences), a HiLoad 16/60 Superdex 200 column (Amer-
sham Biosciences) and a 1 ml Hitrap Heparin column (Amer-
sham Biosciences) as described in (30). The proteins eluted at
650 mM NaCl from the Heparin column and were in some cases
concentrated on an Amicon Ultra-4 Centrifugal Filter (Milli-
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pore). Proteins were frozen in aliquots in liquid N, and stored at
—80°C.

Endonuclease Assays—10 pmol of a stem-loop oligonucleo-
tide (GCCAGCGCTCGG(T),,CCGAGCGCTGGC) labeled
with fluorescent dye Cy5 at the 3’-end (IDT) were annealed in
200 pl solution (10 mm Tris, pH 8.0, 50 mm NaCl, 1 mm MgCl,)
by heating at 90 °C for 10 min and allowing to cool at room
temperature for 2 h. 100 fmol of the substrate were incubated in
25 mm Tris, pH 8.0, 2 mm MgCl, 10% glycerol, 0.5 mMm 3-mer-
captoethanol, 0.1 mg/ml BSA, 40 mm NaCl with various
amounts of protein in a volume of 15 ul. The reactions were
incubated at 30 °C for 30 min and quenched by adding 10 ul of
80% formamide/10 mm EDTA. After heating at 95 °C for 5 min
and cooling on ice, 3 ul of each sample were analyzed on a 12%
denaturing polyacrylamide gel. Bands were visualized by fluo-
rescence imaging on a Typhoon 9400 imaging system (Amer-
sham Biosciences).

In Vitro NER Assay—Extracts derived from XPF-deficient
XP2YO cells and plasmids containing dG-acetylaminofluorene
(dG-AAF) or 1,3-intrastrand cisplatin (cis-Pt) lesions were pre-
pared as described previously (45—47). For each reaction, 2 ul
of repair buffer (200 mm Hepes-KOH (pH 7.8), 25 mm MgCl,,
2.5 mm DTT, 10 mm ATP, 110 mm phosphocreatine (di-Tris
salt, Sigma), and 1.8 mg/ml BSA), 0.2 ul of creatine phosphoki-
nase (2.5 mg/ml, sigma), 3 ul of XPF-deficient cell extract
(about 10 mg/ml), NaCl (to a final concentration of 70 mm), and
different amounts of purified ERCC1-XPF in a total volume of 9
wul were pre-warmed at 30 °C for 10 min. 1 ul plasmid contain-
ing dG-AAF or cis-Pt (50 ng/ul) was added to each reaction,
and the samples were incubated at 30 °C for 45 min. After add-
ing 0.5 ul of 1 um of an oligonucleotide complementary to the
excision product with a 4G overhang for either dG-AAF (5’
GGGGCATGTGGCGCCGGTAATAGCTACGTAGCTCp-3')
or cis-Pt (5'-GGGGGAAGAGTGCACAGAAGAAGACCTG-
GTCGACCp-3’), the mixtures were denatured by heating at
95 °C for 5 min. After cooling at room temperature for 15 min,
1 pl of sequenase mixture (0.13 units of sequenase (USB), and
2.0 uCi [a-*2P]dCTP for each reaction) was added and incu-
bated at 37 °C for 3 min, followed by addition of 1.2 ul ANTP
mixture (50 um dCTP, 100 um dTTP, 100 um dATP, and 100
uM dGTP). The reactions were incubated at 37 °C for 12 min
and stopped by addition of 8 ul of 80% formamide/10 mm
EDTA. After heating to 95 °C for 5 min, samples were placed on
ice and analyzed on a 14% denaturing polyacrylamide gel. Gels
were exposed to a phosphor screen and visualized by Phosphor-
imager (Typhoon 9400, Amersham Biosciences Biosciences).

DNA Binding Measurements by Fluorescent Anisotropy—For
the anisotropy experiments, the protein storage buffer was
exchanged to 25 mm KH,PO, pH 7.6, 5 mm B-mercaptoetha-
nol, 10% glycerol, 150 mm NaCl. Increasing concentrations of
protein were incubated with the splayed arm substrate (10 nm)
which was made by annealing the following oligonucleotides:
5'-CTTTCGAACATCCAGGAGAGCACGGCCTTTTTTT-
TTTTTTTTTTTTT with an FAM label at the 3'-end and 5’-
TTTTTTTTTTTTTTTTTTTTGGCCGTGCTCTCCTGGA-
TGTTCGAAAG. 100 nm of competitor double-stranded
DNA (5'-TCAAAGTCACGACCTAGACACTGCGAGCTC-
GAATTCACTGGAGTGACCTC and 5'-GAGGTCACTCC-
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AGTGAATTCGAGCTCGCAGTGTCTAGGTCGTGACTT-
TGA) were used in each reaction. Each reaction was incubated
in 20 ul of buffer (25 mm Hepes-KOH (pH 8.0), 15% glycerol, 0.1
mg/ml BSA, 2 mm CaCl,, 0.5 mMm 3 -mercaptoethanol, and 40
mM NacCl) at 30 °C for 5 min. The experiments were conducted
at least four times and measured on Infinite M1000 plate reader
(Tecan). The data were fitted using the grafit4 program to the
equation f =y + a X x"b/(c’b + x"b), where x is the protein
concentration, fis the fluorescent anisotropy and c is the K,
value.

Generation of Mutant Cell Lines using Lentiviral Trans-
duction—Human XP-F mutant fibroblasts XP2YO, Chinese
hamster ovary cells UV20 (with a mutation in ERCC1), and
293T cells were cultured in Dulbecco’s modified Eagle’s
medium high glucose 1X (GIBCO), 10% fetal bovine serum, 100
units/ml penicillin, and 0.1 mg/ml streptomycin at 37 °Cina 5%
CO, humid incubator. Wild-type or mutant XPF cDNA with an
hemaglutinin (HA) tag at C-terminal was inserted into the
pWPXL vector, which was co-transfected with the packaging
plasmid psPAX2 and the envelop plasmid pMD2G into 293T
cells to generate lentiviral particles. The particles were trans-
duced into XP2YO cells to produce cell lines stably expressing
wild-type or mutant XPF proteins according to established pro-
cedures (48, 49). The same procedure was applied to generate
cell lines expressing wild-type or mutant ERCC1 in UV20 cells.

Local UV Irradiation and Immunofluorescence—About
50,000 cells were plated on a coverslip in 6-well plates, grown
for 2—-3 days and irradiated through a polycarbonate membrane
with 5 wm pores (Millipore) with UV light (254 nm) with a dose
of 150 J/m? (XP2YO cells) or 120 J/m? (UV20 cells). Cells
were incubated at 37 °C, 5% CO, for 30 min to 24 h. They were
washed first with PBS and then with PBS plus 0.05% Triton
X-100 and fixed with 3% paraformaldehyde plus 0.1% Triton
X-100 (XP2YO cells) or washed first with PBS and then with
PBS plus 0.1% triton X-100, and fixed by 3% paraformaldehyde
plus 0.2% triton X-100 (UV20 cells). After fixation, cells were
washed with PBS containing 0.2% Triton X-100. To stain for
(6 —4)PPs, cells were treated with 0.07 m NaOH in PBS for 5
min, followed by washing with PBS plus 0.2% Triton X-100.
After blocking with PBS plus 5 mg/ml BSA and 1.5 mg/ml gly-
cine, cells were stained with mouse monoclonal anti-(6 —4)PP
antibody (Cosmo Bio) 1:400, rabbit polyclonal anti-ERCC1
antibody (FL-297, Santa Cruz Biotechnology) 1:100, or rabbit
polyclonal anti-HA antibody (ChIP grade, Abcam) 1:2000 for
1.5 h, and washed with PBS containing 0.2% Triton X-100. Cells
were then incubated with secondary antibodies: Cy3-conju-
gated affinipure goat anti-mouse IgG(H+L) (Jackson Immuno-
Research) 1:1000 and Alexa Fluor 488-labeled F(ab’), fragment
of goat anti-rabbit IgG (H+L) (Invitrogen) 1:800 for 1 h, fol-
lowed by washing with PBS with 0.2% Triton X-100. Samples
were washed with PBS, embedded in Vectashield Mounting
Medium with 1.5 ug/ml of DAPI (Vector Laboratories) and
analyzed using a confocal microscope (Zeiss LSM 510). About
100 cells were counted in at least three independent experi-
ments for quantification.

Clonogenic Survival Assay—Exponentially growing cells
were plated in 6 cm dishes in triplicate at a density of 1-20 X
103-cells/plate for human cells or 250-5,000 cells/plate for
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Chinese hamster ovary cells, depending on the dose of geno-
toxin used and the predicted phenotype of the cells. For the
hamster cells, wild-type cells were plated as follows: 3 plates at
250 cells/plate (untreated) 3 plates at 250 cells/plate (dose 1), 3
plates at 250 cells/plate (dose 2), 3 plates at 500 cells/plate (dose
3), and 3 plates at 500 cells/plate (dose 4). For hamster cells,
knock-out cells were plated as follows: 3 plates at 250 cells/plate
(untreated), 3 plates at 250 cells/plate (dose 1), 3 plates at 500
cells/plate (dose 2), 3 plates at 1000 cells/plate (dose 3), and 3
plates at 5,000 cells/plate (dose 4). The next day, the cells were
transiently exposed to genotoxins. For UV treatment, the
media was aspirated from the plates; the cells were washed with
PBS; irradiated with UV (254 nm, Spectroline X-15) and the
cells were replenished with fresh medium. For mitomycin C
(MMC) treatment, the cells were treated with medium contain-
ing MMC (Fisher) at 37°C for 1 h. The plates were then washed
twice with PBS and replenished with fresh medium. 7-10 days
after exposure to genotoxins, when colonies are visible to the
naked eye, the cells were fixed and stained with 50% methanol,
7% acetic acid and 0.1% Coomassie Brilliant Blue. The colonies
(defined as containing >10 cells) were counted using an Olym-
pus SZ61 stereomicroscope with a 10X eyepiece. The data were
plotted as the number of colonies on treated plates divided by
the number of colonies on untreated plates * S.E. for a mini-
mum of two independent experiments, both done in triplicate.

RESULTS

Generation of ERCCI1-XPF with Mutations in Four DNA
Binding Domains—We used information from structural and
functional studies to design ERCC1-XPF proteins with muta-
tions in four DNA binding domains in the C-terminal halves of
the two proteins. Previous studies have shown that a protein
containing only the two HhH, XPF nuclease, and ERCC1 cen-
tral domains can still cleave ss/dsDNA junctions, albeit with
much reduced efficiency (29). HhH domains have been shown
to contribute to DNA binding in ERCC1-XPF (29, 43) and other
proteins (50). Based on structural studies, we chose two basic
residues in each HhH domain, K247 and K281 in ERCC1, and
K850 and R853 in XPF, which have been suggested to play arole
in DNA binding (Fig. 1) (29, 43). NMR studies revealed that the
HhH domain in ERCC1 appears to be more important for DNA
binding (43). We expected the nuclease active site in XPF to
interact with DNA directly and chose to include R678 (Fig. 1B),
as we have previously shown that mutating this residue to ala-
nine resulted in a protein with only marginal activity on model
substrate, while being active in NER in the presence of the other
NER proteins. We suggest that this residue contributes to posi-
tioning of the active site on the substrate rather than the cata-
lytic mechanism (14, 30). Although the central domain of
ERCCI1 can bind DNA (29, 34), its main function is likely to
interact with XPA. We included the N110A mutant, which has
a weakened interaction with XPA (Fig. 1B) (10, 34), to deter-
mine to what extent defects in the interaction with XPA syner-
gize with defects in DNA binding. We mutated all of these res-
idues to alanine and combined the different mutations to study
how these four domains contribute to the DNA binding and
NER activity of ERCC1-XPF.
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FIGURE 1. Structure of the ERCC1-XPF HhH domains and scheme of the
DNA binding domains in ERCC1-XPF. A, HhH domains of ERCC1 (gray) and
XPF (yellow) contribute to dimerization. The residues shown in atom color are
believed to contribute to DNA binding and were mutated in our study. The
figure is adapted from Ref. 29. B, five domains of ERCC1-XPF that may contrib-
ute to DNA binding are shown. Residues in the central and HhH domains of
ERCC1 and in the nuclease and HhH domains of XPF mutated to alanine in our
study are highlighted in red.

Mutations in the HhH Domain of ERCCI and the Nuclease
Domain of XPF Lead to the Loss of Incision Activity on Stem
Loop Substrates—Heterodimeric ERCC1-XPF containing
mutations in the HhH, nuclease and central domains were
expressed in insect cells and purified using our established pro-
tocol (30). All the proteins, including those containing muta-
tions in two domains formed heterodimers similar to the wild-
type protein. Only fractions eluting at 6070 ml, representing
heterodimeric ERCC1-XPF were collected during the gel filtra-
tion chromatography step (supplemental Fig. S1A). We have
previously shown that these fractions contain the active protein
(30). Furthermore, the CD spectrum of selected mutants were
identical to that of wild-type ERCC1-XPF suggesting that they
were properly folded (supplemental Fig. S1B). The endonu-
clease activity of ERCC1-XPF in wild-type and mutant form
was tested on a 3’ fluorescently labeled stem-loop model sub-
strate, in which the protein cut at the ss and dsDNA junction in
the presence of Mg>" (51). ERCC1-XPF in wild-type form and
with mutations in the HhH domain of XPF or the central
domain of ERCC]1, cleaved the stem-loop substrate with similar
efficiencies as the wild-type protein in a concentration-depen-
dent manner (Fig. 2). By contrast, no such incision products
were observed for proteins containing mutations in the HhH
domain of ERCC1 (ERCC1***7A/K281A 'Fig 2 A, lanes 4—5) or in
the nuclease domain of XPF (XPFR73A, Fig, 2B, lanes 4-5).
From these results we conclude that the HhH domain of
ERCCI1 and the nuclease domain of XPF are more important
than the ERCC1 central and XPF HhH domains in mediating
nuclease activity.

4 636 656
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FIGURE 2. Mutations in the HhH domain of ERCC1 and the nuclease
domain of XPF impact nuclease activity on a stem-loop substrate. ERCC1-
XPF in wild-type form or with mutations in ERCC1 (A), XPF or both (B) were
incubated with 3’-Cy5-labeled stem-loop DNA substrate (6.7 nm) at 37 °C for
30 min, and products were visualized on 12% denaturing polyacrylamide
gels. Concentrations of ERCC1-XPF: lanes 1: no protein; lanes 2,4, 6, 8,and 10,
12and 14:3.3 nm; lanes 3,5, 7,9,and 11:26.7 nm. The position of the substrate
and product are indicated on the /eft side of the gel.

The HhH Domain of ERCCI Is a Key Contributor for DNA
Binding Affinity—We wanted to gain insight into whether the
reduced nuclease activity caused by mutations in the ERCC1
HhH and XPF nuclease domains correlated with reduced DNA
binding activity. We used fluorescence anisotropy to measure
the binding affinity of ERCC1-XPF to model DNA substrates.
We titrated 3'-labeled splayed arm, stem loop or duplex DNA
substrates with wild-type ERCC1-XPF and measured the
increase in anisotropy as a function of the protein concentra-
tion. Surprisingly, ERCC1-XPF-bound dsDNA with similar
affinity as the splayed arm or stem-loop substrates (data not
shown), although ERCCI1-XPF did not incise dsDNA (51).
However, addition of a 10-fold excess of non-labeled dsDNA
abolished the binding of ERCC1-XPF to dsDNA, but not to the
splayed arm and stem loop substrates, confirming that ERCC1-
XPF specifically bound ss/dsDNA junctions.

To determine the effect of mutations in the four domains on
DNA binding quantitatively, 3'-FAM-labeled spayed arm sub-
strates were incubated with increasing amounts of protein in
the presence of a 10-fold excess of non-labeled dsDNA compet-
itor. The anisotropy binding curves for the WT, XPFR¢784,
ERCCIN'A and XPFK820A/KES3A broteins displayed a similar
shape, while the anisotropy signal of ERCC1***7A/K2814 yag
about 40% lower, suggesting that the architecture of this pro-
tein-DNA complex was different from that of the wild-type
protein (Fig. 3). Quantification of the data revealed that the
ERCC1¥*#7A/K2814 3150 displayed the lowest binding affinity for

JOURNAL OF BIOLOGICAL CHEMISTRY 21849


http://www.jbc.org/cgi/content/full/M111.337899/DC1
http://www.jbc.org/cgi/content/full/M111.337899/DC1

DNA Binding Domains of ERCC1-XPF

—— R678A
—2— N110A
—O0— K247A/K281A

160 [~

[}
o

Fluorescent anisotropy
S
o

1000

10 100
ERCC1-XPF (nM)

FIGURE 3. Mutations in the HhH domain of ERCC1 lead to reduced DNA
binding affinity. Fluorescein-labeled splayed arm DNA substrate (10 nm) in
the presence of 100 nm non-labeled competitor double-stranded DNA was
titrated with wild-type and mutant ERCC1-XPF. DNA affinities were measured
by fluorescence anisotropy. Error bars represent the standard deviation from
a minimum of four experiments.

the splayed arm substrate (K, = 219 * 9 nm), about 2-fold lower
than the WT, XPFR¢"84 and ERCCIN''° proteins. The K, of
XPFR850A/KES3A yas about 1.6-fold lower than that of the wild-
type protein. The results suggest that the HhH domains of both
ERCC1 and XPF contribute to substrate binding by ERCC1-
XPF, with a more prominent contribution from the ERCC1
HhH domain. Our data also show that mutations in a single
domain alone are not sufficient to completely abolish DNA
binding by ERCC1-XPF.

Mutations in Multiple DNA Binding Domains Synergistically
Affect NER Activity in Vitro—We then investigated the effect of
these mutations on the overall NER reaction in the context of
cell-free extracts. Plasmids containing site-specific bulky DNA
substrates, either 1,3-intrastrand cisplatin crosslinks (cis-Pt) or
acetylaminofluorene adducts of dG (dG-AAF), were incubated
with XPF-deficient cell-free extract and wild-type or mutant
ERCCI1-XPF to observe the ability of the protein to excise DNA
in the context of other NER proteins (45, 46, 52). XP-F extracts
are devoid of ERCC1 and XPF and did not display any NER
activity, but addition of wild-type ERCC1-XPF restored NER
activity as shown previously (Fig. 4, A and B, lanes 1-3) (14, 33).
Mutations in the HhH domain of ERCC1 (ERCC1K247A/K2814)
led to a mild reduction in NER activity, at least on the
cisplatin substrates, while the analogous mutation in XPF
(XPER850A/RES3A) had no effect (Fig. 4, A and B, lanes 4-5, and
12-13). Therefore, a defect in the intrinsic DNA binding activ-
ity can be overcome at least partially in the context of the full
NER complex. XPFR¢754 was similarly active in NER, although
with a slightly shifted incision pattern (Fig. 44, compare lanes
10-11to lanes 2-3). This suggests that R678 contributes to the
proper positioning of active site residues to carry out the inci-
sion. As observed previously, ERCC1N''** displayed reduced
NER activity, due to a weakened interaction with XPA (Fig. 4, A
and B, lanes 6 -7 (33).

Because mutations in the individual domains led to only par-
tial inhibition of NER activity, we tested if a combination of
multiple mutations would lead to a more severe defect. We
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FIGURE 4. Mutations in multiple domains are needed to affect NER in
vitro. Plasmids containing site-specific cis-Pt (A) or dG-AAF (B) lesions were
incubated with XPF-deficient cell extracts and recombinant purified ERCC1-
XPF in wt or mutant form. The excised 25-32mer oligonucleotide was
annealed to a complementary strand with a 4G overhang followed by a fill-in
reaction with [a->?P]ldCTP. Products were analyzed on 14% denaturing poly-
acrylamide gels and visulized by phosphorimaging. ERCC1-XPF concentra-
tions: lane 1: no protein; even lanes: 5 nv; odd lanes except lane 1: 40 nm. An
asterisk denotes the unique band observed with XPFR¢784,

found that, in all cases, a combination of mutations in multiple
domains led to reduced NER activity compared with the respec-
tive mutations in any single domain. Combining the
ERCC1***7A/K28IA mytation with ERCC1N''4 (Fig, 44, lanes
8-9), XPFK80ARESIA (Fig 44 lanes 16 —17), or XPFRO78A (Fig,
4A, lanes 18 —19) led to a loss of detectable NER activity on the
cis-Pt substrate, while some activity was preserved for the dG-
AAF substrate for the combination of ERCC1X2*7A/K2814 yith
ERCCIN''A (Fig, 4B, lanes 8 —9) and XPFX8°0A/RES3A (Fig 4B,
lanes 16-17). Similarly, a combination of XPFR¢7®4 with
XPEK850A/RES3A (Fig 4, A and B, lanes 14—15) or ERCC1N10A
(Fig. 4, A and B, lanes 20—21) led to decreased NER activity with
both the cis-Pt and dG-AAF substrates. These studies show
that combined mutations in multiple DNA binding domains of
ERCC1-XPF synergistically affected NER activity and that
many domains simultaneously contributed to the DNA binding
and cleavage activity of ERCC1-XPF. Interestingly, the reac-
tions of cis-Pt substrates were generally more severely affected
than those of the dG-AAF substrates. This could be due to
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differences in the structure of the substrates in the NER com-
plex and/or because dG-AAF were more efficiently processed
by NER under our reaction conditions.

ERCCI1-XPF with Impaired DNA Binding Ability Associates
with NER Complexes in Cells—We wished to define how the
DNA binding mutations of ERCC1-XPF affected NER activity
in vivo, by studying the recruitment of the protein to sites of UV
damage and the repair kinetics of 64 photoproducts ((6—
4)PPs). ERCC1-deficient UV20 and XPF-deficient XP2YO cells
were transduced with lentiviral vectors expressing wild-type or
mutant ERCC1 and XPF proteins, respectively (14, 33). West-
ern blot analysis of the transduced cells revealed that wild-type
(ERCC1¥7, XPF¥T) and mutant proteins (ERCC1*47A/R281A,
ERCC1N110A/K247A/K281A, XPFR678A, XPFKSSOA/RSSSA’ and
were expressed at or above endogenous
level (supplemental Fig. S2). As it has been shown that only
about 35% of the cellular ERCC1-XPF is engaged in NER fol-
lowing UV irradiation (53), we believe that slight differences in
expression levels do not influence the outcome of the experi-
ments described here. Cells were irradiated with UV light (254
nm) through a filter with 5 wm pores to generate sites of local
UV damage in the cell nuclei. After incubation for 30 min fol-
lowing UV irradiation, cells were fixed and stained with anti-
bodies to detect (6—4)PPs and ERCC1-XPF. As previously
shown (33), around 90% of wild-type protein co-localized with
(6—4)PPs (Fig. 5). Interestingly, similar amounts of co-localiza-
tion were observed for the proteins with mutations affecting
DNA binding (ERCCIKZ/WA/RZSIA’ XPFR678A’ XPFI<85OA/R853A’
and XPERO78A/KES0A/RES3A) Hindicating that the DNA binding
activity of ERCC1-XPF was not required for the stable associa-
tion of ERCC1-XPF with NER complexes. The only variant that
showed decreased co-localization with (6-4)PPs was
ERCCINI0A/K247A/KIBIA (Fio 5) but this was expected, as we
have shown previously that the N110A mutation affected bind-
ing to XPA (33).

The Repair of (6—4)PPs Is Delayed by DNA Binding
Mutations—We next measured how the mutations in ERCC1
and XPF affected the rate of repair of UV lesions. Cells were
incubated for various times after local UV irradiation and fixed.
The percentage of cells containing (6 —4)PPs was determined.
30 min after UV irradiation, about 40% of all UV 20 cells con-
tained sites of (6 —4)PPs. At 24 h 17% of the non-transduced
UV20 cells contained 6 —4PPs, establishing the rate of removal
rate in the absence of NER. (Fig. 6, A and C). In ERCC1¥7-
expressing cells, the damage was almost all gone at 2 h and
detectable at only marginal levels at later time points. The rate
of repair was significantly reduced in ERCC1¥2*7A/R281A_ex_
pressing cells with 24 and 18% of the cells containing (6 — 4)PPs
at 2 h and 4 h, respectively. Repair appeared to be mostly com-
pleted however at later time points (8 h, 24 h), indicating that
this mutation in the HhH domain of ERCC1 slowed down, but
did not abrogate NER. Adding the XPA-interacting mutation
N110A to K247A/K281A led to further delay in repair, although
repair was still completed at the 24 h time point (Fig. 6, A
and C).

In the XP-F deficient XP2YO cells, significant levels (~16%)
of (6—4)PPs also persisted at 24 h, and the observed damage
levels at 30 min was slightly higher than in the UV20 cells.
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FIGURE 5. Mutations in DNA binding domains of ERCC1-XPF do not affect
the recruitment to sites of UV damage. ERCC1-deficient UV20 cells were
transduced with wild-type or mutant ERCC1, and XPF-deficient XP2YO with
wild-type or mutant XPF. Cells were irradiated with UV light (254 nm, 120 J/m?
for UV20 cells; 150 J/m? for XP2YO cells) through a polycarbonate filter with 5
um pores and incubated at 37 °C for 30 min. Cells were fixed and stained with
antibodies against (6-4)PPs (red), ERCC1-XPF (green, using an anti-HA anti-
body in UV20 cells (A), and an anti-ERCC1 antibody in XP2YO cells (B)). Nuclear
DNA was visualized by DAPI staining. C, graphical representation of the per-
centage of co-localization of ERCC1-XPF with (6-4)PPs in UV20 cells. D,
graphical representation of the percentage of co-localization of ERCC1-XPF
with (6-4)PPs in XP2YO cells. The quantification is based on at least three
independent experiments, and error bars represent the standard deviation.

Transduction of XPFYT restored the complete removal of
(6—4)PPs and the repair rate in XPF<80A/R833A_expressing
cells was only marginally slower than in wild-type cells. How-
ever, the damage removal was impaired in XPFR®7®*_express-
ing cells, and a combination of the R678A and K850A/R853A
mutations led to a further reduction in the repair rate (Fig. 6, B
and D). The cellular studies are thus consistent with the in vitro
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FIGURE 6. Mutations in DNA binding domains of ERCC1-XPF affect repair kinetics of (6 - 4)PPs in vivo. ERCC1-deficient UV20 cells were transduced with
wild-type or mutant ERCC1 (A), XPF-deficient XP2YO cells with wild-type or mutant XPF (B). Cells are irradiated with UV light (254 nm, 120 J/m? for UV20; 150
J/m? for XP2YO) through a polycarbonate filter with 5 um pores, incubated at 37 °C for 30 min, 2 h, 4 h, 8 h, 24 h, fixed and stained with antibody against
(6-4)PPs (red) and with DAPI (blue). C, graphical representation of the percentage of cells containing (6-4)PPs in (transduced) UV20 cells. D, graphical
representation of the percentage of cells containing (6-4)PPs in (transduced) XP2YO. Quantification is based on at least three independent experiments, and

the standard deviation is indicated by error bars.

results showing that DNA binding mutations in the nuclease
domain of XPF and the HhH domain of ERCC1 synergistically
affected NER.

Mutations in Multiple DNA Binding Domains Render Cells
Hypersensitive to UV and Mitomycin C—Having shown that
mutations in DNA binding domains in ERCC1-XPF synergisti-
cally affected NER in vitro and in vivo, we wanted to test
whether these mutations also render cells hypersensitive to UV
irradiation as well as mitomycin C (MMC), an agent that causes
DNA interstrand crosslinks (ICLs). Cells were first treated with
different doses of UV light (254 nm) and the sensitivity was
assessed using clonogenical survival assays. Consistent with the
results from the NER studies above, mutations in single
domains (XPFR678A, XPFI<850A/R853A, and ERCCIK247A/K281A)
led to mild UV sensitivity, while mutations in two domains
(XPFR678A/K850A/RSSSA or ERCC1N110A/K247A/K281A) led to a
more pronounced effect. The hypersensitivity to MMC was
even more prominent: cells expressing ERCC1-XPF with
mutations in single domains (XPFR6784, XPFK850A/RE33A
and ERCC1¥2#7A/K2814) yere already associated with dra-
matic sensitivity, especially XPFR¢7®2_ Cells expressing
XPFR678A/K850A/R853A or ERCClNllOA/K247A/K281A were as
sensitive as non-transfected cells to MMC. These results dem-
ostrate that proper DNA binding is even more important in the
context of ICL repair.
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DISCUSSION

Multiple DNA- and Protein-binding Domains of ERCCI-XPF
Control Its Function in NER—In our study, we investigated the
role of four C-termial DNA binding domains in ERCC1-XPF
(Fig. 1) and show that there is a hierarchy of importance of these
domains in mediating the interaction with its DNA substrates.
Mutations of DNA binding residues located in the HhH domain
of ERCCI1 and the nuclease domain of XPF have a more delete-
rious effect on nuclease and NER activity than mutations in the
HhH domain of XPF or the central domain of ERCC1. Impor-
tantly, mutations in multiple DNA binding domains are
required to significantly suppress NER activity in cultured cells
and cell-free extracts, whereas mutations in the ERCC1 HhH or
XPF nuclease domain alone are enough to deplete nuclease
activity of the purified heterodimer on model substrates. These
findings are consistent with current models of NER positing
that this process is driven by the dynamic assembly and disas-
sembly of the factors involved (7, 53). Accordingly, multiple
protein-protein and protein-DNA interactions drive NER and
enable the ordered hand-off of the substrates in damage recog-
nition, damage verification, pre-incision complex assembly,
dual incision, repair synthesis, and ligation (2, 44). Our studies
allow us to propose how multiple interactions between ERCC1-
XPF, XPA, and DNA control incision 5’ to the damage during
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FIGURE 7. Mutations in DNA binding residues render cells more sensitive to MMC than to UV. Cells were challenged with UV (254 nm) to determine the
impact of the mutations on NER or with MMC to determine the impact on ICL repair. Top row: WT (AA8), ERCC1-deficient (UV20) and complement Chinese
hamster ovary cell lines. Bottom row: WT (SV-40, SV40-transformed human fibroblasts), XPF-deficient (XP2YO) and complemented cell lines. The data were
plotted as the percentage of colonies that were formed on the treated plates relative to the untreated plates = S.E. (error bars) for a minimum of two

independent experiments each done in triplicate.

NER. ERCC1-XPF is recruited to NER complexes by interac-
tion of the central domain of ERCC1 with XPA, in the context
of a pre-incision complex consisting of XPA, RPA, TFIIH, and
XPG (10, 33). Our cellular studies suggest that DNA binding of
ERCC1-XPF is not required to localize the endonuclease to
NER complexes (Fig. 5). DNA binding domains therefore
anchor the protein at the junction following recruitment,
allowing the nuclease domain of XPF to be positioned at the
incision site and to cleave the DNA, triggering dual incision and
repair synthesis (14). It is likely that interactions with other
NER proteins, for example RPA and TFIIH (54, 55), contribute
to the fine-tuning of the incision and coordination with other
steps in the NER pathway.

The HhH Domains of ERCCI1 and XPF Have Distinct Roles in
NER—In accordance with NMR studies of individual domains
of ERCC1-XPF (43), our results show that mutations in the
HhH domain of ERCC1 affect DNA binding, nuclease and NER
activity more severely than analogous mutations in the HhH
domain of XPF. XPF and ERCCI are believed to have evolved
from a common ancestor (56), which has been studied in the
form of archaeal XPF homologs (57). During divergent evolu-
tion, XPF retained the nuclease active site and ERCC1 con-
served a typical double HhH motif. ERCC1 now harbors an
XPA-interacting domain instead of a nuclease domain and the
HhH in XPF has lost some typical features. In accordance with
this observation and with structural studies, our work demon-
strates that the HhH domain of ERCC1 is more important for
substrate binding and NER activity than the analogous domain
in XPF (43). We know less about how the HLD of XPF contrib-
utes to the interaction with DNA. Based on studies of the
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homologous domain in the Hef helicase, the HLD is expected to
contribute to the interaction with ss/dsDNA junctions. Con-
sistent with this observation, human ERCC1-XPF lacking the
HLD has been shown to cut model substrates only with mar-
ginal efficiency (29).

How Does ERCCI-XPF Bind Substrates in Different
Pathways?—ERCC1-XPF has been known for a long time to
have roles outside of NER in the repair of interstrand crosslinks
and in homologous recombination (23, 24, 58, 59). Deficiencies
in these processes have been implicated to cause the severe
phenotypes of select ERCC1- or XPF-mutant patients and mice
that cannot be explained by NER deficiency (18 -22). Recent
evidence suggests that an interaction between XPF and the Fan-
coni anemia protein SLX4/FANCP, rather than with XPA, is
crucial for ICL repair (36 -39, 60—62).

With respect to our present study, it will be of great interest
to determine whether DNA binding by ERCC1-XPF in ICL
repair is similar as in NER or whether it follow a distinct pat-
tern. We have shown that even within the NER pathway the
repair efficiency of cis-Pt and dG-AAF adducts is affected to
different extents by mutations in DNA binding domains of
ERCC1-XPF (compare Fig. 4, A and B, lanes 8-9, 16 -17), per-
haps reflecting a different conformation of the substrates in the
NER complex. These differences may be even bigger between
substrates for NER and ICL repair, as reflected by the sensitiv-
ities to UV light and MMC: cells expressing XPFR¢"4 or
ERCC1***7A/K281A are more sensitive to MMC than to UV
(Fig. 7).

High resolution structures of other structure-specific endo-
nucleases such as FEN1 or EXO1 in complex with DNA sub-
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strates have shown that these proteins firmly bind the double-
stranded portion of the DNA and induce a kink of about 90° in
the non-cleaved DNA strand at the junction (63, 64). The
cleaved strand undergoes local unpairing of the dsDNA at the
incision site, and the ssDNA overhang of the cleaved strand
may be bound at different sites of the protein. Based on the
structures of archaeal homologs of XPF (40, 41) a similar
arrangement can be envisioned for ERCC1-XPF. Interestingly,
the residue equivalent to R678 in XPF in the Aeropyrum pernix
XPF homolog (R26) is located at a site that possibly binds the
ssDNA overhang. Mutation of R678 of XPF affects ICL repair
more severely than NER, showing that this residue is more cru-
cial for the positioning of the endonuclease in the context of
ICL repair.

We therefore believe that further studies of the five DNA
binding domains in ERCC1-XPF will provide valuable insight
into how this protein operates in multiple DNA repair path-
ways. Furthermore, introduction of specific mutations in those
domains may lead to pathway-specific defects, enabling new
approaches to study the importance of ERCC1-XPF in main-
taining genome stability.
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