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ABSTRACT

XPF is a structure-specific endonuclease that
preferentially cleaves 30 DNA flaps during a variety
of repair processes. The crystal structure of a
crenarchaeal XPF protein bound to a DNA duplex
yielded insights into how XPF might recognise
branched DNA structures, and recent kinetic data
have demonstrated that the sliding clamp PCNA
acts as an essential cofactor, possibly by allowing
XPF to distort the DNA structure into a proper con-
formation for efficient cleavage to occur. Here,
we investigate the solution structure of the 30-flap
substrate bound to XPF in the presence and
absence of PCNA using intramolecular Förster res-
onance energy transfer (FRET). We demonstrate
that recognition of the flap substrate by XPF
involves major conformational changes of the
DNA, including a 90� kink of the DNA duplex and
organization of the single-stranded flap. In the
presence of PCNA, there is a further substantial
reorganization of the flap substrate bound to XPF,
providing a structural basis for the observation that
PCNA has an essential catalytic role in this system.
The wider implications of these observations for
the plethora of PCNA-dependent enzymes are
discussed.

INTRODUCTION

Structure-specific endonucleases recognise and cleave a
variety of branched structures that arise during DNA rep-
lication, recombination and repair (1,2). In eukarya, the
nuclease xeroderma pigmentosum complementation
group F (XPF), which forms a complex with the
excision repair cross complementary group 1 (ERCC1)
protein, is a component of the eukaryotic nucleotide
excision repair (NER) machinery and cleaves a 30

single-stranded flap structure on the 50 side of DNA
lesions (3). In humans, mutation of XPF can cause

xeroderma pigmentosum (XP), which is characterized by
extreme sensitivity to UV light and a high frequency of
skin cancer (4). In crenarchaea, XPF forms homodimers
composed of nuclease and helix–hairpin–helix (HhH2)
domains connected by a short linker (5–7). The crystal
structure of the Aeropyrum pernix XPF (ApeXPF), both
bound to a dsDNA and in an unliganded form, revealed
important features of substrate recognition and cleavage
of branched DNA structures by these proteins (8). The
structure revealed that the nuclease and HhH2 domains
independently form tightly associated dimers with equiv-
alent domains. The dimeric HhH2 domains were predicted
to bind the DNA substrate, inducing a 90� bending angle
between the downstream and upstream duplexes (8). This
is similar to what was observed for the RuvA tetramer
bound to a planar Holliday junction (9). This DNA
substrate rearrangement is also accompanied by a large
inter-domain movement, with a 30 Å shift and 95�

rotation occurring in the protein. In a parallel study,
Nishino et al. (6) proposed a broadly similar model for
the recognition of the fork substrate by the euryarchaeal
version of XPF (Hef).

A major conformational change in the DNA structure
has been also reported for the interaction between the 50

flap endonuclease Fen-1 and DNA substrates using fluo-
rescence resonance energy transfer (FRET). The decrease
in the distance between the ends of the DNA supported a
kink angle of �90�–100� with the kink centred at the phos-
phate opposite the flap junction (10). In vitro, Fen-1
activity is increased by up to 50-fold in the presence of
the sliding clamp PCNA (11,12), a ring-shaped protein
that encircles DNA and acts as a platform for the
recruitment of a variety of non-sequence-specific
enzymes including polymerases, nucleases, helicases and
glycosylases (13,14). We have shown previously that
Sulfolobus solfataricus XPF has significant endonuclease
activity only in the presence of the heterotrimeric
crenarchaeal PCNA (5,15,16). Crystal structures of
heterotrimeric S. solfataricus PCNA on its own (18) and
in complexes with Fen-1 (19,20) and DNA ligase (20) have
revealed a close resemblance to homotrimeric eukaryotic
and euryarchaeal orthologs.
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Using a continuous FRET assay we demonstrated that
S. solfataricus PCNA activated the XPF and Fen-1
nucleases by two fundamentally different mechanisms
and proposed a novel role for PCNA as an essential
XPF cofactor (21). For Fen-1, PCNA activation mainly
arises from an increased affinity for DNA, which repre-
sents the accepted role of PCNA. In contrast, for XPF,
PCNA increases the catalytic rate constant by almost four
orders of magnitude without affecting the KM, indicating
that PCNA seems to reduce the activation barrier of the
catalytic reaction.

In the absence of a crystal structure of the XPF/
DNA/PCNA complex, our current knowledge of XPF
interactions with DNA and PCNA is limited. Here, we
analyse the conformational changes occurring on the
flap substrate upon binding to XPF and the XPF/PCNA
complex using FRET. Analysis of these conformational
changes has revealed, for the first time, substantial dif-
ferences for the structure of the flap DNA substrate
bound to the XPF nuclease in the presence and absence
of PCNA, and suggest a role for the PCNA sliding
clamp as an architectural organiser of the XPF/DNA
complex.

MATERIALS AND METHODS

Protein expression and purification

S. solfataricus wild-type and the C terminal truncated �6
XPF and PCNA heterotrimer were expressed and purified
as described previously (16,17). The HhH2 domain of XPF
was amplified from S. solfataricus strain P2 genomic DNA
using the following primers:

50 primer: 50-CGTCGGATCCCCCATGGCTAAATTG
GAAAGTGTTTCTG.

30 primer: 50-CCGGGGATCCGTCGACCTAAAGGAA
ATCAAATAAAG

The PCR product was cloned into using Sal1/NcoI rec-
ognition sites of the vector pET28c (Novagen) for
his-tagged recombinant protein expression and sequenced.
Expression was carried out in BL21 Rosetta (DE3) cells
induced by adding 0.2mM IPTG when cultures reached
A600 0.7, grown for further 3 h and the cells pelleted.
The bacterial pellet was resuspended in �35ml buffer
(20mM sodium phosphate, pH 7.4, 500mM NaCl
and 1mM benzamidine) and sonicated 4� 2min with
cooling. The lysate was centrifuged at 48 000 g for
20min, 4�C and the supernatant heated to 70�C to precip-
itate E. coli proteins before centrifugation for a further
20min. The supernatant was applied to a Nickel chelating
column (HiTrapTM 5ml Chelating HP, GE Healthcare)
and eluted with a linear gradient of imidazole (0–0.5M).
The fractions containing HhH2 were identified by SDS–
PAGE, pooled and concentrated to �7ml and loaded
onto a HiLoad� 26/60 Superdex� 200 gel filtration
column (GE Healthcare) equilibrated with buffer
(20mM MES pH 6.0, 1mM EDTA, 0.5mM DTT,
150mM NaCl). Fractions corresponding to the peak
were concentrated as before and the protein concentration
calculated from the extinction coefficient at 280 nm.

SDS–PAGE confirmed the protein was essentially pure.
Protein stocks were stored at �80�C in 15% glycerol
until required.

Oligonucleotide labelling and purification

Oligonucleotides were purchased from Integrated DNA
Technologies labelled with the donor dye fluorescein or/
and an internal amino modifier C6-dT. A succinimidyl
ester derivative of the fluorophore Cy3 (GE Healthcare)
was used according to the manufacturer’s protocol for the
specific labelling of the DNA oligonucleotides. Following
the labelling reaction, the oligonucleotide was ethanol
precipitated followed by a 70% ethanol wash before
being allowed to dry. The pellet was re-suspended in
200 ml of 50% formamide and incubated at 55�C for
5min before loading on to a pre-run 20% denaturing
acrylamide gel at 22W (limited to 55�C using a temper-
ature probe) for 3 h. Bands were visualized by
UV-shadowing, cut and then extracted from the gel
using an overnight crush and soak protocol at 4�C
(CSH Protocols, 2006; doi:10.1101/pdb.prot2936),
followed by ethanol precipitation. The absorption
spectrum from 600–220 nm was taken to determine
DNA concentration and labelling efficiency of the fluores-
cent dyes. To provide a DNA scaffold that could act effi-
ciently as substrate for the XPF/PCNA complex, given
that the footprint of XPF into DNA extends �7–8-nt
from the nicked site (8) and that PCNA is expected
to require �10 bp DNA duplex for binding, the length
of each DNA stem was set at 19 and 18 bp for the
up- and downstream regions, respectively. The 30-flap
substrate was assembled using 0.1 OD of each strand
(Table 1) and hybridized as described previously (21).

Fluorescence binding assay

Binding experiments were performed in 30mM HEPES,
pH 7.6, 40mM KCl, 5% glycerol, 0.1mg/ml bovine serum
albumin with 50 nM DNA substrate. For experiments per-
formed in the presence of PCNA, addition of the clamp
loader RFC was not required as PCNA can readily dif-
fuse on to the short synthetic DNA substrates used in this
study. Experiments were performed using a Cary Eclipse
spectrofluorimeter (Varian Inc., Palo Alto, USA),
equipped with a Peltier temperature controller set to
20�C. FRET measurements were performed under magic
angle conditions to avoid anisotropy effects and analysed
by exciting the donor dye fluorescein at 490 nm recording
the emission spectrum from 500 to 650 nm. The acceptor
dye (Cy3) emission spectrum was also recorded using
an excitation wavelength of 545 nm and emission moni-
tored from 557 to 650 nm. Anisotropy measurements
were recorded using the automated polariser accessory
using a 5 s averaging time and four replicates for each
measurement (lex=490 nm, lem=535 nm). Differences
in the fluorimeter response to vertical and horizontal
polarized light (G-factor) were corrected automatically
by the spectrofluorimeter. Dissociation constants
were calculated by non-linear least-squares fitting of the
raw data to the standard equation describing the
equilibrium Dþ E$ DE (D is the oligonucleotide, E is
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the protein and DE is the oligonucleotide–protein
complex).

A ¼ Amin½ðDþ Eþ KDÞ � fðDþ Eþ KDÞ
2

� ð4DEÞg1=2ðAmax � AminÞ=ð2DÞ,
1

where A represents the measured signal at a particular
protein concentration (E) and fluorescent oligonucleotide
(D), Amin indicates the minimum signal value, Amax

represents the maximum signal value and KD is the
dissociation constant. Assuming that for a given protein
the changes in FRET efficiency observed for the three flap
constructs are induced by the same type of protein–DNA
interaction, global analysis was carried out using also
Equation (1) but with the KD being optimized as a global
parameter with a single value for all the flap constructs.

Determination of FRET efficiencies and distances

The efficiency of energy transfer from the donor
(fluorescein) to the acceptor (Cy3) was calculated follow-
ing the (ratio)A method (22). It is commonly found that
when proteins bind to fluorescent constructs, potential
changes in the fluorescence intensity of the donor and/or
the acceptor may occur due to changes in the local envi-
ronment of the fluorophores (23,24). Changes in acceptor
and donor quantum yield do not interfere with the calcu-
lation of the FRET efficiency following the (ratio)A
method. However, because the quantum yield of the
donor enters directly into calculations of the Förster
energy transfer distance (Ro), this must be taken into
account when comparing FRET values in absence and
presence of different protein concentrations and particu-
larly, when transforming the experimental FRET effi-
ciency to distance values (22,24). Corrected FRET
efficiencies and distance values have been obtained
following procedures reported in the literature (25).
Briefly, for each data point in a titration experiment, the
percentage of protein-induced donor quenching was
assessed under the same experimental conditions using a
donor-only construct. Thus, the corrected distance can be
calculated from the expression:

R ¼ Ro
�protein

D

�D

 !1=6
1

Eexp
� 1

� �1=6

, 2

where Ro represents the Förster distance in the absence
of protein (55.6 Å), fprotein

D /fD indicates the ratio between
the donor emission at each protein concentration
and in the donor-only construct, and Eexp is the
experimental FRET efficiency obtained following the
(ratio)A method.

Angle calculations using a single- and a double-kink
DNA model

The dye-to-dye distance obtained from FRET efficiency
measurements was correlated with conformational
changes within the DNA substrate upon XPF and
XPF/PCNA binding by calculating the DNA kink
angle a using a single-kink model (26). The kink
centre was assumed to be at the phosphate opposite
the ss/dsDNA junction and flanked, for Flap-13, by
11 bp (L1) and 10 bp (L2) duplex DNA regions, which
represent the position of the dyes in the upstream and
downstream duplexes, respectively. For Flap-12, L1 and
L2 take the values 11 bp duplex DNA and 8 nt of
single-strand DNA, and for Flap-23 the values of
10 bp (L1) and 8 nt ssDNA (L2). Duplex DNA length
was calculated assuming canonical B-DNA and for
ssDNA length we used the limiting values reported in
the literature of 4 and 5.6 Å for the inter-base distance
and also the value of 5.3 Å obtained from the average
of six crystal structures of ssDNA/protein complexes
(see text). The angle a was calculated for each FRET
vector from cos(a)= [(R2

FRET � L2
1 � L2

2)/2L1L2].
To explore the compatibility of the FRET distances

obtained with a model including XPF-induced melting
of the DNA template, we also applied a double-kink
model (23). In this case the DNA substrate is treated as
a rigid rod with three segments, Lup (upstream duplex
length), Ldown (downstream duplex length) and Lm

(single-strand DNA region linking the upstream and
downstream), and two ‘hinges’ that separate the three
segments (Figure 4d). The total kink angle between the
upstream and downstream region is a=2y, where y rep-
resents the exterior angle at each ss/dsDNA interface. Lup

and Ldown are given by the expressions
Lup= (11 bp�Lm)� 3.4 Å, and Ldown=10 bp� 3.4 Å.
Assuming no twisting of the construct, all three
segments lie at the xy plane with the position of the

Table 1. Oligonucleotides used for DNA substrates

Oligonucleotide Sequence (50–30)

XPF-Aa AGCCCGACAGCAGTCAGAGCTTGCTAGGACGGACGGT

Flap-12 XPF12-B ACCGTCCG[iFluorT]CCTAGCAAGCATTTTTTT[3AmM]b

XPF12-C TCTGACTGCTGTCGGGCT

Flap-13 XPF13-B ACCGTCCG[iAmMC6T]CCTAGCAAGCATTTTTTTc

XPF-Cd TCTGACTGC[iFluorT]GTCGGGCTd

Flap-23 XPF23-B ACCGTCCGTCCTAGCAAGCATTTTTTT[3Cy3]e

aXPF-A is common to all the flaps studied.
b[iFluorT] (internal fluorescein FRET donor), [3AmM] (30 amino modifier).
c[iAmMC6T] (internal amino modifier with six carbon linker).
dXPF-C was used in Flap-13 and Flap-23.
e[3Cy3] (30 modification with Cy3 FRET acceptor).
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upstream dye at the origin of a coordinate system and the
position of the downstream dye is defined by the
expressions:

x¼Lupcos �þLmþLdowncos �, 3

y¼Lupsin � � Ldownsin �: 4

The dye-to-dye distance in the protein–DNA complex is
given by R2

b = x2+ y2. By applying these equations, we
estimate the Lm value taking a as 90�, assuming symmetric
kink at each ss/dsDNA interface (y as 45�) and assigning
the distance, Rb, as the experimentally obtained distance
by FRET measurements.

RESULTS

XPF directs PCNA loading onto 30flap DNA substrates

Although PCNA is known to associate with DNA flap
substrates, it has not yet been possible to determine a
structure of an isolated PCNA/DNA complex by
crystallographic methods and its relative upstream or
downstream DNA binding orientation in the presence
and absence of XPF remains unclear. We have shown
previously that a 30flap DNA structure labelled internally
with fluorescein is an adequate substrate for XPF with
catalytic rates similar to that obtained from an unlabelled
substrate (21). Here, we have used PCNA-induced
quenching of internally labelled fluorescein emission to
determine the affinity constant of PCNA for a DNA flap
structure and its relative orientation in the presence and
absence of XPF. Fluorescein dyes were located either 11
nucleotides upstream or 10 nucleotides downstream of
the 30 flap junction on the substrate (Figure 1a) and
PCNA titrations were carried out in a background of
10mM Ca2+ to prevent cleavage. As for other divalent
metal-ion dependent endonucleases, Ca2+ ions have been
demonstrated to inhibit the catalytic step while efficiently
stabilizing protein–DNA interactions (3,27). In the
absence of XPF, both the upstream and downstream
fluorescein dyes exhibited a similar degree of quenching
(�30%) on PCNA binding and similar dissociation con-
stants of 8.5±1.6 and 6.9±1.8 mM (Figure 1b), respec-
tively. For comparison, KD values of 1 mM for the binding
of homotrimeric yeast PCNA to a 24 bp dsDNA and
�100mM to a 50 bp dsDNA carrying a 5-nt overhang
have been obtained using a quartz crystal microbalance
approach (28). Titration of PCNA with DNA
pre-equilibrated with 1 mM wild-type XPF showed a
remarkably different behaviour. No quenching was
observed for the downstream fluorescein, suggesting
that PCNA cannot bind there in the presence of XPF
(Figure 1b). For the upstream duplex, �75% quenching
of the fluorescence signal was observed and a KD of
36±7nM was measured, representing an �200-fold
decrease in the dissociation constant when compared to
PCNA alone. These data confirm that in the XPF–
PCNA–DNA ternary complex PCNA binds the DNA
duplex that is upstream (50 to the flap), as predicted by
McDonald and colleagues (8).

XPF affinity for 30flap substrates using a
FRET-based assay

We have previously reported a dissociation constant of
3.8±0.6 mM and a 1:1 stoichiometry for the XPF/
PCNA complex using isothermal titration calorimetry
(21); however, binding affinities of XPF and XPF/PCNA
for DNA substrates have not been reported to date. Here,
we used an intramolecular FRET assay to quantify the
affinity of wild type XPF (XPF-wt) and truncated
variants lacking the C-terminal PCNA-interacting
peptide (XPF-�PIP), or the nuclease domain
(XPF-�nuc), for the 30flap DNA substrate, in the
presence and absence of PCNA. Three FRET constructs
were engineered carrying the donor (fluorescein) and the
acceptor dye (Cy3) at different positions (Figure 2, top
panel). Two of these constructs reported structural distor-
tions involving the 8-nt single-strand flap and the
upstream (Flap-12) or downstream (Flap-23) duplexes,
whilst Flap-13 monitors changes in the kink angle
between both duplex arms. FRET binding curves were
obtained at room temperature by titrating each FRET
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Figure 1. PCNA loading onto flap substrates is directed by XPF. (a)
Schematic of the DNA constructs used to monitor PCNA assembly
onto the flap susbtrate. Two DNA constructs were post-synthetically
labelled with fluorescein positioned either on the upstream duplex,
11-nt from the 30 flap ds/ss junction, or on the downstream duplex,
10-nt from the ds/ss junction. (b) Percentage quenching at 20�C and
10mM CaCl2 of an upstream (white) and a downstream (black)
fluorescein-labelled flap substrate as a function of PCNA concentration
in the presence (squares) and absence (circles) of XPF. The data were
fitted with a simple one site binding model, yielding a binding
stoichiometry of 1:1 and a KD of 8.5 mM (upstream) and 6.9 mM (down-
stream) in the absence of XPF. In the presence of 1 mM XPF no
quenching was observed for the downstream location and a KD of
36 nM was obtained for the upstream-labelled substrate.
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vector with increasing concentrations of XPF or XPF
variants in the presence and absence of PCNA.
Dissociation constants for each FRET vector were
obtained by fitting the FRET binding isotherm to
Equation (1) (‘Materials and Methods’ section) which
assumes a simple one-site binding model and 1:1

stoichiometry, and also estimated by globally fitting the
three FRET vectors for a given protein. Data are shown
graphically in Figure 2 and KD values are listed in Table 2.

In the absence of PCNA, addition of wild type XPF
induced significant changes in the FRET efficiency for
all the vectors analysed, allowing the calculation of
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Figure 2. DNA distortion by XPF variants in the presence and absence of PCNA. Intermolecular FRET assay to monitor the interaction of XPF
and truncated XPF variants (left column) with flap substrates labelled at the indicated positions (top row). Variation of FRET efficiencies for Flap-12
construct (column 1) at 20�C and 10mM CaCl2 as a function of (a) wild-type XPF (d) XPF-�PIP and (g) XPF-�nuc concentration in the absence
(white circles) and presence (grey squares) of 1 mM PCNA. Similar FRET assays under identical experimental conditions for Flap-13 and -23 are
shown in columns 2 and 3 as a function of (b, c) wild-type XPF, (e, f) XPF-�PIP and (h, i) XPF-�nuc in the absence (white circles) and presence
(grey squares) of 1 mM PCNA. Individual fitting of the FRET-binding isotherm for each flap substrate using a one-site binding model described by
Equation (1) (‘Materials and Methods’ section) are shown as continuous lines. Dotted lines represent the results obtained from a global fit of the
three flap constructs for a given XPF protein. On the left, schematic representations of the three XPF variants used are shown.

Table 2. Summary of binding data obtained for the different FRET vectors studied in the presence of wild type XPF, and related mutants

lacking the PCNA-interacting PIP box (XPF-�PIP) and the nuclease domain (XPF-�nuc)

Flap-12 Flap-13 Flap-23 Global Fita

�PCNA +PCNAb
�PCNA +PCNAb

�PCNA +PCNAb
�PCNA +PCNAb

XPF-wt 2.6±0.4 0.08±0.01 9.2±3 0.06±0.01 5.0±0.6 0.05±0.01 5.3±0.6 0.06±0.01
XPF-�PIP 1.5±0.5 1.6±0.6 6.2±0.7 3.2±0.5 1.6±0.2 1.8±0.3 3.1±0.5 2.7±0.6
XPF-�nuc 11±3 0.17±0.02 8±2 0.09±0.02 8.5±1.2 0.10±0.02 8±1 0.11±0.01

Dissociation constants are given in micromolar units.
aResults of a global fit including the three vectors for a given protein.
b[PCNA]=1.0� 10�6M.
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dissociation constants. These were of the same order of
magnitude, with values of 2.6±0.4, 9.2±3.0 and
5.0±0.6mM for Flap-12, -13 and -23, respectively.
Global modelling involving the three flaps yielded a KD

value of 5.3±0.6 mM that fit accurately (r2=0.99) all
XPF-wt binding isotherms (Figure 2a–c). Although a sys-
tematic investigation of XPF binding affinities to different
substrates is not available, the observed KD is in the same
range as reported for other HhH domain-containing
proteins (7). For example, the C-terminal domain of
UvrC binds with an apparent KD of �1 mM to specific
DNA substrates containing ss–ds junctions (29).

Experiments performed under identical conditions, but
in the presence of 1 mM PCNA, show a strong effect on the
XPF-wt binding affinity, yielding similar KD values for the
three FRET vectors (Table 2) and a global fitted value of
0.06±0.01mM, �90-fold lower than in the absence of
PCNA. This value was very similar to that obtained
when doing the reverse titration, 0.037±0.007 mM,
where PCNA binding was analysed in a background of
XPF using the fluorescence quenching assay (Figure 1b)
and to the KM value of 0.08±0.01 mM reported by us in a
previous study (21). A similar affinity enhancement
(�73-fold) was observed for the XPF-�nuc variant
(Figure 2g–i) where global fit KD values of 0.11±0.01
and 8±1 mM were obtained in the presence and absence
of PCNA, respectively. These data highlight the major
contribution of the C-terminal HhH2 domain to DNA
binding affinity. In marked contrast to XPF-wt and
XPF-�nuc, XPF-�PIP yielded global dissociation con-
stants of 3.1±0.5 mMin the presence and 2.7±0.6mM
in the absence of PCNA (Figure 2d–f), confirming that
the increase in affinity observed for wild-type XPF and
XPF-�nuc is due to the formation of a specific complex
between these proteins and PCNA.

Structure of 30-flap DNA substrates in their
complexes with XPF and PCNA

XPF-induced FRET changes in the flap substrate. We next
analysed in detail the variations in FRET efficiencies due
to the interaction of XPF and related mutants with each of
the flap substrate vectors. Control experiments performed
for all the FRET vectors investigated showed that the flu-
orescence emission of an equivalent donor-only labelled
substrate was partially quenched upon addition of XPF.
The extent of quenching at saturating protein concentra-
tions depended on the dye position. Thus, the experimen-
tal FRET efficiencies and associated inter-dye distances

were corrected as described in ‘Materials and Methods’
section. For each experimental condition, three titrations
were carried out to reduce the error in the observed
FRET efficiency. The corresponding dye-to-dye distances
are summarized in Table 3 and the mean EFRET

values shown as Supplementary Data (Supplementary
Table S1). Relative changes in inter-dye distance upon
association of XPF, with and without PCNA, are shown
in Figure 3 for each vector analysed. In the absence of wild
type XPF, the FRET efficiency obtained for Flap-12
substrate is 0.66±0.02 and it decreased to a value of
0.58±0.01 at saturating concentrations of XPF-wt
(�70 mM). This implies a moderate 3 Å increase in
distance from 50.2±2.0 to 53.4±0.8 Å (Figure 3a). A
similar decrease in FRET efficiency was also observed
for the Flap-23 substrate upon addition of XPF-wt,
from 0.51±0.01 (55.6±2.3 Å) in the absence of protein
to a minimum value of 0.43±0.02 (58.4±1.3 Å) at
saturating concentrations (Figure 3g). We obtained
similar trends in FRET efficiencies for Flap-12 and -23
substrates containing 3-nt single-stranded flaps (data not
shown), confirming that the observed variations were
not due to environmental effects on the dyes upon XPF
binding and were also independent of the flap length.
In contrast, Flap-13 undergoes an increase in EFRET

from 0.21±0.03 to 0.57±0.01 upon addition of
wild-type XPF. When quantified, the average inter-dye
distance for Flap-13 decreased by nearly 17, from
70±1 Å with no added XPF to 53.3±1.3 Å at saturating
XPF concentrations (Figure 3d). Given that for Flap-13
both fluorophores are located in internal positions of the
DNA substrate and to ensure that the FRET changes
observed were not caused by a breakdown of the 2/3
approximation for the k2 orientational factor when
bound to XPF, we measured the donor anisotropy in
the presence and absence of added XPF. We obtained
values of 0.05 (no XPF-wt) and 0.18 (5mM XPF-wt)
indicating that the donor retains most of its mobility
when bound to XPF and confirming that the FRET
changes reflect XPF-induced variations in the Flap-13
average inter-dye distance. Assuming that XPF bends
the flap substrate at the phosphate opposite the flap
junction, and taking into account the position of the
dyes, the dye-linker length, the helical structure of
B-DNA, and the experimental inter-dye distances
obtained by FRET, we obtained a model for the
Flap-13 structure in the presence and absence of XPF.
From this single-kink model, the kink angle changes

Table 3. Values of donor–acceptor distances in angstroms obtained from FRET experiments for the different flap structures investigated in their

complexes with XPF and XPF/PCNA

Flap-12 Flap-13 Flap-23

�PCNA +PCNAa
�PCNA +PCNAa

�PCNA +PCNAa

10mM Ca2+ 50.2±2.0 50±1 69.6±1.4 70±1 55.6±2.3 56±1
XPF-wt 53.4±0.8 61.8±1.1 53.3±1.3 62.1±2.3 58.4±1.3 63.8±1.7
XPF-�PIP 53.7±1.3 54.2±1.8 55.1±1.7 54.1±2.4 59.6±1.9 59.8±1.4
XPF-�nuc 41±0.5 53.9±2.9 54.7±1.3 74.7±2.8 45±1 59.9±1.6

a[PCNA]=1.0� 10�6M.
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from 157� to �93� upon association of XPF. This value is
in very good agreement with the kink angle of �90�

estimated for the XPF/DNA complex using a combina-
tion of modeling and X-ray data (8) and with the kink
angle observed for a 50flap DNA substrate bound to
Fen-1 using a similar FRET approach (10).
For XPF-�PIP, the relative change in dye-to-dye

distance obtained for the three flap constructs were very
similar to those observed for XPF-wt (Figure 3b, e and h).
Hence, XPF-�PIP distorts the DNA flap in the same
manner as the wild type. However, similar experiments
carried out with XPF-�nuc showed that whilst Flap-13
FRET distance (Figure 3f) was similar to that reported
for XPF-wt (Figure 3d), Flap-12 (Figure 3c) and
Flap-23 (Figure 3i) exhibited an opposite effect. Upon
XPF-�nuc binding, Flap-12 EFRET increased from
0.66±0.02 to 0.87±0.03 and Flap-23 from 0.51±0.01
to 0.79±0.03. These FRET efficiencies at saturating

XPF-�nuc concentrations correspond to dye-to-dye dis-
tances of 41±0.5 Å (Flap-12) and 45±1 Å (Flap-23),
much shorter than those induced by XPF-wt. Together
these data suggest that the C-terminal HhH2 domains
are responsible for duplex DNA bending whilst the
nuclease domains must contribute to organise the flap
substrate in a proper conformation for recognition and
cleavage.

Flap conformation in presence of the XPF/PCNA
complex. FRET changes occurring upon titration of
XPF were also performed in the presence of 1 mM
PCNA. Although the FRET efficiency curves as a
function of XPF-wt concentration followed a similar
pattern as in the absence of PCNA (Figure 2a–c), the
plateau values obtained at saturating XPF-wt concentra-
tions (�5 mM) were significantly lower (Table 1,
Supplementary Data). Thus, the EFRET for Flap-12

Figure 3. Comparison of relative changes in dye-to-dye distances (Å) observed for the three 30 flap DNA constructs upon association to XPF and
related variants in the presence and absence of PCNA. Dye-to-dye distances at 20�C in the presence of 10mM CaCl2 were evaluated from the FRET
efficiencies obtained following the (ratio)A method (Materials and methods section). Relative distance changes where calculated with respect to the
inter-dye distance obtained in the absence of proteins (�R=Rprotein�Rfree), with positive and negative �R values representing an increase or a
decrease in inter-dye distance, respectively. Top panels: relative change in dye-to-dye distance obtained for Flap-12 upon association to XPF-wt
(a), XPF-�PIP (b) and XPF-�nuc (c). Middle panels: relative change in dye-to-dye distance obtained for Flap-13 upon association to XPF-wt
(d), XPF-�PIP (e) and XPF-�nuc (f). Bottom panels: relative change in dye-to-dye distance distances obtained for Flap-23 upon association to
XPF-wt (g), XPF-�PIP (h) and XPF-�nuc (i).
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decreased from 0.58±0.01 with no PCNA added to a
value of 0.36±0.01 with PCNA, and from 0.57±0.01
and 0.43±0.02 to values of 0.35±0.01 and 0.31±0.02
for Flap-13 and Flap-23, respectively. The dye-to-dye dis-
tances for the three flap substrates bound to the XPF/
PCNA complex were extracted from the FRET efficiencies
and compared to those observed when bound to XPF
alone (Table 3). Flap-12 and -13 showed similar 16%
increase in inter-dye distance, from 53.4±0.8 and
53.3±1.3 with no added PCNA to 61.8±1.1 and
62.1±2.3 in the presence of XPF/PCNA, respectively.
For Flap-23 the inter-dye distance increased by 10%
from 58.4±1.3 when bound to XPF to a value of
63.8±1.7 in the presence of the XPF/PCNA complex
(Figure 4a). Using the single-kink model and the

inter-dye distance obtained from the FRET assay in the
presence of XPF/PCNA complex, we obtained a kink
angle of 115� between the up- and downstream duplexes.
This represents an increase in the kink angle by nearly 23�

with XPF/PCNA when compared to XPF alone. As a
control, when the concentration of XPF-�PIP variant
was increased from 0 to 70 mMin the presence of 1 mM
PCNA, the EFRET followed the same variation and
reached the same plateau values as in the absence of
PCNA. We conclude that the observed conformational
changes are triggered by the specific interaction of the
DNA substrate with the XPF/PCNA complex. The flap
structure bound to the XPF-�nuc variant was also
investigated in the presence of PCNA (Figure 2g–i).
The three flap substrates exhibited a decrease in FRET

Figure 4. Architecture of the DNA substrate in its complexes with XPF and XPF/PCNA. (a) Model of the flap substrate showing the relative
position of the fluorescein donor (magenta) and the Cy3 acceptor (green) obtained from the FRET assay when bound to XPF (dark orange) and
XPF/PCNA (light orange). The up- and down-stream duplexes were built using canonical B-DNA parameters with the base-pair sequence matching
the substrate sequence used in this work. The 8-nt 30 substrate overhang was built as a single-strand of canonical B-DNA with an A nucleotide
followed by a T-repeat sequence of 7-nt. The dye-linker structure of fluorescein and Cy3 has been built and energy minimized using HyperChem v.8
and then joined to the DNA structure at the appropriate location. The downstream duplex region was positioned using the distance dye-to-dye
distance information extracted from the FRET experiments whilst keeping the upstream duplex at a fixed position. (b) Cartoon representing the
conformational distortions taking place on the flap structure bound to XPF (grey) upon association to PCNA (yellow) assuming a single-kink model
(see text for details) and an inter-nucleotide distance of 5.3 Å as obtained from the average of six crystal structures of single-strand/protein complexes
(see text). (c) Structural basis for a double-kink model (8,15). Cartoon shows the two HhH2 domains engaging the upstream and downstream
duplexes to induce a 90� global kink angle, whilst the uncleaved strand linking both duplexes interacts with the nuclease domain promoting melting
of the upstream duplex. (d) Parameters involved in the double-kink model used to calculate the angle a to which XPF kinks the DNA substrate. The
DNA has been modelled as a rod consisting of three segments, Lup, Ldown and Lm, accounting for the up-, downstream and ss regions, respectively.
The model is similar to that reported for the analysis of DNA bending by TBP (23).
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efficiency as XPF-�nuc was titrated in the presence of
1 mM PCNA. At saturating XPF-�nuc concentrations
the EFRET values obtained were 0.55±0.02 (Flap-12),
0.15±0.03 (Flap-13) and 0.38±0.02 (Flap-23). The
inter-dye distances extracted from these values are listed
in Table 3. It is clear that XPF-�nuc/PCNA distorts the
flap substrate in a very different manner than the complex
XPF-wt/PCNA, and this appears to be attributable to the
lack of the nuclease domain.
These findings provide the first, to our knowledge,

experimental evidence that PCNA association can lead
to a substantial reorganization of a DNA substrate, sug-
gesting that the sliding clamp can have an active role in the
modulation of DNA structure in collaboration with
partner proteins. This is consistent with a model where
PCNA acts not only as a protein-recruiter of XPF to the
flap ss/ds junction but also as molecular scaffold that
enables XPF to further reorganize the DNA substrate,
towards a more catalytically competent structure, first
proposed on the basis of kinetic studies of this system
(21). Similar dual functionalities have recently been
indentified for TFIIA cofactors in the context of
eukaryotic mRNA transcription (23).

DISCUSSION

XPF and PCNA assemble in a defined orientation on
flap DNA substrates

Despite much interest, structural information regarding
the interaction of the PCNA with the nucleic acid
scaffold and the overall orientation of the sliding clamp
relative to the DNA damage site in the presence
and absence of a given protein partner is very limited.
Here, we developed a fluorescence assay that used
PCNA-induced quenching of fluorescein emission to
analyse the organization of the PCNA–DNA complex in
the presence and absence of XPF. The extreme sensitivity
of fluorescein to its microenvironment has been used
previously for the analyses of protein–DNA interactions
(30). Our data suggest a model where PCNA on its own
can assemble randomly with a 1:1 stoichiometry and equal
affinity at either side of the 30 flap substrate, as reflected by
the identical quenching (�30%) exhibited by a fluorescein
dye located at almost symmetrical positions, either on the
upstream (11-nt) or on the downstream duplex (10-nt),
and by the similar dissociation constants obtained
(Figure 1b). It has been proposed that Escherichia coli b
sliding clamp and human PCNA can transverse small
DNA secondary structures including short flap structures
of 10-nt, being efficiently blocked by longer flaps (�28-nt)
(31). Thus, we cannot rule out the possibility that the
observed spontaneous assembly of PCNA at either side
of the flap substrate could be coupled to PCNA sliding
over the eight nucleotide ss flap used in this study.
Although currently there are no data available to further
confirm this aspect, the proposed architectural model
remains unaffected. Similar random orientation has been
observed previously for the assembly of mammalian
PCNA on a DNA template-primer containing a ds/ss
junction (32).

In the presence of XPF, a priori, one could envisage two
possible arrangements for PCNA on the DNA flap
substrate: PCNA could be loaded onto the duplex
upstream of XPF or downstream. The strong bias in
fluorescein quenching by PCNA in the presence of XPF
provides clear evidence for an XPF-directed assembly of
PCNA exclusively onto the upstream region (Figure 1b).
Preferential PCNA loading onto the upstream region also
provides a mechanistic explanation for the observed acti-
vation of XPF activity by PCNA in gapped and splayed
substrates, as the upstream region is the only DNA duplex
close to the enzyme complex in these structures (15).

PCNA and XPF cooperate to bind DNA substrates

To dissect the role that the sliding clamp plays in XPF
recognition and cleavage, we have used FRET assays to
quantify the affinity of XPF for its preferred substrates, 30

DNA flaps, with and without PCNA. The dissociation
constants obtained using a global fit analysis of the three
flap vectors (KD=5.3±0.6mM) was very similar to those
obtained for the binding of PCNA to the upstream
(8.5±1.6 mM) and downstream duplexes (6.9±1.8mM),
and for the interaction between XPF and PCNA deter-
mined previously using isothermal titration calorimetry
(3.8±0.6 mM) (21). The 90-fold decrease in the dissocia-
tion constant for DNA binding by XPF in the presence of
1 mM PCNA reflects the energetically favorable interac-
tions XPF can make with both PCNA and DNA. The
C-terminal HhH2 domain of XPF yielded values similar
to those for full length enzyme, suggesting that the
nuclease domain contributes little to DNA binding. In
vivo, PCNA is likely to be pre-loaded onto duplex DNA
by the RFC complex and will arrive at non-canonical
DNA structure by 1D diffusion or during the course of
DNA replication. On encountering a branched DNA
structure PCNA may stall or at least pause, allowing
recruitment of an endonuclease competent to process the
DNA. In the absence of PCNA, XPF will bind very
weakly to branched substrates; PCNA is therefore essen-
tial in ‘marking’ potential substrates for nuclease action,
but in the case of XPF it has a further role which is dis-
cussed below.

Structural organization of XPF/DNA complexes

For both HhH2 domains to engage in interactions with the
upstream and downstream duplex simultaneously, it has
been proposed that the 30 flap substrate would have to
bend by almost 90� (6,8). However, the crystal structure
of ApeXPF bound to the DNA substrate contained only
the downstream DNA motif and thus no quantitative
experimental evidence of this or other XPF-induced
conformational changes on the flap substrate have been
reported to date. To investigate the conformational
changes taking place on the DNA substrate upon
binding of XPF, we translated the observed FRET
efficiencies in inter-dye distances. Of all the flap structures
investigated, the duplex-bending reporter Flap-13 showed
the highest relative change in dye-to-dye distance (�16 Å)
upon XPF binding. This was in contrast with the very
moderate relative increase in distance (�3 Å) obtained
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for Flap-12 and -23 (Table 3), which report
conformational changes between the duplex and flap
regions. The decrease in the distance associated with
Flap-13 can be explained by a kink centered at the phos-
phate opposite the flap junction acting as a flexible hinge,
resulting in an angle of 93� between the upstream and
downstream regions (Figure 4a). This value is similar to
that proposed for Fen-1, whose activity is also known to
be PCNA-activated (10). Thus, a kinked DNA conforma-
tion seems to arise as a common feature in the recognition
mechanism of branched DNA structures. Sharply kinked
protein-induced DNA structures have been also proposed
for the UvrB helicase (33) and for nick recognition by the
NAD+-dependent DNA ligase from T. filiformis (34).

Although the single-kink model provides an appropri-
ate explanation for the conformational changes observed
on the DNA upon XPF binding and agrees with the defor-
mation model proposed for other endonucleases such as
Fen-1, it does not contemplate additional interactions
between the XPF nuclease domain and the flap substrate
observed on the ApeXPF cocrystal structure and also sug-
gested by biochemical methods (8,15). According to this, a
hydrophobic strip on the surface of the nuclease domain is
predicted to function as a binding site for the ssDNA
linking the upstream and downstream duplexes,
generating a small stretch of unpaired ssDNA in the
substrate strand that is cleaved in the nuclease active site
(Figure 4c). This XPF-induced melting of the DNA
substrate is consistent with footprinting data that demon-
strate opening of a DNA duplex near the cleavage site by
the Hef protein (6), a ‘long form’ analog of XPF present in
most euryarchaea. Thus, the overall organization of the
HhH2 and nuclease domains around the DNA substrate
could be reminiscent of double-kink models proposed for
DNA bending enzymes such as the TATA binding protein
(TBP) (23) and the CENP-B/DNA complex (35), among
others.

To envision whether DNA-melting associated to the
interaction between the nuclease domain and the flap
substrate could account for the changes in dye-to-dye dis-
tances observed for Flap-13, we applied a similar model to
the XPF/DNA complex (Figure 4d). The proposed
double-kink structure is characterized by an overall kink
angle a assumed to be 90� as explained above, two equal
kinks of exterior angle occurring at the ss/dsDNA hinges
so that a=2, the distance Rb that corresponds to the
inter-dye distance when bound to XPF, experimentally
obtained by FRET, and the lengths Ldown, Lup and Lm

whose magnitudes correspond to the downstream,
upstream and the unpaired segments, respectively. An
intrinsic uncertainty in this model arises from the
inter-base distance to be assigned for the single-strand
region (Lm) with literature values ranging from 4 Å (36)
to 5.6 Å (37). Thus, to estimate Lm, we first calculate an
average inter-nucleotide distance using crystal structures
of ssDNA bound to different proteins including DNA
polymerase b (PDB code 9ICM), NS3 helicase (PDB
code 1A1V), E. coli Rep helicase (PDB code 1UAA),
E. coli SSDNA (PDB code 1EYG) and human RPA
(PDB code 1JMC). We obtained an average value of
5.3±0.7 Å, which is close to the average rise of 5.1 Å

per nucleotide reported for ssDNA bound to RecA
(38). Using this value and the double-kink model, the
experimental FRET distance of 53.3±1.3 Å would be
compatible with a ssDNA linker Lm extending �4-nt
between the upstream and the downstream duplexes.
Interestingly, biochemical data have previously shown
that the XPF (15) and Mus81-Mms4 (39) cleavage site is
located 4–5-nt from the 50-end of the downstream duplex.
Hence, we suggest that melting of the upstream duplex to
position the flap substrate in an optimal conformation
ready for cleavage might reflect a fundamental conserved
element in the DNA processing pathway for both
enzymes.
Surprisingly, the DNA substrate bound to the XPF

variant lacking the nuclease domain (XPF-�nuc) shows
a very different organization (Figure 3c, f and i) with
Flap-12 and -23 inter-dye distances being much shorter
than those obtained when bound to the full length XPF.
This suggests that the nuclease domain plays an important
role to position the flap substrate in the proper
conformation.

PCNA alters the conformation of XPF/DNA complexes

In the presence of PCNA, the inter-dye distances obtained
for the three flap constructs were higher than in the
presence of XPF-wt alone (Table 3). Flap-12 and -13
both showed increases of �17 %, whilst Flap-23 showed
only a 9% increase (Figure 3a, d and g). The observed
changes in DNA conformation are due to the formation
of a specific complex between XPF and PCNA, as the
truncated XPF-�PIP, unable to interact with PCNA,
showed similar dye-to-dye distances to that reported
only with XPF-wt (Figure 3b, e and h). This is in agree-
ment with our observation that the last six C-terminal
residues of XPF mediate the interface with PCNA and
with the lack of PCNA stimulation of nuclease activity
previously reported for XPF-�PIP (16). Using the
single-kink model, we found that the angle for Flap-13
increases from 93� in the absence of XPF to 115� upon
the association of PCNA. Flap-12 and -23 also undergo a
PCNA-induced opening of the corresponding angle, from
86� to 101� and from 102� to 117�, respectively (Table 2,
Supplementary Data). Hence, we suggest that PCNA
association promotes an additional reorganization of the
DNA flap substrate beyond that induced by XPF-wt
alone. A single-kink model of the flap substrate based
on the inter-dye distances and angles obtained for the
XPF/DNA complex in the presence and absence of
PCNA is shown in Figure 4b, assuming a ss
internucleotide distance of 5.3 Å. Alternatively, applying
the double-kink model (Figure 4c and d) and the average
inter-nucleotide distance of 5.3 Å, we found that the
FRET distance obtained for the Flap-13 substrate
bound to XPF and PCNA is compatible with a ss
melted region covering �6–7 nucleotides between the
up- and the downstream duplexes, which represents
2–3 nt additional melting compared to XPF-wt alone.
For comparison, values of 9 and �5–6 nt were obtained
using the limiting values of 4 and 5.6 Å reported in the
literature for the inter-base distance. In these calculations
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we have kept the kink-angle constant at 90� and assumed
that the distance changes are exclusively caused by an
increased upstream melting in the presence of PCNA.
Our data do not allow us to further evaluate whether
the relative changes in distance arise exclusively from
unwinding, from a modification of the kink angle
induced by PCNA binding, or from a combination of
both. However, they demonstrate that PCNA association
leads to a different relative positioning of the up- and
down-stream complexes when compared to that in the
complex XPF/DNA. These data are consistent with the
kinetic studies which demonstrated an essential role for
PCNA in the catalytic cycle of crenarchaeal XPF (21).
In summary, we have demonstrated that XPF recogni-

tion of the DNA flap substrate requires both the nuclease
and HhH2 domains to act in a concerted manner to
position the DNA structure in the proper conformation
for cleavage. Our data confirm that XPF distorts the
substrate mostly by inducing a 90� kink angle between
the down- and upstream regions as predicted from the
ApeXPF cocrystal (8). Moreover, for the first time, we
provide experimental evidence showing that the structure
of the XPF/DNA complex is markedly different in the
presence and absence of PCNA. Our model underlines
the significant role that PCNA plays as a molecular
scaffold, enabling XPF to further distort the DNA struc-
ture, and points towards the XPF/PCNA unit as the active
complex. The absolute requirement of PCNA for XPF
activity, together with this novel dimension of PCNA
function coordinating the XPF-induced deformation of
the flap substrate, might represent a finely tuned quality
control mechanism, designed to ensure that cleavage only
occurs when the DNA damage is recognized correctly by
the repair machinery. Given the ubiquity of PCNA in
DNA processing pathways and the ever growing number
of endonucleases and other proteins whose function is
known to be stimulated by PCNA, our findings provide
a framework to understand PCNA function beyond a
hand-off platform where proteins are transiently
exchanged.
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