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The XPC-HR23B Complex Displays High Affinity and Specificity for Damaged
DNA in a True-Equilibrium Fluorescence Assay†
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ABSTRACT: The XPC-HR23B complex is a prime candidate for the initial damage recognition step during
global genome nucleotide excision repair. A specific interaction between the XPC-HR23B complex and
various types of damaged DNA substrates has been demonstrated in recent work by electrophoretic mobility
shift assays or immunoprecipitation. Although these studies allowed the estimation of relative binding
affinities for the different types of lesions, the presence of large amounts of competitor DNA or the need
for glutaraldehyde fixation prevented the quantification of equilibrium constants. We have performed a
quantitative study on the binding of XPC to damaged DNA using fluorescence anisotropy measurements.
The XPC-HR23B complex binds with high affinity (KD ∼ 1-3 nM) to fluorescent 36 bp DNA fragments
containing a single cisplatin 1,3-intrastrand adduct or a six-nucleotide mispaired region. From stoichiometric
titration experiments, it is concluded that∼70% of the XPC-HR23B preparation is active in DNA binding.
Binding experiments employing fluorescent probes with a single defined photoproduct reveal a 30-fold
preference of XPC for 6,4-photoproducts as compared to a cyclobutane dimer. Competition experiments
with undamaged and damaged plasmid DNA indicate that the XPC-HR23B complex discriminates between
damaged and undamaged sites with high specificity. The specificity factor is between 100 and 3000,
depending on the number of nonspecific sites considered in the calculations. Upon addition of XPA to
the XPC binding reaction mixtures, it was not possible to detect cooperative ternary complex formation
on the platinated 36 bp probe.

Nucleotide excision repair (NER)1 is a major pathway for
the removal of DNA lesions such as UV-induced DNA
photoproducts and helix-distorting adducts caused by car-
cinogens (1, 2). Impaired NER activity is associated with
several human disorders, including xeroderma pigmento-
sum for which seven NER-deficient complementation groups
and the genes involved have been identified (XP-A-XP-
G). In eukaryotes, two distinct NER subpathways are
operative, namely, transcription-coupled repair (TCR) and

global genome repair (GGR), which employ a different
subset of NER proteins. Among the XP gene products, the
XP-C complementing protein (XPC) is specifically required
for GGR.

Although the essential components of human NER have
been identified and reconstitution of NER in vitro from
purified recombinant repair components has been achieved
recently (3), the specific functions of some of the NER
components, namely, XPA, replication protein A (RPA), and
XPC, are still not fully understood. Furthermore, the
coordination and spatial organization of the various reactions
of NER remain to be determined. For instance, the mecha-
nistically important question of the initial damage recognition
during NER is still a matter of debate (4). The main
candidates for damage sensor proteins are the RPA-XPA
complex and the XPC gene product. The XPC protein is a
940-amino acid protein which is found in a tight complex
with the HR23B protein, the human homologue of the yeast
RAD23 protein (5, 6). A role of the XPC-HR23B complex
in damage recognition has been suggested from kinetic repair
assays where XPC was found to be the primary damage
sensor (7). Conflicting results have been reported on this
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issue (8), and the point of entry of XPC into the repair
complex is still a matter of controversy. Nevertheless, the
high-affinity binding of XPC to damaged DNA shown by
various methods such as gel mobility shift, immunoprecipi-
tation, and footprinting (9, 10) strongly suggests a function
of XPC in the damage recognition step. However, quantita-
tive data on the specificity of the XPC-HR23B complex
binding to damaged DNA are lacking, and it is unclear how
its ability to discriminate damaged DNA from undamaged
DNA compares to that of RPA and the XPA-RPA complex.
This is mainly due to problems with the solubility of the
purified XPC protein requiring addition of nonspecific DNA
to stabilize the protein. Furthermore, the presence of protein
aggregates precluded a quantitative determination of binding
constants.

MATERIALS AND METHODS

Preparation of Proteins.XPC and HR23B were separately
expressed and purified following published protocols (6, 11).
Both proteins were combined to reconstitute the XPC-
HR23B complex, and the latter was further purified by
subsequent chromatographic steps on HiTrap-heparin and
chelating columns (9). XPA was expressed as a His-tagged
protein in Escherichia coliBL21(DE3) pLysS using the
plasmid pET15b-XPAC (12) generously provided by R.
Wood and purified by metal chelate chromatography using
Ni-NTA fast-flow Sepharose (Qiagen) as described previ-
ously (13).

Preparation of Damaged DNA Substrates.The CPD and
6,4-PP probes were obtained by chemical synthesis as
described previously (14, 15), and probes containing the
cisplatin 1,3-d(GTG) intrastrand adduct were prepared by
incubation with cisplatin for 16 h at 37°C in the dark
according to the method of Moggs et al. (16). The degree of
platination was checked by denaturing PAGE and restriction
analysis usingApaLI. For the preparation of double-stranded
DNA, equimolar amounts of single-stranded damaged oli-
gonucleotide probes and the fluorescently labeled comple-
mentary strands were hybridized in buffer NEB4 (New
England Biolabs), and these reactions were tested for
quantitative hybridization by native PAGE after radioactive
5′-labeling with T4-PNK and [γ-32P]ATP. All probes used
in this study contained<5% single-stranded DNA.

Plasmid DNA pUC19-ARS116 (6.4 kb; pUC19 containing
16 copies of theSaccharomyces cereVisiaeARS1 element)
was purified using the Plasmid Maxi Kit from Qiagen. UV-
damaged plasmid DNA was obtained by irradiation with
germicidal lamps (G8T5) at 254 nm and a fluence rate of
10 J s-1 m-2 for 20 min. According to Haseltine et al. (17),
no significant fragmentation of the DNA occurs under these
conditions which was also verified by agarose gel electro-
phoresis.

Fluorescence Depolarization Measurements. All binding
experiments in this study were carried out in XPC assay
buffer [20 mM sodium phosphate (pH 7.4), 150 mM NaCl,
5 mM MgCl2, 1 mM EDTA, 1 mM DTT, 10% (v/v) glycerol,
0.01% (v/v) Triton X-100, and 100µg/mL BSA] in 10 mm
× 2 mm microcuvettes with an initial sample volume of 120
µL. An LS50B spectrofluorometer (Perkin-Elmer) equipped
with a polarization device and a thermostated jacket at 30
°C was used. Excitation and emission bandwidths were

adjusted to 12 and 18 nm, respectively. Fluorescence
titrations were performed at an excitation wavelength of 495
nm with a vertical polarizing filter and monitored at an
emission wavelength of 525 nm using a 515 nm cutoff filter.
Under these conditions, a fluorescent probe concentration
of 5-10 nM was required for measurements with an
acceptable signal-to-noise ratio. At least 10 data points with
an integration time of 5 s were collected for each titration
point. With the exception of Figure 2A showing a typical
binding curve, the corresponding error bars have been
omitted for clarity. The resulting mean values were least-
squares fitted to a simple one-site binding model as described
previously (18) using Origin 5.0 (Microcal, Northampton,
MA). KDs and errors given in Table 1 represent the values
obtained from this fit. TheKD for the “bubble” DNA was
reproducibly determined by three independent competition
titrations within the error range of the fit. The small amount
of the XPC-HR23B complex that was available prevented
the performance of triplicate experiments for all substrates.

For the competition titrations, the mixture for the binding
reaction from Figure 2A was diluted 3-fold with 10 nM
bubble DNA in XPC assay buffer after data collection for
the last titration point. After the mixture had been split into
three fractions, the XPC-bubble DNA interaction competed
with single-stranded oligonucleotides or plasmid DNA, either
undamaged or damaged after UV treatment.

RESULTS AND DISCUSSION

In this study, we have used fluorescence anisotropy to
measure the affinity of the XPC-HR23B complex for model
oligonucleotides containing defined DNA lesions (Figure 1).
The oligonucleotides carried a terminal fluorescein modifica-
tion located distant from the damaged site that served as an
indicator for complex formation with the XPC-HR23B
complex. The fluorescence anisotropy method (19) is based
on the increase in the extent of fluorescence polarization upon
binding of the small fluorescently labeled damaged oligo-
nucleotide to the large XPC-HR23B complex. We have
applied this method recently for the characterization of the
binding of XPA and RPA to various damaged DNA
substrates (18). In contrast to the aforementioned methods
used for the study of XPC-DNA interactions, the fluores-
cence anisotropy measurements are performed under true-
equilibrium conditions, and quantitative information about
the strength of complex formation between the repair proteins
and the damaged DNA probes can be obtained within a broad
range of buffer and salt conditions.

XPC used in this study was expressed in insect cells and
combined with bacterially expressed HR23B to yield the

FIGURE 1: Oligonucleotides used for fluorescence anisotropy
measurements. Unpaired or adducted bases are printed in bold;F
represents a fluorescein group attached to a 3′-end of DNA.
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XPC-HR23B complex as described previously (9). Only
limited amounts of pure, highly active complex were
available, and the following experiments with the DNA
substrates listed in Figure 1 were performed with∼20 µg
of the XPC-HR23B complex. Figure 2 shows typical
titration curves. All binding curves could be fitted satisfac-
torily using a simple 1:1 model (DNA+ XPC-HR23B T
XPC-HR23B-DNA). In the experiment of Figure 2A, the
fluorescently labeled bubble duplex at a concentration of 10
nM was titrated with the XPC-HR23B complex. The
fluorescence anisotropy of the damaged DNA probe in-
creased from 0.095 for the free probe to∼0.155 for the
complex. We did not observe a significant change in the
fluorescence intensity of the fluorescein moiety upon forma-
tion of the XPC-HR23B-DNA complex, which facilitated
evaluation of the binding curves. Binding is nearly stoichio-
metric with a dissociation constant of∼1 nM (Table 1). The
fit also reveals that∼70% of the XPC-HR23B complex is
active in DNA binding. This is an important issue since the
specific DNA binding activity of XPC-HR23B preparations
may be reduced due to the protein’s tendency to aggregate.

Our experiments do not indicate significant aggregation
of the XPC-HR23B complex on the DNA probes even at a
large excess of protein as reported earlier by Batty et al.

(20), which points to the high quality of our XPC-HR23B
preparation. The binding equilibrium was established within
short times (<1 min), and the binding curves for all substrates
could be fitted using the 1:1 model.

An issue of primary interest in all studies on the function
of the XPC-HR23B complex has been its damage recogni-
tion ability. We have addressed this question by employing
titration experiments with a 36 bp DNA probe containing a
1,3-intrastrand cisplatin adduct and the undamaged control
(Figure 1). This substrate should provide sufficient contact
points for binding of the XPC-HR23B complex which has
been shown to protect∼30 nucleotides on a damaged double-
stranded DNA probe (10). The XPC-HR23B complex binds
to the platinated oligonucleotide with aKD of ∼3 nM. The
undamaged probe is bound only about 3 times weaker (Figure
2B). A similar observation has been reported by Wakasugi
and Sancar (8) using gel mobility shift experiments on the
binding of a short DNA probe with a single photoproduct.
The relatively strong binding of the undamaged probe may
be explained by a preferential binding of the XPC-HR23B
complex to DNA ends.

To exclude nonspecific end effects, we performed com-
petition titrations where the preformed XPC-HR23B-
bubble complex was challenged with plasmid DNA, either
undamaged or damaged after UV irradiation (Figure 3A).
In these experiments, XPC exhibits much stronger discrimi-
nation between damaged and undamaged DNA. Whereas
UV-damaged plasmid DNA is a strong competitor for the
binding of the bubble probe, undamaged DNA is bound with
much weaker affinity.

A crucial point in the evaluation of the competition data
is the model used for the calculation of the number of
damaged and nondamaged binding sites on the long DNA.
On the basis of data published by Yeung et al. (21), we
expect∼200 photoproducts in the 6.4 kb plasmid DNA for
the UV dose that is applied. If a random distribution is
assumed, a damaged site should be found every 30-40
nucleotides, which is slightly larger than the region covered
by XPC in footprinting experiments (7) and corresponds to
the length of the fluorescent probe.

Therefore, the competitor concentration is expressed as
the number of equivalents of the bubble probe size in Figure
3A. Using a nonoverlapping binding site model based on
these simplifications, the fit yields aKD value for photo-
product binding which is similar to the one determined for
the bubble substrate. When the same model is applied to

FIGURE 2: Fluorescence anisotropy measurements of binding of the XPC-HR23B complex to damaged DNA. (A) Titration of the six-
nucleotide bubble probe (10 nM) with the XPC-HR23B complex yields a stoichiometric binding curve. (B) The XPC-HR23B complex
binding to a nondamaged (2) or cisplatin 1,3-intrastrand adducted (9) 36 bp fluorescent probe (10 nM). The concentrations of XPC given
have not been corrected for the DNA binding activity determined from the stoichiometric titration (Figure 2A).

Table 1: Binding Affinity and Specificity of Binding of the
XPC-HR23B Complex to Various Damaged and Undamaged DNA
Substrates

Affinity
DNA substrate (see Figure 1) KD

a (nM)

damaged DNA
six-nucleotide bubble 1.1( 0.3
6,4-PP 0.5( 0.2
CPt 3( 1
CPD 16( 2

controls
undamaged ds36mer 10( 3
undamaged ss36mer 14( 3b

Specificity
specificity factorc

damaged vs UV-damaged plasmid 91( 7d

3100( 250e

a Corrected for the protein activity of two batches.b Data obtained
from competition titrations.c Ratio of the binding affinities of plasmid
DNA obtained from competition experiments.d Model of nonoverlap-
ping binding sites.e Model of overlapping nonspecific binding sites;
see the text for details.
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the nondamaged plasmid DNA, a 90-fold higherKD is
obtained, indicating a specificity factor of approximately 90.
In this model, however, the number of competitor sites and
accordingly the specificity factor are underestimated. A
model of overlapping binding sites is better suited to
describing the binding behavior because the number of
potential nonspecific binding sites is in large excess over
the number of protein molecules. Specifically, the number
of binding sites corresponds to the total number of base pairs
of plasmid DNA (22). Compared to the nonoverlapping
binding site model, this yields an additional factor of∼30
(6400 nondamaged sites vs ca. 200 photoproducts), and a
final specificity factor of approximately 3100 results. These
estimates still contain unknowns, e.g., the ratio of cyclobu-
tane dimers to 6,4-photoproducts, which are preferentially
bound by XPC (see below). A realistic specificity value is
certainly between the extremes of 90 and 3100. The high
specificity determined from the use of long DNA as a
competitor indicates that the damage recognition ability of
XPC may be underestimated with short DNA probes because
of binding to DNA ends. The high affinity of the XPC-
HR23B complex for the bubble DNA might be due to a
preferential binding to single-stranded regions which has
been observed for many DNA repair proteins and is often
used for their purification (11, 12). The competition titration
indicates an approximately 13-fold weaker affinity for a
single-stranded probe of mixed purine-pyrimidine composi-
tion versus the bubble probe, which is in the same range as
the binding of the undamaged 36mer double strand. Clearly,
structural determinants other than single-stranded regions are
required for damage recognition by the XPC-HR23B
complex.

From gel mobility shifts, it has been concluded that the
XPC-HR23B complex forms highly stable complexes with
damaged DNA that are characterized by a fast association
and a very slow dissociation (20). Accordingly, quite long
reaction times and elevated temperatures of 37°C were
required to reach the binding equilibrium in competition
experiments. Contrary to these reports, the binding equilib-
rium is established in our experiments within a few minutes
after addition of the competitor even at 30°C. The conflicting
results may be explained by differences in the quality of the
protein preparations. The protein used in this study has been
purified by glycerol gradient centrifugation and does not
contain aggregates. Furthermore, the fluorescence anisotropy

assay allows the use of salt conditions ensuring high
solubility of the XPC-HR23B complex.

Recent studies on the interaction of the XPC-HR23B
complex with DNA probes containing single photoadducts
indicated a strong preference for 6,4-photoproducts (6,4-PP)
compared to cyclobutane pyrimidine dimers (CPD) (9). A
similar observation has been made in photoreactivation
experiments on UV-treated DNA fragments (20). Our
fluorescence titrations confirm these results. As shown in
Figure 3B, binding of the XPC-HR23B complex to 6,4-PP
occurs in a nearly stoichiometric manner, as has been
observed for the bubble DNA. The quality of the binding
curve did not allow an accurate quantification of the amount
of active protein in this case. Clearly, the protein aliquot
used for these experiments was less active in DNA binding.
Nevertheless, aKD in the sub-nanomolar range is obtained.
The CPD probe is bound with nearly 30-fold lower affinity,
and the KD is in the same range determined for the
undamaged double-stranded probe and the single-stranded
probe. XPC apparently is not able to distinguish CPDs from
unmodified bases in our assay. In accordance with this
finding, CPD containing DNA is poorly repaired in in vitro
NER assays (9). There is increasing evidence in the literature
that CPDs are recognized via damage-sensing proteins
distinct from XPC. Candidates for this function include the
XPA-RPA complex and the damaged DNA-binding protein
(UV-DDB) (23). It can be also hypothesized that the
recognition of CPDs by XPC requires the cooperation of
other protein factors. An enhancement of XPC binding to
6,4-PP containing DNA fragments by addition of XPA has
been shown by Wakasugi et al. (8). When we investigated
the influence of XPA on the binding of the XPC-HR23B
complex to the cisplatin-modified probe, we could not
observe any cooperative effect. The same is true for the
bubble DNA. Addition of XPA to an XPC binding reaction
with half-maximal saturation of the damaged probe did not
result in a change in anisotropy values (data not shown).
Possibly, other proteins (e.g., TFIIH) are required to mediate
an interaction between XPC and the XPA-RPA complex.

In Table 1, we have summarized our titration data which
are in line with previous results obtained with the same
protein preparation using semiquantitative methods such as
gel mobility shift assays and immunoprecipitation (9, 10).
Significantly weaker binding affinities for the binding of the
XPC-HR23B complex to damaged DNA have been reported

FIGURE 3: Binding of the XPC-HR23B complex to single-stranded DNA and DNA-containing photoproducts. (A) Competition of the
binding of the XPC-HR23B complex to the fluorescent bubble DNA probe (10 nM) by addition of the single-stranded oligonucleotide
single-stranded 36mer (9), UV-irradiated plasmid DNA (2), and the undamaged plasmid (b). (B) XPC binding to various types of
photoproducts. The 30 bp fluorescent probes (7.5 nM) containing either a TT-6,4-PP (9) or a CPD (2) were used for titration experiments
with XPC (see Figure 1). The specific binding activity of this XPC sample was∼2-fold lower as in the other experiments.

6586 Biochemistry, Vol. 41, No. 21, 2002 Accelerated Publications



by Batty et al. (20) which may be ascribed to a lower specific
binding activity of their protein preparation. Nevertheless,
these authors could show a 400-fold preference of the XPC-
HR23B complex for UV-damaged versus undamaged DNA.
Our data show that the XPC-HR23B complex binds with
the highest affinity to the bubble and 6,4-PP lesions. The
interaction with the cisplatin probe is slightly weaker.
Undamaged double-stranded and single-stranded oligonucle-
otides as well as a CPD oligonucleotide are bound with
significantly lower affinity. A much higher damage specific-
ity of the XPC-HR23B complex is revealed by the competi-
tion experiments with undamaged plasmid DNA, which point
to a strong damage discrimination when interference by end
effects is excluded. Our data are in accordance with models
where the XPC-HR23B complex alone is able to detect
strongly helix-distorting lesions with high efficiency. The
recognition of lesions that do not significantly alter the
geometry of the DNA helix may require the participation of
other proteins acting alone or in cooperation with XPC (10).

The results presented here demonstrate the power of the
fluorescence anisotropy assay for the study of protein-DNA
interactions in repair processes. With only a small amount
of protein available, we were able to determine equilibrium
constants for various damaged DNA substrates and to derive
specificity factors.
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