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A mammalian nucleotide excision repair (NER) factor, the XPC–HR23B complex, can specifically bind to
certain DNA lesions and initiate the cell-free repair reaction. Here we describe a detailed analysis of its
binding specificity using various DNA substrates, each containing a single defined lesion. A highly sensitive
gel mobility shift assay revealed that XPC–HR23B specifically binds a small bubble structure with or without
damaged bases, whereas dual incision takes place only when damage is present in the bubble. This is evidence
that damage recognition for NER is accomplished through at least two steps; XPC–HR23B first binds to a site
that has a DNA helix distortion, and then the presence of injured bases is verified prior to dual incision.
Cyclobutane pyrimidine dimers (CPDs) were hardly recognized by XPC–HR23B, suggesting that additional
factors may be required for CPD recognition. Although the presence of mismatched bases opposite a CPD
potentiated XPC–HR23B binding, probably due to enhancement of the helix distortion, cell-free excision of
such compound lesions was much more efficient than expected from the observed affinity for XPC–HR23B.
This also suggests that additional factors and steps are required for the recognition of some types of lesions. A
multistep mechanism of this sort may provide a molecular basis for ensuring the high level of damage
discrimination that is required for global genomic NER.
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DNA acquires various structural modifications through
its intrinsic instability, the action of endogenously pro-
duced agents, and environmental attacks involving ra-
diation and chemicals. Such DNA damage can block
DNA replication and transcription, which may lead to
arrested cell growth and/or apoptosis. It can also induce
mutations, the accumulation of which can cause cell
malfunctions, carcinogenesis, and possibly aging. To cir-
cumvent these problems, a network of multiple DNA
repair pathways has evolved. Nucleotide excision repair
(NER) is a versatile repair pathway that can eliminate a
wide variety of lesions, such as ultraviolet light (UV)-
induced photolesions [including cyclobutane pyrimidine
dimer (CPD) and (6-4) photoproduct (6-4PP)], intrastrand
cross-links, and bulky adducts induced by various car-
cinogens (Friedberg et al. 1995). It has been shown that
eukaryotic NER involves at least two distinct subpath-
ways, global genomic repair (GGR) and transcription-

coupled repair (TCR). The GGR subpathway can operate
at any location in the genome, and its efficiency varies
depending on the type of lesion; for instance, 6-4PPs are
eliminated from the global genome much faster than are
CPDs (Mitchell and Nairn 1989). In contrast, TCR spe-
cifically removes lesions that block RNA polymerases
on the transcribed strands of active genes (Bohr et al.
1985; Mellon et al. 1987). Unlike GGR, this subpathway
eliminates different lesions at similar rates (van Hoffen
et al. 1995), and contributes to the rapid recovery of tran-
scriptional activity after DNA has been damaged, ensur-
ing the maintenance of normal cellular functions and
survival (Hanawalt and Mellon 1993; Friedberg 1996).

The biological relevance of mammalian NER has been
well documented, because several human genetic disor-
ders, including xeroderma pigmentosum (XP), Cockayne
syndrome (CS), and trichothiodystrophy (TTD), are asso-
ciated with impaired NER activity. So far, seven NER-
deficient complementation groups have been identified
for XP (XP-A to XP-G), two for CS (CS-A and CS-B), and
one for TTD (TTD-A), and most of the responsible genes
have been cloned (for review, see Bootsma et al. 1997).
Among these complementation groups, patients belong-
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ing to XP group C are deficient only in GGR, whereas
TCR still functions normally (Venema et al. 1990, 1991).
The responsible gene product, the XPC protein, is tightly
complexed with HR23B, one of the two mammalian ho-
mologs of the Saccharomyces cerevisiae RAD23 protein
(Masutani et al. 1994; Shivji et al. 1994). This complex
formation is important for the cell-free repair function of
XPC (Sugasawa et al. 1996, 1997; Batty et al. 2000), at
least partly because of the physical stabilization it im-
parts (M. Araki, C. Matsutani, M. Takemura, A. Uchida,
K. Sugasawa, J. Kondoh, Y. Okuma, and F. Hanaoka, un-
publ.). Although the XPC–HR23B complex exhibits
strong binding affinity for single- and double-stranded
DNA even without damage (Masutani et al. 1994; Shivji
et al. 1994; Reardon et al. 1996; Wakasugi and Sancar
1998), it preferentially binds to various types of damaged
DNA, where it initiates the cell-free NER reaction (Su-
gasawa et al. 1998; Batty et al. 2000). Furthermore, XPC–
HR23B has specific binding affinity for certain defined
lesions, including UV-induced 6-4PP and a cholesteryl
moiety (Sugasawa et al. 1998; Kusumoto et al. 2001),
indicating that XPC–HR23B is involved in the GGR-spe-
cific damage recognition machinery. In TCR, RNA poly-
merase II itself has been presumed to function as a dam-
age detector when blocked by a lesion (Donahue et al.
1994; Tornaletti et al. 1999). Following the subpathway-
specific damage recognition events, several common
NER factors, including transcription factor IIH (TFIIH),
XPG, XPA, and replication protein A (RPA), may be re-
cruited to the lesion, leading to the local unwinding of
DNA double helix (Evans et al. 1997a,b; Mu et al. 1997b;
Wakasugi et al. 1997). The XPB and XPD helicases, both
of which are essential components of TFIIH (Schaeffer et
al. 1993, 1994), play a critical role in this open complex
formation. Two structure-specific endonucleases, the
XPF–ERCC1 complex and XPG, subsequently introduce
single-strand breaks on the 5� and 3� sides of the lesion,
respectively, resulting in the excision of the oligonucleo-
tide containing the injured base(s) (O’Donovan et al.
1994; Matsunaga et al. 1995; Sijbers et al. 1996).

Although it has been well documented that XPC–
HR23B plays a critical role in global genomic NER, sev-
eral issues remain to be solved. First, we have shown
recently that UV-induced CPDs are hardly recognized by
XPC–HR23B (Kusumoto et al. 2001). Because CPDs are
removed from the global genome in an XPC-dependent
manner, this suggests that recognition of some types of
lesions may require involvement of other factors in ad-
dition to XPC–HR23B. Second, dual incision by a defined
NER system, reconstituted with all the necessary puri-
fied factors except for XPC–HR23B, can remove a lesion
in a bubble-like structure (Mu and Sancar 1997) or an
artificial cholesteryl moiety (Mu et al. 1996). Further-
more, although the XPC protein has been shown to in-
teract with TFIIH and likely recruits it to a lesion (Drap-
kin et al. 1994; Li et al. 1998; Yokoi et al. 2000), the
precise reaction mechanism following the initial damage
recognition event remains to be established. To under-
stand the functions of XPC–HR23B in more detail, we
have undertaken an extended analysis of its binding

specificity for DNA containing various lesions and struc-
tures. The results provide an important insight into the
damage recognition strategy utilized by the eukaryotic
NER machinery.

Results

Gel mobility shift assay for quantitative analysis
of the binding affinity of XPC–HR23B

We have observed previously a specific damage-binding
activity of XPC–HR23B by DNase I footprinting as well
as by coimmunoprecipitation techniques (Sugasawa et
al. 1998; Kusumoto et al. 2001). To examine the damage-
binding specificity in more detail, a convenient, highly
sensitive assay was developed by use of the gel mobility
shift technique. Blunt-ended, radiolabeled DNA frag-
ments (∼180–190 bp in length) containing a single lesion
at a defined position were used for binding reactions
with the purified recombinant human XPC–HR23B com-
plex. After the binding reactions, the resulting protein–
DNA complexes were fixed with glutaraldehyde before
performing native polyacrylamide gel electrophoresis
(PAGE). Because we noticed that complexes involving
XPC–HR23B and monoadduct DNA are not completely
stable during electrophoresis, the fixation step was ap-
plied to obtain more reproducible results. Although we
have discovered recently that centrin 2 is an additional
component of the XPC protein complex, its binding does
not greatly affect either damage binding or the NER
function of the complex, at least in the cell-free system
(M. Araki, C. Matsutani, M. Takemura, A. Uchida, K.
Sagasawa, J. Kondoh, Y. Okuma, and F. Hanaoka, un-
publ.).

We first tested the binding of XPC–HR23B to two ma-
jor UV-induced photolesions, 6-4PP and CPD (both in-
volving TT dinucleotides; Fig. 1). When the 32P-labeled
probes were incubated with XPC–HR23B in the absence
of any other DNA, some shifted bands were observed
even with the nondamaged DNA probe (Fig. 2A, lane 4).
This nonspecific binding was abrogated by the addition
of an appropriate amount of double-stranded plasmid
DNA as a competitor (Fig. 2B, lanes 1–4). Under these
conditions, the probe containing 6-4PP still gave rise to
complexes containing bound XPC–HR23B (Fig. 2B, lanes
6–8), demonstrating that XPC–HR23B is capable of spe-
cifically binding 6-4PPs (note that the specific complexes
are already visible without the competitor DNA; Fig. 2A,
lanes 6–8). In marked contrast, little specific binding
could be observed with the CPD probe (Fig. 2B, lanes
9–12), in agreement with our previous data from coim-
munoprecipitation experiments (Kusumoto et al. 2001).

To obtain some quantitative information on the bind-
ing affinity, competition experiments were performed.
Various amounts of nonradioactive DNA fragments with
or without a single UV lesion were included in the XPC–
HR23B binding reactions with a fixed amount of the 32P-
labeled 6-4PP probe. As shown in Figure 2, C and D, the
6-4PP DNA fragment itself competed well with the
6-4PP probe for binding to XPC–HR23B; 50% inhibition
of complex formation was achieved by adding a fourfold
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molar excess of the competitor. On the other hand, no
significant difference was observed between the compe-
tition profiles of the nondamaged and CPD competitors,
within the range of competitor concentrations used.

XPC–HR23B binds a small bubble structure regardless
of the presence or absence of lesions

Structural analyses of DNA containing UV-induced pho-
tolesions have revealed that 6-4PP induces significant
helix distortion, including disruption of base pairing,

whereas the distortion induced by CPD is much less pro-
nounced (Kim et al. 1995; McAteer et al. 1998). Further-
more, it has been reported recently that the mammalian
NER machinery can be targeted in vitro to sites of de-
fective Watson-Crick base pairing (Hess et al. 1998;
Buschta-Hedayat et al. 1999). Taken together with our
findings that CPD is not well recognized by XPC–
HR23B, we have been interested in testing the binding of
XPC–HR23B to double-stranded DNA fragments con-
taining a small number of unpaired bases. For this pur-
pose, several DNA substrates were prepared (B0, B3, and
B5 in Fig. 1). A small bubble (3 or 5 bases) was created by

Figure 1. Defined DNA substrates used in this study. Arrows indicate major incision sites in each AAF-damaged substrate, which
were determined by the primer extension method.
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inserting T residues in both strands as well as a G residue
in the center of the bubble. This guanine residue allowed
the site-specific modification of the DNA by N-acetoxy-
2-acetylaminofluorene (AAF), resulting in an N-(guanin-
8-yl)-AAF adduct, which is a known substrate for NER.

When non-bubbled (B0) control substrates were used
for the gel mobility shift assay, specific complex forma-
tion could be observed in the presence of an AAF adduct,
but not in its absence (Fig. 3A, lanes 1–8). Intriguingly,
XPC–HR23B efficiently bound the substrates containing
a 3-base (B3) or 5-base (B5) bubble, even in the absence of
AAF damage (Fig. 3A, lanes 9–24). The binding properties

were further characterized quantitatively by use of com-
petition assays. The non-bubbled substrate significantly
competed with the 6-4PP probe for binding XPC–HR23B
in an AAF-lesion-dependent manner, although the ob-
served affinity for the AAF adduct was lower than that
for 6-4PP (Fig. 3B, lanes 3–10; see also C). Under the same
conditions, the B3 substrates displayed a higher affinity
for XPC–HR23B than 6-4PP, regardless of the presence or
absence of the AAF lesion (Fig. 3C). Competition experi-
ments using the AAF-damaged B5 probe revealed that
XPC–HR23B binds the larger bubble with the higher af-
finity (Fig. 3D). The specificity of binding to the bubble

Figure 2. Gel mobility shift analysis of XPC–HR23B binding to a single UV photolesion. (A,B) Indicated amounts of purified
XPC–HR23B were incubated with 3.5 fmole each of the 32P-labeled DNA fragment containing a 6-4PP or a CPD, or the cognate
nondamaged (ND) control fragment. The binding reactions were performed in the absence (A) or presence (B) of a small amount (0.5
ng) of covalently closed circular plasmid DNA. The resulting DNA–protein complexes were fixed with glutaraldehyde and separated
by PAGE. (C) A competition experiment using the labeled 6-4PP probe (3.5 fmole), which was incubated with (+) or without (−) 2 ng
of XPC–HR23B and various amounts of cold competitor DNA fragments as indicated. (D) The amount of the labeled probe complexed
with XPC–HR23B was calculated for each lane in C, and expressed as a percentage of the control (lane 2) without competitors. The
mean values and standard errors were calculated from two or three independent experiments.(�) ND; (�) 6-4PP; (�) CPD.
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structure was also examined by DNase I footprint analy-
sis. As shown in Figure 4, A and B, the bubble site of the
B3 substrate was well protected against DNase I attack
by XPC–HR23B, either with or without the AAF adduct.
However, a slight difference in the digestion pattern
could be observed, as summarized in Figure 4C. For in-
stance, a few phosphodiester bonds in the top strand on
the 3� side of the bubble became hypersensitive to DN-
ase I upon XPC–HR23B binding to the nondamaged B3
substrate, whereas the 3�-hypersensitive sites were
found mainly in the bottom strand when the B3 sub-
strate contained the AAF adduct (the hypersensitive
sites are indicated by arrowheads in Fig. 4, A and B, and
by arrows in C). Thus, although the presence of the AAF
adduct may somehow affect the precise positioning and/
or binding mode, damage is not required for specific
binding of XPC–HR23B when the DNA contains a small
bubble. This indicates that the complex does not recog-
nize the lesion itself, but rather the structural distortion
of double-stranded DNA, as suggested previously (Batty
et al. 2000).

Damage is required for the dual incision even after
XPC–HR23B has bound to a bubble

To examine whether the binding of XPC–HR23B to the
bubble leads to the following repair process, the sub-
strates were tested for cell-free dual incision activity.
Oligonucleotides with or without the AAF adduct (top
strands shown by uppercase letters in Fig. 1) were 5�-end
labeled with [�-32P]ATP and used for the preparation of
double-stranded closed circular DNAs. This allowed the
generation of DNA substrates containing an internal
32P-label at nucleotide position 14 or 15 on the 5� side of
the AAF lesion. When the internally labeled B0 substrate
containing the AAF adduct was incubated with the XP-C
whole cell extract supplemented with purified XPC–
HR23B, dual incision products could be detected by de-
naturing PAGE (Fig. 5A, lanes 6–8). These excised oligo-
nucleotides were undetectable when XPC–HR23B was
omitted from the reaction (lane 5), or when the nondam-
aged, control B0 substrate was used (lanes 1–4). XPC–
HR23B-dependent dual incision was also detected with
the AAF-damaged B3 and B5 substrates, which gave rise
to increasing amounts of excised oligonucleotides, cor-
relating with the observed affinity of XPC–HR23B for
these substrates (Fig. 5, lanes 14–16 and 22–24). How-
ever, very few labeled oligonucleotides were released
from the nondamaged B3 and B5 substrates (Fig. 5, lanes
9–12 and 17–20), although their affinity for XPC–HR23B
was indistinguishable from that of their AAF-damaged
counterparts.

For each AAF-damaged substrate, we determined the
major incision sites using the primer extension methods
described by others (Moggs et al. 1996), and confirmed
that the 5�-incision took place mainly 5� to the 32P-la-
beled site (indicated by arrows in Fig. 1). Although dual
incision was not detected with the nondamaged bubble
substrates, the possibility could not be excluded that the
5�-incision sites may have shifted to the 3�-side of the

labeled site, or that the incision may have occurred on
the other, unlabeled, strand. To test these possibilities,
we utilized another type of assay. Cell-free NER reac-
tions were carried out with nonlabeled, double-stranded
circular DNA substrates in the presence of aphidicolin,
which inhibits gap-filling DNA repair synthesis (Cover-
ley et al. 1992). The purified DNA was then treated with
T4 DNA polymerase and radioactive dNTPs to fill the
gaps left behind and further digested with HaeIII into 14
pieces (Fig. 5B). Upon this digestion, a fragment of 95–98
bp (depending on the bubble size) should contain the site
of the AAF adduct and/or a bubble, and thus would be
specifically labeled if dual incision had occurred around
the site. As shown in Figure 5C, specific incorporation of
radioactivity, which depended on the presence of XPC–
HR23B, was observed in a fragment of the expected size
with the AAF-damaged substrates (Fig. 5, lanes 5–8, 13–
16, and 21–24). In contrast, the bubble substrates with-
out the lesion failed to show specific incorporation into
the corresponding fragment, although rather high back-
ground DNA synthesis may have occurred (Fig. 5, lanes
9–12 and 17–20). From these findings, we conclude that
the binding of XPC–HR23B to a bubble lacking lesions
does not lead to dual incision in the cell-free NER sys-
tem.

Mismatched bases opposite CPD potentiate the binding
of XPC–HR23B and the in vitro repair efficiency

It has been documented that some compound lesions,
such as CPDs opposite one or more mismatched bases,
are more efficiently repaired in vitro than are lesions
paired with correct bases (Moggs et al. 1997; Mu et al.
1997a). On the basis of our findings that XPC–HR23B
recognizes a distorted helix, we postulated that efficient
repair of such compound lesions could be explained by
the increased affinity of XPC–HR23B, because one would
expect that the presence of mismatched bases may en-
hance the level of helix distortion associated with the
lesions. To test this possibility, a set of substrates was
prepared that contained a site-specific CPD opposite GA
or GG dinucleotides (Fig. 1). Gel mobility shift assays
using these substrates revealed that the presence of the
mismatched bases increased the specific affinity of XPC–
HR23B for the CPD. Under conditions in which XPC–
HR23B hardly bound to the correctly paired CPD, CPD
opposite one mismatched G showed weak but nonethe-
less detectable binding activity, which was further in-
creased by the presence of an additional mismatched G
(Fig. 6A). Competition experiments indicate that the af-
finity of XPC–HR23B for CPD opposite GG, although
higher than without the mismatches, is still similar to
its affinity for the non-bubbled AAF lesion, and signifi-
cantly lower than that for 6-4PP (Fig. 6B,C). Competition
by CPD opposite GA was indistinguishable from CPD
normally paired with AA, at least in the range of com-
petitor concentrations used.

The same set of substrates was subjected to the dual
incision assay in the cell-free system (Fig. 6D). In agree-
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Figure 4. DNase I footprinting analysis of XPC–HR23B binding to a 3-base bubble. (A,B) The indicated substrates were 5�-end-labeled
for top strands (A) or bottom strands (B), and subjected to the DNase I footprinting assay using various amounts of XPC–HR23B as
indicated. The digested DNA samples were subjected to denaturing PAGE followed by autoradiography. The Maxam-Gilbert G ladder
prepared from each probe was loaded in parallel, where indicated, below the gels. The position of the bubble in each substrate is shown
by an asterisk. (C) A schematic representation of the protection patterns for the B3 substrates. In each panel, strongly and weakly
protected regions are shown by solid and shaded bars, respectively. The sites that became hypersensitive to DNase I upon binding are
indicated by arrowheads (A,B) or arrows (C). Size of the arrows in C corresponds to the observed degree of hypersensitivity.
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ment with our previous findings (Kusumoto et al. 2001),
excision of CPDs was much less efficient compared with
that of 6-4PPs (Fig. 6, lanes 5–12). Longer exposure of the
gel shown in Figure 6D revealed a trace amount of ex-
cised CPD, which was at least 50-fold less than the

amount of excised 6-4PP. Interestingly, CPDs opposite
GA were excised quite efficiently (20- to 30-fold more
than normally paired CPD; Fig. 6, lanes 13–16), although
their affinity for XPC–HR23B was found to be only mar-
ginal. Furthermore, excision of CPDs opposite two mis-

Figure 5. Binding of XPC–HR23B is not sufficient for the NER incision, but damage is also required. (A) The indicated substrates were
internally labeled with 32P and used for the dual incision assay involving the XP-C whole cell extract and various amounts of
XPC–HR23B. The DNA samples were subjected to denaturing PAGE followed by autoradiography. (M) 32P-labeled 25-bp ladder. (B) A
map of HaeIII-cutting sites in the DNA substrates, where the size of each fragment (in base pairs) is indicated. (C) The nonlabeled
closed circular DNA substrates indicated were incubated in the cell-free NER reactions including the XP-C whole cell extract, various
amounts of XPC–HR23B, and aphidicolin. The purified DNA samples were subjected to gap-filling DNA synthesis with T4 DNA
polymerase and radiolabeled dNTPs, digestion with HaeIII, and nondenaturing PAGE followed by autoradiography.
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matched Gs was at a level similar to that of 6-4PPs (Fig.
6, lanes 17–20), which was much more efficient than
expected from the observed affinity for XPC–HR23B. In
both cases, XPC–HR23B was absolutely necessary for the
excision of CPDs. Thus, although the increased affinity
for XPC–HR23B may contribute to efficient excision to
some extent, other factors present in the extracts must
be involved in the initial detection of the compound le-
sions, which may then somehow target XPC–HR23B.

Discussion

Importance of competitive reaction conditions
for observing the damage specificity and the NER
initiator function of XPC–HR23B

We have shown previously that the XPC–HR23B com-
plex is capable of specific binding to some defined le-

sions using DNase I footprinting as well as coimmuno-
precipitation techniques (Sugasawa et al. 1998; Kusu-
moto et al. 2001). Here we describe a more convenient
gel mobility shift assay, which allowed us to detect the
specific binding of XPC–HR23B, not only to the AAF
adduct, but also to a bubble structure and to compound
lesions involving CPD opposite mismatched base(s). As
found in our previous studies (Sugasawa et al. 1998; Ku-
sumoto et al. 2001), and as also discussed by Batty et al.
(2000), inclusion of the appropriate competitor DNA in
the binding reactions was necessary to absorb the non-
specific DNA binding of XPC–HR23B. Furthermore, spe-
cial care was taken in the present study in the prepara-
tion of DNA fragments used for the gel mobility shift
assay as well as the DNase I footprinting experiments, in
that all of the probes and the competitors were treated
with T4 DNA polymerase to make blunt-ended frag-

Figure 6. Presence of mismatched bases opposite CPD enhances the binding affinity for XPC–HR23B as well as the damage excision
efficiency. (A) Gel mobility shift assay using the indicated probes and various amounts of XPC–HR23B. (B) A competition experiment
involving the 32P-labeled 6-4PP probe (3.5 fmole) and 2 ng of XPC–HR23B. Various amounts of nonlabeled competitor DNA fragments
were included in the binding reactions as indicated. (C) Quantitative representation of the competition profiles. The mean values and
standard errors were calculated from at least two independent experiments. The competition profile of 6-4PP is superimposed. (�)
CPD; (�) CPD(GA); (�) CPD(GG); (�) 6-4PP. (D) The indicated, internally labeled substrates were assayed for the NER incision in the
XP-C whole cell extract supplemented with various amounts of XPC–HR23B. A part of the autoradiograph showing the dual incision
products is presented. (M) 32P-labeled 25-bp ladder.
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ments. From our results showing that XPC–HR23B rec-
ognizes and binds to a small number of unpaired bases
within a double-stranded region, one might anticipate
that protruding termini generated by restriction enzyme
digestion could affect the binding of XPC–HR23B. We
have actually noticed that DNA fragments with 5�-pro-
truding termini (with 4-base overhangs) competed more
effectively for XPC–HR23B binding than the correspond-
ing, blunt-ended fragments (data not shown). Therefore,
the use of fragments with terminal overhangs may lead
to the formation of undesirable complexes in which
XPC–HR23B binds to the end of the DNA, and thus the
apparent binding specificity for lesions could be signifi-
cantly underestimated.

The competitive conditions are also important for ob-
serving the initiator function of XPC–HR23B in the cell-
free NER reaction. We have shown previously that pre-
incubation of damaged DNA with XPC–HR23B is suffi-
cient to target the whole NER machinery, which
consequently induces preferential repair of the bound
DNA over other damaged DNA that is not bound to
XPC–HR23B (Sugasawa et al. 1998). In that study, the
repair kinetics of two damaged DNAs could be compared
feasibly, because both DNAs were eventually incubated
in the same reaction. On the other hand, it has been
reported recently that preincubation with XPC–HR23B
inhibited damage excision, as compared with preincuba-
tion with XPA and RPA, or when all of the NER factors
were added at the same time (Wakasugi and Sancar
1999). In the latter study, repair rates were compared
among separately incubated reactions; under such con-
ditions it cannot be excluded that the apparent inhibi-
tion was due, for instance, to heat inactivation or aggre-
gation of XPC–HR23B during the preincubation.

Requirement of XPC–HR23B for damage excision
from bubbled substrates

It has been reported that, when a lesion such as CPD
resides within a bubble structure, XPC–HR23B is not
necessary for damage excision in the cell-free NER reac-
tion reconstituted with purified factors (Mu and Sancar
1997). From these results, it has been supposed that one
of the roles of XPC–HR23B may be to create a small
opening in the DNA strands around the lesion, which
would allow subsequent entry of other NER factors, such
as TFIIH, leading to full opening. This idea provides a
plausible explanation for the absence of a requirement
for XPC–HR23B in TCR, because the damaged site is
already opened when RNA polymerase II encounters the
lesion. On the other hand, we show here that the AAF
adduct in a small bubble is still excised in an XPC–
HR23B-dependent manner. Although one may argue that
our bubble size (3 or 5 bases) might be too small to by-
pass the requirement for XPC–HR23B, we obtained the
same results with a larger, 9-base bubble (data not
shown). It is still possible that a trace level of excision of
the AAF adduct may occur with our bubbled substrates
in the absence of XPC–HR23B. Even if this is the case,
however, the observed stimulation of the dual incision

by XPC–HR23B may be due to its efficient recruitment
of TFIIH (Li et al. 1998; Yokoi et al. 2000). Because TFIIH
itself does not bind DNA very strongly or with any speci-
ficity for damage (Nocentini et al. 1997; Wakasugi and
Sancar 1998; Yokoi et al. 2000), it seems to need protein–
protein interactions with other factors for efficient bind-
ing to target sites. Nevertheless, we do not rule out the
alternative possibility that some factors present in the
cell extract might somehow suppress the XPC–HR23B-
independent repair of the bubbled AAF substrates. Re-
constitution of the dual incision reaction with our sub-
strates and purified NER factors is now in progress.

Multistep damage recognition in NER

Because NER can handle a wide variety of structurally
unrelated lesions, it has been supposed that the repair
machinery does not recognize the lesion itself, but rather
the distortion of the helical structure of the DNA in-
duced by the presence of the lesion. Such helix distortion
may include the disruption of base pairing as well as the
bending of DNA strands. The importance of helix dis-
tortion in mammalian damage recognition has been
shown experimentally recently by use of certain artifi-
cial adducts as well as cell-free NER reactions (Hess et al.
1998; Buschta-Hedayat et al. 1999). In those studies, it
was shown that the NER system is efficiently recruited
to sites in which Watson-Crick base pairing is weakened
or disrupted. In accordance with this idea, XPC–HR23B
is able to efficiently recognize and bind a small bubble
involving unpaired bases, for which damage is not re-
quired at all. Although the specific binding of XPC–
HR23B would normally initiate the NER reaction lead-
ing to excision of the lesion, dual incision hardly takes
place in such bubbled substrates in the absence of dam-
age. These findings indicate that, after XPC–HR23B
binding, the repair reaction does not proceed to dual in-
cision in a straightforward manner. Instead, the damage
recognition is accomplished through at least two steps;
XPC–HR23B first binds to a suspected damage site that
has helix distortion, and then the presence of a lesion
that is suitable for processing by the NER machinery is
somehow verified (Fig. 7). One possibility is that XPC–
HR23B itself can discriminate whether injured bases are
present or absent; our footprinting analysis revealed that
the existence of the AAF adduct in a bubble slightly al-
ters the pattern of protection by XPC–HR23B, although
the overall binding affinity is barely affected. Alterna-
tively, and more likely, other NER factors, which are
recruited after the binding of XPC–HR23B, may be re-
sponsible for damage verification. Because XPA and RPA
have been shown to have some specific binding affinity
for damaged DNA (Clungston et al. 1992; Jones and
Wood 1993; Asahina et al. 1994; He et al. 1995; Burns et
al. 1996), these factors may be among the candidates.
Moreover, recent knowledge concerning the mechanism
of TCR may provide an additional clue to understanding
this key step. Not only are lesions normally processed by
NER, but major oxidative damage, such as thymine gly-
col and 8-oxoguanine, has also been shown to be repaired
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in a transcription-dependent manner (Cooper et al. 1997;
Le Page et al. 2000). This transcription-coupled base ex-
cision repair (BER) requires the functions of TFIIH and
XPG, which are distinct from those required for NER, in
addition to CSB (and probably also CSA), which is well
known to be specifically involved in transcription-
coupled NER, but not in global genomic NER. A model
has been proposed in which RNA polymerase II stalling
at the injured site may assemble a TCR complex involv-
ing at least TFIIH, XPG, and CSB, which may subse-
quently recruit an appropriate DNA glycosylase to initi-
ate BER (Le Page et al. 2000). Because the TCR complex
seems to be commonly utilized in transcription-coupled
NER, it is possible that the complex may have the ability
to somehow discriminate whether the lesion should be
processed by NER or by BER. We reported recently that
the XPC protein interacts with TFIIH and targets it for
damaged DNA in vitro (Yokoi et al. 2000). It has been
proposed by others (Naegeli 1999; Wood 1999) that a le-

sion may be sensed by the blockage of translocation by
TFIIH helicases, although it has not yet been demon-
strated experimentally. In analogy to the case of TCR,
TFIIH, which is recruited by XPC–HR23B bound to the
suspected site, may be involved in the verification of the
presence of damage, likely together with other factors
such as XPG.

Using the coimmunoprecipitation technique, we have
shown recently that XPC–HR23B fails to recognize UV-
induced CPD (Kusumoto et al. 2001). It has been also
described that treatment of UV-irradiated DNA with
CPD photolyase does not affect specific binding to XPC–
HR23B (Batty et al. 2000). The gel mobility shift assay
described here provided us with a much more sensitive
method, which further confirmed the lack of specific
binding affinity for the CPD. As suggested from the so-
lution structure determined by nuclear magnetic reso-
nance (Kim et al. 1995; McAteer et al. 1998), the DNA
helix distortion induced by CPD may be too subtle to be
recognized by XPC–HR23B. In fact, the introduction of
one or two mismatched base(s) opposite the CPD, which
one would expect to potentiate the helix distortion, sig-
nificantly increases the affinity for XPC–HR23B. Be-
cause XPC–HR23B is necessary anyway for the excision
of CPDs from the global genome in vivo as well as in the
cell-free system, it has been proposed that other factors,
such as the damaged DNA binding factor (DDB), must be
required for the primary recognition of CPDs, and that
they somehow target XPC–HR23B to the lesion (Hwang
et al. 1999; Tang et al. 2000; Kusumoto et al. 2001). In-
triguingly, the compound lesions involving CPD are ex-
cised much more efficiently in the cell-free extract than
would be expected from their observed affinity for XPC–
HR23B, indicating the involvement of other factors in
the recognition of such compound lesions. It is possible
that the same putative factors that may be required for
normal CPD recognition are also responsible for the ef-
ficient recognition of the compound lesions. In addition,
some mismatch repair factors might be involved in the
recognition and repair of the compound lesions, al-
though this has not yet been demonstrated (Moggs et al.
1997; Mu et al. 1997a). Although the GGR mechanism
involving CPDs thus remains to be elucidated, our re-
sults strongly indicate that, unlike the case of 6-4PPs, an
additional step is required for the recognition of CPDs,
regardless of whether the CPD is paired with correct or
mismatched bases. Furthermore, chromatin remodeling
may have to precede the damage binding by XPC–HR23B
and/or other factors, raising the possibility of the pres-
ence of even earlier steps in vivo. Because it must be
tremendous work for cells to search throughout the huge
genome for a small number of lesions, the multistep
mechanism described here would be a crucial contribu-
tion to achieving the very high level of damage discrimi-
nation required in eukaryotic cells.

Materials and methods

Cell culture and extract preparation

A lymphoblastoid cell line (GM2248B) from the XP3BE (group

Figure 7. A model for two-step damage recognition in global
genomic NER. XPC–HR23B first recognizes the site where helix
distortion is induced. Other NER factors, involving TFIIH, XPA,
XPG, and RPA, may be then recruited to the suspected site,
where they somehow verify the presence of a lesion that is
suitable to be handled by NER. If there is a lesion (left), the
pre-incision complex containing fully opened DNA would be
assembled, leading to dual incision by XPF–ERCC1 and XPG. If
there is not a lesion (right), the process may be cancelled at a
certain stage prior to the open complex assembly.
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C) patient was cultured in suspension with Dulbecco’s modified
Eagle medium (Nissui) supplemented with 15% fetal bovine
serum. The whole cell extract for cell-free NER reactions was
prepared according to the described method (Wobbe et al. 1985)
with minor modifications. Briefly, cells were harvested by low-
speed centrifugation and washed twice with ice-cold phosphate-
buffered saline. The cell pellet was suspended in five times the
volume of hypotonic buffer (20 mM Hepes-NaOH at pH 7.5, 5
mM KCl, 1.5 mM MgCl2, and 1 mM dithiothreitol) containing
a mixture of protease inhibitors (50 µM EGTA, 0.25 mM PMSF,
0.2 µg/mL aprotinin, 0.2 µg/mL leupeptin, 0.1 µg/mL antipain,
and 0.1 µg/mL pepstatin A). The cell suspension was kept on ice
for 5 min and centrifuged for 10 min at 200g. The swollen cell
pellet was homogenized by 20 strokes of an all-glass Dounce
homogenizer (Kontes, pestle B), and NaCl was added to a final
concentration of 0.2 M with gentle stirring. After 30 min of
stirring on ice, the lysate was clarified by centrifugation
(50,000g for 30 min), and dialyzed against buffer A (20 mM
Hepes-NaOH at pH 7.0, 50 mM NaCl, 0.1 mM EDTA, 10%
glycerol, 1 mM dithiothreitol, and 0.25 mM PMSF). Insoluble
materials were removed by centrifugation (50,000g for 30 min),
and the resulting extract was aliquoted, frozen in liquid nitro-
gen, and stored at −80°C. The XP3BE cell extract obtained with
this modified procedure was found to be very active in dual
incision when supplemented with XPC–HR23B.

Protein preparation

Human XPC protein was expressed in the insect cell line Sf9 by
infection with a recombinant baculovirus vVL.XPC, and puri-
fied as described previously (Sugasawa et al. 1996). Recombi-
nant human HR23B protein, which was fused to the carboxy-
terminal hexa-histidine tag (HR23BHis), was overexpressed in
the Escherichia coli strain BL21(DE3) and purified as described
(Masutani et al. 1997). To reconstitute the complex, 250 µg each
of the recombinant XPC and HR23BHis proteins were mixed in
buffer B (25 mM Tris-HCl at pH 7.5, 1 mM EDTA, 10% glycerol,
0.01% Nonidet P-40, 1 mM dithiothreitol, and 0.25 mM PMSF)
containing 0.3 M NaCl and incubated on ice for 2 h. To remove
unbound HR23BHis, the mixture was loaded onto a HiTrap-
heparin column (Amersham Pharmacia Biotech; 1 mL) equili-
brated with buffer B containing 0.3 M NaCl. After washing with
the same buffer, bound proteins were eluted with buffer B con-
taining 1 M NaCl. The eluate was dialyzed against buffer C (20
mM sodium phosphate at pH 7.8, 0.3 M NaCl, 10% glycerol,
0.01% Nonidet P-40, and 0.25 mM PMSF) and further loaded
onto a HiTrap-chelating column (Amersham Pharmacia Bio-
tech; 1 mL) that had been bound to nickel ions and then equili-
brated with buffer C. The column was washed with the same
buffer and eluted successively with buffer C containing 20, 100,
and 250 mM imidazole-HCl (pH 7.8). The XPC–HR23BHis com-
plex was recovered in the 100 mM imidazole fractions. The
peak fractions were pooled, dialyzed against buffer D (25 mM
Hepes-KOH at pH 7.9, 1 mM EDTA, 0.3 M KCl, 50% glycerol,
1 mM dithiothreitol, and 0.25 mM PMSF) and stored at −80°C.
Protein concentration was determined according to the Bradford
method by use of reagents from Bio-Rad and bovine serum al-
bumin as a standard.

Preparation of defined DNA substrates containing a single
lesion and/or a bubble

Phagemid DNAs harboring the bottom strand sequences shown
in Figure 1 were generated by ligating the corresponding
complementary synthetic oligonucleotides to pBluescript II
KS(+) (Stratagene) digested by PstI and HindIII (restriction en-

zymes used in this study were purchased from Takara Shuzo,
unless indicated). An E. coli strain XL-1 Blue was transformed
with the resulting phagemids, and single-stranded circular
DNAs (corresponding to the bottom strands) were recovered by
infecting the bacterial culture with VCSM13 helper phage
(Stratagene).

The oligonucleotides containing a single, UV-induced 6-4PP
or CPD were prepared as described previously (Murata et al.
1990; Iwai et al. 1996). To introduce an AAF adduct, 1.25 nmole
of each oligonucleotide containing a single G residue (the top
strands shown by uppercase letters in Fig. 1) was incubated at
37°C for 3 h in a 50-µL reaction including 10 mM Tris-HCl (pH
8.0), 1 mM EDTA, and 0.1 mM N-acetoxy-2-acetylaminofluo-
rene (Chemsyn). The AAF-modified oligonucleotides were sepa-
rated from unmodified ones by a high-performance liquid chro-
matography system (Beckman, System Gold) by use of a C18-
reversed phase column (Beckman Ultrasphere 5 µm; �4.6 × 250
mm). The column was pre-equilibrated with a mixture of 0.1 M
triethylamine acetate (pH 7.0) and acetonitrile (95:5), and the
bound oligonucleotides were eluted by linearly increasing the
acetonitrile concentration up to 20%. The top-strand oligo-
nucleotides (60 pmole) with or without damage were phos-
phorylated with T4 polynucleotide kinase (Takara Shuzo) and
annealed to 30 µg (∼30 pmole) of the corresponding single-
stranded circular DNA. The partially double-stranded DNA was
incubated at 25°C overnight in a 200-µL reaction containing 10
mM Tris-HCl (pH 7.9), 10 mM MgCl2, 50 mM NaCl, 1 mM
dithiothreitol, 1 mM ATP, and 600 µM each of dNTPs, bovine
serum albumin (20 µg), T4 DNA polymerase (40 units; New
England Biolab) and T4 DNA ligase (36 Weiss units; New En-
gland Biolab). Covalently closed circular DNA was purified by
CsCl-ethidium bromide density gradient centrifugation. Inter-
nally 32P-labeled DNA substrates were prepared in essentially
the same manner, except that the phosphorylation of the oligo-
nucleotides was carried out using [�-32P]ATP, the annealing and
DNA synthesis reactions were scaled down, and covalently
closed circular DNA was purified by agarose gel electrophoresis
in the presence of ethidium bromide.

Gel retardation assay

For the preparation of radioactive probes, the covalently closed
circular DNA containing a single lesion and/or a bubble (2 µg)
was digested with BssHII. The digested DNA was then incu-
bated at 20°C for 15 min in a 50-µL reaction containing 10 mM
Tris-HCl (pH 7.9), 10 mM MgCl2, 50 mM NaCl, 1 mM dithio-
threitol, and 200 µM each of dATP, dGTP, and dTTP, 1.85 MBq
of [�-32P]dCTP (110 TBq/mmole; Amersham Pharmacia Bio-
tech), and T4 DNA polymerase (6 units). After the first incuba-
tion, cold dCTP was added to a final concentration of 200 µM
and further incubated at 20°C for 15 min to make blunt-ended
DNA fragments. The smaller DNA fragments (∼180 bp) were
purified by nondenaturing PAGE. Non-radioactive competitor
DNAs were prepared in basically the same manner, except that
200 µM cold dCTP was substituted for [�-32P]dCTP in the 3�-
end-filling reactions.

Binding reactions (10 µL) were carried out at 30°C for 30 min
in mixtures including 20 mM sodium phosphate (pH 7.4), 5 mM
MgCl2, 1 mM EDTA, 150 mM NaCl, 1 mM dithiothreitol, 5%
glycerol, 0.01% Triton X-100, bovine serum albumin (1 µg),
32P-labeled probe DNA (3.5 fmole), covalently closed circular
plasmid DNA (0.5 ng), and the indicated amount of the recom-
binant XPC–HR23BHis complex. Appropriate competitor
DNAs were also included where indicated. The reactions were
then chilled on ice and the resulting DNA–protein complexes
were fixed by addition of 1 µL of 2.5% glutaraldehyde. The
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mixtures were directly loaded on 4% nondenaturing polyacryl-
amide gels (acrylamide:bis-acrylamide, 37.5:1) containing 2.5%
glycerol and TGE buffer (25 mM Tris, 192 mM glycine, and 1
mM EDTA) and electrophoresed at 7 V/cm in a cold room. The
gels were dried and exposed to X-ray film (Fujifilm, New RX) at
−80°C with intensifying screens. The percentage of the probe
bound to XPC–HR23BHis was quantified using the BAS2500
bioimaging analyzer (Fujifilm).

DNase I footprinting assay

For labeling the damaged strands (top strands shown in Fig. 1),
the closed circular substrates were digested by NotI, dephos-
phorylated by bacterial alkaline phosphatase (Takara Shuzo),
and incubated with T4 polynucleotide kinase and [�-32P]ATP.
The labeled DNAs were further digested by VspI and subse-
quently treated with T4 DNA polymerase in the presence of
cold dNTPs to make blunt-ended fragments. The bottom
strands were labeled in essentially the same manner, except
that Acc65I (New England Biolab) and PvuI were used for the
first and second digestions, respectively. The 5�-end labeled,
∼270-bp DNA fragments containing the damaged site were pu-
rified by nondenaturing PAGE.

Binding reactions were carried out under the same conditions
as used for the gel mobility shift assay, except that the reactions
were scaled up to 25 µL in which 10 fmole of the end-labeled
DNA fragments were included. After incubation at 30°C for 30
min, the reactions were diluted with 25 µL of a 5 mM CaCl2

solution and then digested at 30°C for 2 min with DNase I
(0.004 unit; Takara Shuzo). The purified DNA samples were
subjected to 10% denaturing PAGE followed by autoradiogra-
phy.

Nucleotide excision repair assays

For detection of the dual incision products, the internally la-
beled, double-stranded circular DNA substrates (2 × 105 cpm,
∼25 ng) were incubated at 30°C for 1 h in 25-µL reactions con-
taining 40 mM Hepes-KOH (pH 7.8), 5 mM MgCl2, 0.5 mM
dithiothreitol, 70 mM NaCl, 6.6% glycerol, 0.5 mM EDTA, 2
mM ATP, and 20 µM each of dATP, dGTP, and TTP, 8 µM
dCTP, 22.5 mM creatine phosphate (di-Tris), phosphocreatine
kinase (1.25 µg), bovine serum albumin (9 µg), the XP3BE whole
cell extract (100 µg protein), and the indicated amount of the
XPC–HR23BHis complex. The reactions were stopped by addi-
tion of EDTA to a final concentration of 10 mM, and DNA was
purified and subjected to 10% denaturing PAGE.

To quantify the repair gaps created in the template DNAs,
100 ng of the cold double-stranded circular DNA substrate was
incubated under the same condition, except that 20 µg/mL
aphidicolin was included to inhibit the gap-filling DNA repair
synthesis. The purified DNA was treated with T4 DNA poly-
merase in the presence of [�-32P]dCTP as well as the other three
cold dNTPs. The samples were subsequently digested with
HaeIII, and separated on 8% nondenaturing polyacrylamide
gels.
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