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ABSTRACT: The XPC-hHR23B complex (XPC-hHR23B) is a heterodimeric protein required for the initial
step of DNA damage recognition in the global nucleotide excision repair (NER) pathway. A strong
preference of XPC-hHR23B for UV- and cisplatin-damaged DNA has previously been demonstrated
using equilibrium binding assays. To better understand the molecular mechanism of damage recognition
by XPC-hHR23B, we carried out the pre-steady-state kinetic analysis of the XPC-hHR23B-DNA
interactions using a stopped-flow fluorescence assay. XPC-hHR23B displays a fasterkon for cisplatin-
and UV-damaged duplex DNA than for undamaged DNA, with additional, minor effects on thekoff rates.
XPC-hHR23B has a high affinity for undamaged single-stranded DNA compared to duplex DNA, which
can be largely attributed to a high rate of association. However, cisplatin damage on single-stranded
DNA reduced the overall level of binding by a factor of 7, with nearly equal contributions from changes
to thekon andkoff rates. Together, these results support a model for initial damage recognition by XPC-
hHR23B that is dependent on structural changes in the DNA, and not adduct chemistry.

Nucleotide excision repair (NER)1 is a versatile DNA
repair pathway that exists to remove helix-distorting DNA
lesions that would otherwise interfere with essential DNA-
dependent processes, such as DNA replication and transcrip-
tion. Together, more than 30 eukaryotic proteins are involved
in four distinct steps that include initial damage recognition,
cleavage of the damaged strand, displacement of the strand,
and resynthesis and ligation, and the entire process has been
reconstituted using purified proteins (1, 2). The initial step
of DNA damage recognition can occur by either of two
distinct mechanisms. The first couples NER to transcription,
ensuring that the transcribed strand of genes is efficiently
repaired (3). The second targets genomic DNA and achieves
damage recognition through proteins that have a higher
affinity for damaged DNA than for undamaged DNA. To
date, several proteins have shown damage-specific binding,
including the XPC-hHR23B complex (XPC-hHR23B),
replication protein A (RPA), XPA, and DDB (4). Of these,
only XPC-hHR23B is dispensable for transcription-coupled
repair (TCR) in the presence of a stalled RNA polymerase
II (5) but is specifically required for global genomic DNA
repair (GGR) (6).

The 144 kDa XPC protein is found in a heterotrimeric
complex with hHR23B, the 44 kDa human homologue of

the yeast protein Rad23 (7) and centrin 2, an 18 kDa
centrosome component (8). However, XPC-hHR23B is
sufficient for in vitro reconstitution of NER (9-11). Abun-
dant evidence suggests that XPC-hHR23B is the first
complex to recognize and bind to damaged DNA during
GGR. For example, XPC-hHR23B is required for the
earliest detectable open complex formation around a lesion
at the beginning of NER (12, 13) and is the only NER protein
with sufficient specificity and affinity to produce a distinct
DNase footprint on DNA (14). A recent study used highly
purified NER proteins and permanganate footprinting to
confirm that XPC-hHR23B is the first complex to recognize
damaged DNA and initiate the opening of nine bases of the
helix around a site of damage (15).

Although XPC-hHR23B is likely the initiator of GGR,
the role of XPC in damage recognition has not been without
controversy. Previous reports of the binding activity of XPC
note that although XPC binds to a wide variety of lesions
such as UV-induced photoproducts, cisplatin adducts, and
AAF adducts, XPC also binds with high affinity to undam-
aged DNA (16). XPC-hHR23B is additionally able to bind
with equal affinity to substrates containing bubbles with or
without damage, although only the damaged substrates are
able to be repaired (17). However, the preference of XPC-
hHR23B for damaged versus undamaged DNA has been
shown to increase up to 400-fold with the addition of
undamaged competitor DNA (10). Notably, the large prefer-
ence observed by XPC-hHR23B for damaged DNA in
equilibrium binding experiments is consistent with either an
increased rate of association or a decreased rate of dissocia-
tion from damaged DNA; however, these studies are unable
to distinguish between these possibilities.

In this report, we have examined the pre-steady state
kinetics of binding of XPC-hHR23B to undamaged and
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damaged DNA using the intrinsic fluorescence of XPC-
hHR23B and stopped-flow analysis to better understand the
mechanism of damage-specific DNA binding. Equilibrium
binding experiments were performed with the same DNA
substrates to provide additional insight into the binding of
XPC-hHR23B to damaged and undamaged DNA. The
results revealed that damage-specific binding by XPC-
hHR23B was mostly attributable to a dramatically increased
kon for cisplatin and UV-damaged duplex DNA substrates
compared to that for the undamaged duplex substrate, with
very little difference in the dissociation rate. XPC-hHR23B
displayed a 3-fold higher affinity for a 1,3 d(GpXpG)
cisplatin adduct than for a 1,2 d(GpG) adduct, which was
due to an increased rate of dissociation from the 1,2 d(GpG)
adduct. Notably, although XPC-hHR23B binds with high
affinity to single-stranded DNA and damaged duplex DNA,
the presence of cisplatin damage on single-stranded DNA
resulted in a decrease in thekon and an increase in thekoff

compared to those of undamaged single-stranded DNA,
suggesting that XPC-hHR23B likely binds to the un-
damaged strand or adjacent to the adduct but not to the
adduct itself. These data provide additional evidence that
recognition and binding by XPC-hHR23B are predomi-
nantly a function of altered DNA structure.

MATERIALS AND METHODS

Materials.Oligonucleotides (Table 1) were purchased from
Integrated DNA Technologies (Coralville, IA) and purified
by electrophoresis through 12% polyacrylamide, 7 M urea,
preparative denaturing gels.

Purification of XPC-hHR23B.XPC-hHR23B protein
was purified from Sf9 insect cells infected with recombinant
baculovirus expressing XPC and hHR23B proteins (18).
During the purification, the protein concentration was
monitored using a Bradford dye-based assay (Bio-Rad,
Hercules, CA). Sf9 cells (300 mL) were infected with
recombinant baculovirus at an input of multiplicity of 10
PFU per cell and incubated at 27°C for 48 h. Cells were
collected by low-speed sedimentation, and cell free extract
was prepared as described previously (19), except that
supernatant was dialyzed into buffer A [25 mM Tris (pH
7.5), 1 mM EDTA, 1 mM DTT, 0.01% Triton X-100, and
10% glycerol] containing 0.3 M NaCl. Dialyzed extract was
centrifuged at 4°C for 10 min at 12000g to remove
particulates. The clarified supernatant was applied to a 10
mL cellulose phosphate column equilibrated in the same
buffer. The column was washed with 50 mL of buffer A
and 0.3 M NaCl and eluted with buffer A containing 1 M

NaCl. Eluted protein was pooled (P-cell fraction) and diluted
with buffer A to achieve a final salt concentration of 0.6 M
NaCl. Protein was applied to a 4 mL ssDNA cellulose
column equilibrated in buffer A and 0.6 M NaCl. The column
was washed with 35 mL of buffer A and 0.6 M NaCl and
eluted with 20 mL of buffer A and 1.5 M NaCl. Eluted
protein was pooled (ss-DNA fraction) and diluted with buffer
A to 0.3 M NaCl and applied to a 2 mLheparin-Sepharose
column. The column was washed with 25 mL of buffer A
and 0.3 M NaCl and eluted with a 20 mL linear salt gradient
from 0.3 to 1.0 M NaCl in buffer A. Peak fractions containing
XPC-hHR23B were pooled and dialyzed into buffer B [25
mM HEPES (pH 7.8), 0.2 M KCl, 1 mM EDTA, and 1 mM
DTT] containing 50% glycerol, at 4°C for 16 h (H-S pool).
The purified proteins were stored at-80 °C in small aliquots
and thawed immediately prior to being used. The purity of
XPC-hHR23B-containing fractions was analyzed by SDS-
PAGE followed by silver staining, and the XPC-hHR23B
protein complex was judged to be greater than 95% pure,
noted by the lack of contaminating polypeptides (Figure 1).
Protein preparations were at least 50% active as determined
by EMSA binding analysis (data not shown). The molar
concentration of protein represents the active protein con-
centration and was calculated using a molecular mass of
187,000 Da for the heterodimeric XPC-hHR23B complex.
It should be noted that the stoichiometry of the complex
cannot be determined on the basis of the band intensity
observed in silver-stained gels. The purification procedure
that was employed, however, results in the majority of the
protein being in a 1:1 complex (18).

Electrophoretic Mobility Shift Assays (EMSAs).Oligo-
nucleotide LH10 (75-mer) was labeled at the 5′ end with
[γ-32P]ATP. DNA was either left undamaged or treated with

Table 1: DNA Oligonucleotides

a The position of the cisplatin modification is indicated by the underlined bases.b The DNA substrates were synthesized with and without a
5′-fluorescein label.

FIGURE 1: Purity of the XPC-hHR23B protein preparation. XPC-
hHR23B was expressed in insect cells infected with recombinant
baculovirus and purified by column chromatography as described
in Materials and Methods. Samples from each step of the purifica-
tion (2µg of total protein) were subjected to SDS-PAGE and were
detected by silver stain analysis: lane 1, cell extract; lane 2, P-cell
fraction; lane 3, ssDNA fraction; and lane 4, H-S fraction.
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cisplatin at a drug:molecule ratio of 40:1 in buffer containing
1 mM NaHPO4 (pH 7.5) and 3 mM NaCl at 37°C for 40 h.
Undamaged and cisplatin-damaged DNA were annealed to
complement C-LH10, and duplex DNA was purified by
nondenaturing PAGE. EMSA reactions (20µL) were per-
formed in buffer containing 20 mM HEPES (pH 7.8), 0.001%
Nonidet P-40, 50 mM NaCl, 1 mM DTT, 0.05 mg/mL BSA,
and 2 mM MgCl2. Reactions that included 20 fmol of DNA
were initiated by the addition of XPC-hHR23B, and the
mixtures were incubated for 15 min at 25°C. The reactions
were stopped by the addition of glutaraldehyde (0.25%) and
buffer containing 10 mM EDTA, 10% glycerol, 0.01%
bromophenol blue, and 0.01% xylene cyanol. The samples
were then separated on 4% native polyacrylamide gels for 1
h at 170 V. Gels were dried under vacuum, and the product
was quantified using a PhosphorImager and ImageQuant
software (Molecular Dynamics, Sunnyvale, CA).

Stopped-Flow Kinetic Experiments.Undamaged and plati-
num-damaged single-stranded and duplex DNA substrates
were prepared as described for EMSA binding experiments,
except that the DNA was unlabeled. Duplex DNA was UV-
damaged by exposure to 5 kJ/m2 light at 254 nm. Duplex
DNA substrates containing site-specific cisplatin lesions
[1,2 d(GpG) and 1,3 d(GpXpG)] were produced by treating
the 1,2 d(GpG) or 1,3 d(GpXpG) DNA with cisplatin in a
10:1 ratio of drug to GG (or GXG) site. The platinated 1,2
d(GpG) and 1,3 GpXpG DNA substrates were annealed to
C-1,2 GpG and C-1,3 GpXpG, respectively, restriction
enzyme digested to remove unplatinated substrate, and
purified by nondenaturing PAGE. Stopped-flow reactions
were performed in buffer B containing 10% glycerol. Equal
volumes of XPC-hHR23B and DNA from separate syringes
were rapidly mixed at 24°C using an SX.18MV stopped-
flow reaction analyzer (Applied Photophysics, Leatherhead,
U.K.). Fluorescence was measured following excitation at
290 nm, using a 340 nm cut-on filter. XPC-hHR23B (10
nM) was mixed with varying concentrations of DNA. To
ensure that the reactions were performed under pseudo-first-
order kinetic conditions, the DNA titrations were designed
to have the majority of the points with DNA concentrations
greater than 4-5 times the protein concentrations. The traces
shown are averages from at least eight individual shots. The
kinetic data were fit using ProK (Applied Photophysics) to
single-exponential decay equations to calculate the observed
rate,kobs. A minimum of three independent experiments were
performed for each DNA concentration, and the averagekobs

and standard deviation were plotted versus DNA concentra-
tion. Assuming a one-step mechanism for binding of XPC-
hHR23B to DNA and under pseudo-first-order kinetic
conditions,kobs ) kon[DNA] + koff, where the slope of the
line is the bimolecular association rate,kon, and they-intercept
is the unimolecular dissociation rate,koff. The rate constants
were calculated using Sigmaplot, and theKD values were
calculated using the equationKD ) koff/kon.

Fluorescence Polarization. The duplex LH10, 1,2 d(GpG),
and 1,3 d(GpXpG) substrates were prepared as noted for
stopped-flow analysis, except that C-LH10, C-1,2 d(GpG),
and C-1,3 d(GpXpG) DNA substrates contained a 5′-
fluorescein modification. Fluorescence polarization experi-
ments were carried out using a Cary Eclipse fluorescence
spectrophotometer (Varian) with the fluorescence emission
wavelength monitored at 515 nm following excitation at 495

nm. The excitation and emission bandwidths were set at 10
nm, with three data points taken at 3 s intervals for each
titration point. Reaction mixtures (0.5 mL) contained buffer
B with 5 nM fluorescein-labeled DNA substrate as indicated.
XPC-hHR23B was added such that the final volume did
not exceed 10% of the reaction volume.r values were
calculated as previously described (20). Meanr values from
three independent experiments were plotted versus protein
concentration and fit to a hyperbolic function.

RESULTS

Affinity of XPC-hHR23B for Undamaged and Cisplatin-
Damaged Single-Strand DNA Substrates.A considerable
amount of evidence demonstrating that the XPC-hHR23B
complex is the initial factor involved in damage recognition
for the GGR pathway has accumulated. However, conflicting
data regarding the relative ability of purified XPC-hHR23B
protein preparations to bind to single-stranded versus duplex
undamaged and damaged DNA have emerged (16). Oligo-
nucleotides with fewer than 60 bp demonstrate weakened
binding, as well as an “end effect” that reduces the level of
damage-specific binding (18, 21). Therefore, a 75-mer DNA
(LH10) was selected to determine the affinity of XPC-
hHR23B for single-stranded and duplex damaged and
undamaged DNA in steady-state and pre-steady-state reac-
tions (Table 1). First, the DNA binding activity of XPC-
hHR23B was measured using electrophoretic mobility shift
assays (EMSAs) with cisplatin-damaged or undamaged32P
end-labeled single-stranded DNA. Consistent with previous
results (10), EMSAs performed in the absence of competitor
DNA resulted in the formation of multiple DNA-protein
complexes with the majority of the products not entering
the separation gel. To combat this, competitor DNA [100
ng of poly(dI/dC)] was added to each reaction mixture to
lower the amount of binding observed such that only one
complex of XPC-hHR23B was bound (Figure 2A). The
results demonstrate that purified XPC-hHR23B was able
to bind to the single-stranded DNA substrate in the presence
or absence of cisplatin lesions, and the amount bound
increased with increasing amounts of protein added. Interest-
ingly, the presence of cisplatin adducts on the single-stranded
DNA clearly weakened the ability of XPC-hHR23B to bind.
The amount of XPC-hHR23B bound to DNA was quantified
by PhosphorImager analysis and plotted as a function of the
total amount of XPC-hHR23B protein present (Figure 2B).
At the lowest protein concentration, there was a greater than
10-fold decrease in the level of binding to the cisplatin-
modified DNA.

Affinity of XPC-hHR23B for Undamaged and Cisplatin-
Damaged Duplex DNA Substrates.Because XPC-hHR23B
is known to prefer damaged duplex DNA over undamaged
DNA, it was important to verify the duplex DNA binding
activity of our XPC-hHR23B preparations. Therefore, the
32P end-labeled 75-mer single-stranded DNA with and
without cisplatin treatment was annealed to undamaged
complementary DNA to form undamaged and cisplatin-
damaged duplex DNA substrate, and binding reactions were
performed as for single-stranded DNA. The results of EMSA
binding analysis are shown in Figure 2C and demonstrate
that up to two complexes of XPC-hHR23B were able to
bind to undamaged and cisplatin-damaged duplex DNA and
that there was clearly an increased affinity for damaged
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compared to undamaged duplex DNA. Quantification of
these results revealed a 13-fold increase in the level of
binding to damaged DNA at the lowest concentration of
XPC-hHR23B, and a 7-fold increase in the level of binding
at the highest concentration that was tested (Figure 2D).

Intrinsic Fluorescence of XPC-hHR23B in the Absence
and Presence of DNA.Although damage-specific binding
by XPC-hHR23B has been previously examined in the
steady state, the mechanism of binding is less well under-
stood. Here, stopped-flow analysis was employed to measure
the pre-steady-state kinetics of binding of XPC-hHR23B
to DNA. This assay has been successfully used to measure
the pre-steady-state kinetics of binding of RPA to cisplatin-
damaged DNA, and the effect of XPA on this binding (22,
23). These assays require either a purified protein that
possesses intrinsic fluorescence which is quenched upon
DNA binding or fluorescently labeled DNA that exhibits a
change in fluorescence upon protein binding. To this end,
purified XPC-hHR23B protein was examined for intrinsic
tryptophan fluorescence which might be altered upon DNA
binding. First, excitation and emission scans were performed,
and XPC-hHR23B demonstrated intrinsic fluorescence with
a fairly tight excitation peak at 275 nm and a broad emission
from 290 to >350 nm with a peak at 306 nm (data not
shown). Fluorescence was reduced 50-70% by the addition

of undamaged plasmid DNA, while the excitation and
emission spectra remained constant (data not shown).
Therefore, quenching of the intrinsic fluorescence of XPC-
hHR23B by DNA was employed to measure the pre-steady-
state kinetics of binding using stopped-flow analysis.

Pre-Steady-State Kinetics of Binding of XPC-hHR23B to
Undamaged and Cisplatin-Damaged Single-Stranded DNA.
The kinetics of binding of XPC-hHR23B to undamaged and
cisplatin-damaged single-stranded DNA was first assessed.
The intrinsic fluorescence of XPC-hHR23B was measured
with an excitation wavelength of 290 nm, and the emission
was monitored using a 340 nm cut-on filter. The fluorescence
of XPC-hHR23B in the absence of DNA did not change
over the times measured, and the resulting trace provided
the initial fluorescence from which quenching was monitored
(Figure 3A, top trace). The addition of undamaged LH10
75-mer single-stranded DNA resulted in fluorescence quench-
ing that fit to a single-exponential decay function, indicative
of a single-step binding model (Figure 3A, bottom trace).
XPC-hHR23B at a constant concentration was mixed with
increasing concentrations of DNA to achieve pseudo-first-
order kinetics. The observed rate of quenching,kobs, was
plotted versus the DNA concentration for both undamaged
and cisplatin-damaged single-stranded DNA (Figure 3B). The
results revealed a linear relationship, with they-intercept

FIGURE 2: XPC-hHR23B equilibrium binding to undamaged and cisplatin-damaged DNA. Binding assays were performed with varying
concentrations of XPC-hHR23B and 20 fmol of undamaged or cisplatin-treated single-stranded (A and B) or duplex DNA (C and D). (A
and C) XPC-hHR23B-DNA complexes were separated from unbound DNA by 4% native PAGE. (B and D) XPC-hHR23B bound to
undamaged (O) and cisplatin-damaged (b) single-stranded DNA (B) or undamaged (0) and cisplatin-damaged (9) duplex DNA (D) was
quantified by PhosphorImager analysis and plotted as a function of total XPC-hHR23B concentration. Error bars represent the mean and
standard deviations for three independent experiments.
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being equal to the dissociation rate (koff) and the slope of
the line being equal to the rate of association (kon). Thekon

for the undamaged single-stranded DNA substrate was 0.329
( 0.007 nM-1 s-1, and thekoff was 14.7( 1.0 s-1 [Figure
3B (O)]. In contrast, thekon for the cisplatin-damaged single-
stranded DNA substrate was 0.103( 0.017 nM-1 s-1, and
the koff was 34.0( 3.6 s-1 [Figure 3B (b)]. These results
reveal a 3-fold difference in thekon values and a 2-fold
difference in thekoff values of binding of XPC-hHR23B to
undamaged versus cisplatin-damaged single-stranded DNA.
These results were demonstrated to be highly statistically
significant (data not shown). The calculatedKD values for

the two substrates revealed a 7-fold greater affinity for
undamaged than for cisplatin-damaged ssDNA (Table 2). It
should be noted that in the single-stranded undamaged DNA
series, the lowest DNA concentration resulted in a molar
DNA:protein ratio that was less than 5:1. Linear regression
analysis performed omitting these data, however, did not
significantly alter the calculated rate constants (data not
shown). These results are consistent with the EMSA binding
experiments in the steady state that demonstrated a reduction
in the level of binding to the cisplatin-damaged compared
to undamaged single-stranded DNA in the presence of
competitor DNA (Figure 2A,B).

Pre-Steady-State Kinetics of Binding of XPC-hHR23B to
Undamaged and Damaged Double-Stranded DNA.Previ-
ously, damage-specific binding has been demonstrated for
XPC-hHR23B (16). However, while the affinity is higher
for damaged duplex DNA, it is unclear whether this is a
function of the association or dissociation rates of binding.
Therefore, stopped-flow analysis was employed to measure
the pre-steady-state kinetics of binding of XPC-hHR23B
to undamaged and cisplatin-damaged duplex DNA. To
determine if any differences in binding observed between
the undamaged and cisplatin-damaged DNA were lesion-
specific, we additionally examined the pre-steady-state
kinetics of binding to UV-damaged dsDNA. Each DNA
substrate was titrated with a constant amount of XPC-
hHR23B, and the observed rate of quenching,kobs, was fit
to a single-exponential decay function, as observed for the
single-stranded substrate-XPC-hHR23B interaction. The
DNA concentrations in these experiments are expressed as
the molar concentration of potential XPC-hHR23B binding
sites. This is based on the results obtained from EMSAs
where two distinct complexes were observed in binding
reactions with XPC-hHR23B and double-stranded DNA
(Figure 2). The kinetic fits for XPC-hHR23B (10 nM)
binding to the undamaged or cisplatin- and UV-damaged
substrates (100 nM) are shown in Figure 4A. Notably, at
this substrate concentration, the quenching observed upon
binding to the UV- or cisplatin-modified substrate was 6 or
17 times faster, respectively, than that observed for binding
to the undamaged substrate. Thekobs values for binding to
undamaged or cisplatin- or UV-damaged dsDNA were
plotted versus the concentration of XPC-hHR23B binding
sites. Under the conditions of these binding reactions, the
kinetics follow pseudo-first-order kinetics such that thekon

and koff values can be determined from these graphs. The
kon for the duplex undamaged DNA substrate was 0.029(
0.005 nM-1 s-1, and they-intercept was-2.1( 2.0 s-1. On
the other hand, thekon for the duplex cisplatin-damaged DNA

FIGURE 3: Pre-steady-state kinetics of binding of XPC-hHR23B
to undamaged and cisplatin-damaged single-stranded DNA sub-
strates. Reaction mixtures were excited at 290 nm, and fluorescence
was monitored via emission at 340 nm. Traces shown are the
average of at least eight shots and fit to single-exponential decay
functions. (A) XPC-hHR23B (10 nM) was mixed with buffer (top
trace) or with 25 nM undamaged 75-mer DNA (bottom trace) and
fit to a single-exponential decay function. The top trace was offset
by 0.07 for clarity. (B) Undamaged (O) and cisplatin-damaged (b)
single-stranded DNA was titrated with 10 nM XPC-hHR23B, and
the observed rate of quenching (kobs) was plotted vs the DNA
concentration and fit to a straight line. The slope of the line provides
the bimolecular rate constant,kon, and they-intercept provides the
rate of dissociation,koff. Each point represents the mean and standard
deviation from three independent experiments.

Table 2: Kinetic Parameters of Binding of XPC-hHR23B to Damaged and Undamaged DNA

DNA substrate kon (nM-1 s-1) koff (s-1)
KD(calcd)

(nM)
KD(steady
state) (nM)

koff(calcd)
(s-1)

single-stranded
LH10 0.329( 0.007 14.7( 1.0 45
LH10 and Pt 0.103( 0.017 34.4( 3.6 334

duplex
undamaged LH10 0.029( 0.005 -2.1( 2.0 70.7( 13.0 2.0
LH10 and Pt 0.291( 0.043 -11.1( 3.7
LH10 and UV 0.103( 0.006 -0.02( 0.7
1,2 d(GpG) 0.318( 0.048 -4.8( 4.4 27.1( 5.1 8.6
1,3 d(GpXpG) 0.281( 0.020 -2.0( 1.8 8.3( 1.2 2.3

Pre-Steady-State XPC-hHR23B-DNA Interactions Biochemistry, Vol. 45, No. 6, 20061965



substrate was 0.291( 0.043 nM-1 s-1, and they-intercept
was-11.1 ( 3.7 s-1. Interestingly, the rate of association
(kon) with the cisplatin-damaged duplex DNA (b) was more
than 10 times faster than the rate with the undamaged duplex
DNA (O) and similar to the rate of binding to undamaged
ssDNA (Figure 3B). The rate of association with the UV-
damaged substrate was 0.103( 0.006 nM-1 s-1, ∼4 times
the rate of binding to undamaged DNA [Figure 4B (9)]. As
with the other duplex DNA substrates, a negativey-intercept
of -0.02 ( 0.7 s-1 was calculated. Together, these results
indicate that damage recognition by XPC-hHR23B is a
function of an increased rate of association with damaged
DNA and that this mechanism was observed with both
cisplatin- and UV-damaged DNA. In the UV-damaged DNA
titration experiment, the lowest DNA concentration resulted
in a molar DNA:protein ratio that was less than 5:1. Again,
linear regression analysis performed omitting these data did
not significantly alter the calculated rate constant (data not
shown).

Numerous in vivo and in vitro studies of DNA damage
recognition and subsequent repair have correlated the kinetics
of repair with the degree of structural distortion (4).
Therefore, two structurally distinct cisplatin adducts were

employed to examine the relative effect of duplex DNA
distortion on the pre-steady-state binding kinetics of XPC-
hHR23B. The 1,2 d(GpG) and 1,3 d(GpXpG) cisplatin
lesions both cause a localized structural distortion of the
DNA; however, the 1,3 adduct additionally results in a two-
to four-base localized melting of the duplex DNA surround-
ing the adduct (24, 25). Thus, duplex 60 bp DNA substrates
were constructed to contain either a 1,2 or a 1,3 site-specific
cisplatin adduct, and the stopped-flow kinetics of XPC-
hHR23B binding were examined (Figure 5). The rates of
association with the 1,2 d(GpG) substrate were 0.318( 0.048
nM-1 s-1 (b) and 0.281( 0.020 nM-1 s-1 for the 1,3
d(GpXpG) substrate (O). Interestingly, these results dem-
onstrate that while the association rates with either the 1,2
or 1,3 adduct were not significantly different, they were
approximately 5 times higher than that observed for the
duplex undamaged DNA substrate (Table 2). As noted for
the other duplex DNA substrates, they-intercepts for either
the 1,2 d(GpG) or 1,3 d(GpXpG) substrate were negative
(-4.8 ( 4.4 and-2.0 ( 1.8 s-1, respectively).

Steady-State Binding of XPC-hHR23B to Undamaged and
Damaged Duplex DNA with Fluorescence Polarization.The
direct analysis of dissociation rates was hampered by the
fact that they-intercepts from thekobs versus DNA concen-
tration plots were negative for each duplex DNA substrate
(Figures 4B and 5). This is a common observation with
molecular interactions where thekoff is much less than the
kon[DNA] value (25) and required additional analyses for the
accurate determination of the rates of dissociation. Therefore,
the steady-state binding affinity of XPC-hHR23B for
undamaged and damaged duplex DNA substrates was
determined using fluorescence polarization. The assay mea-
sures the increase in the degree of fluorescence polarization
of the DNA upon binding of the relatively large XPC-
hHR23B protein complex. Therefore, duplex DNA substrates
were prepared with a 5-fluorescein modification and were
undamaged or contained a single, site-specific 1,2 d(GpG)
or 1,3 d(GpXpG) cisplatin lesion. XPC-hHR23B was
titrated into reaction mixtures containing a constant level of
DNA substrate, and the anisotropy (r value) was plotted
versus protein concentration and fit to hyperbolic functions
(Figure 6). The results for the undamaged duplex 75-mer
DNA revealed aKD of 70.7( 13.0 nM and a calculatedkoff

of 2.0 s-1 (Table 2). In contrast, the dissociation constants

FIGURE 4: Pre-steady-state kinetics of binding of XPC-hHR23B
to undamaged or UV- or cisplatin-damaged duplex DNA substrates.
Reaction mixtures were excited at 290 nm, and fluorescence was
monitored via emission at 340 nm. (A) XPC-hHR23B (10 nM)
was mixed with 100 nM dsDNA that was undamaged (s), cisplatin-
damaged (- - -), or UV-damaged (‚‚‚). Traces are the average of at
least eight shots and fit to single-exponential decay functions. For
clarity, the intrinsic fluorescence for the UV-damaged and cisplatin-
damaged data was offset by 0.0069 and 0.0141, respectively. The
observed rates of binding were 1.4( 0.5, 23.7( 2.6, and 8.4(
1.2, respectively. (B) Kinetic traces were measured at a constant
XPC-hHR23B concentration (10 nM) and varying concentrations
of duplex DNA that was undamaged (O), cisplatin-damaged (b),
or UV-damaged (9). The observed rate of quenching (kobs) was
plotted vs the DNA concentration and fit to a straight line. Each
point represents the mean and standard deviation from at least three
independent experiments.

FIGURE 5: Pre-steady-state kinetics of binding of XPC-hHR23B
to duplex damaged DNA containing 1,2 d(GpG) and 1,3 d(GpG)
site-specific cisplatin adducts. Kinetic traces were measured at a
constant XPC-hHR23B concentration (10 nM) and varying
concentrations of duplex DNA with a 1,2 d(GpG) adduct (O) or a
1,3 d(GpXpG) adduct (b). The observed rate of quenching (kobs)
was plotted vs the DNA concentration and fit to a straight line.
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for the damaged duplex substrates containing either a 1,2
d(GpG) or a 1,3 d(GpXpG) cisplatin lesion were significantly
lower with KD values of 27.1( 5.1 and 8.3( 1.2 nM,
respectively (Table 2). The 3-fold difference in the affinity
of XPC-hHR23B for the two cisplatin adducts is in excellent
agreement with previous results demonstrating that repair
of the 1,3 adduct is 2-3 times faster than that of the 1,2
adduct with either cell-free extracts or reconstituted repair
(27, 28). Because the association rates for these substrates
were not significantly different (Figure 5), the differences
in affinity can be attributed to differences in dissociation rates
and are calculated to be 8.6 s-1 for the 1,2 lesion and 2.3
s-1 for the 1,3 lesion (Table 2). Together, these data
demonstrate that the lower affinity observed for duplex
undamaged DNA than for damaged DNA (Figure 4) is due
predominately to a slow rate of association. However, the
difference in affinity observed between various types of

damage is largely due to a faster rate of dissociation from
lesions that distort the DNA to a lesser extent.

DISCUSSION

The process of damage recognition within genomic DNA
by NER is vital in ensuring that lesions are processed
expediently and efficiently to prevent mutations and ensuing
cell death. As such, NER eliminates a wide variety of adducts
that differ on the basis of chemical structure, as well as the
degree of induced DNA helix distortion. Although XPC-
hHR23B is likely responsible for the initiation of this process
(14, 15, 29), numerous questions remain regarding its affinity
for undamaged and damaged DNA, as well as its ability to
recognize the variety of DNA lesions known to be repaired
by NER (16). For example, equilibrium binding experiments
have demonstrated that XPC binds to undamaged and
damaged DNA with little difference in affinity, whereas
significant damage specificity can be observed only in the
presence of competitor DNA (16). Further, XPC has a
restricted ability to bind to lesions that have limited DNA
distortion, such as cyclopyrimide dimers, CPDs (17, 21, 30,
31), yet the affinity of XPC for DNA substrates containing
single-stranded bubble regions is unchanged by the presence
of a 2AAF-DNA adduct within the bubble region (17).
While these data demonstrate that XPC-hHR23B clearly
has an increased affinity for a variety of DNA adducts, the
mechanistic details of damage recognition have yet to be
completely elucidated. Here, a stopped-flow assay was
developed to directly measure the association and dissocia-
tion rates of binding of XPC-hHR23B to a variety of DNA
substrates. These analyses, along with equilibrium binding
experiments, provide a more comprehensive examination of
the interaction of XPC-hHR23B with damaged and un-
damaged DNA.

The pre-steady-state kinetic data reveal a dramatically
increased rate of association with cisplatin or UV-damaged
duplex DNA compared to that with undamaged DNA. These
data suggest that the increased affinity for damaged duplex
DNA observed in equilibrium binding studies is primarily a
result of an increased rate of association with damaged DNA.
Steady-state binding experiments have noted a high-affinity
binding to single-stranded DNA by XPC-hHR23B. How-
ever, the rate of dissociation from single-stranded DNA was
significantly greater than that observed for damaged or
undamaged duplex DNA substrates. Therefore, the observed
increased affinity for single-stranded DNA compared to
duplex undamaged DNA is primarily a result of an increased
association rate for single strands. The difference in binding
kinetics observed between single-stranded undamaged DNA
and duplex damaged DNA supports previous studies sug-
gesting that XPC-hHR23B may in fact preferentially bind
to the junctions formed between single-stranded and double-
stranded DNA (32). The structural distortion caused by the
UV and cisplatin adducts clearly provides this preferred
binding substrate, as indicated by the highkon and lowkoff

rates.
Interestingly, previous studies have not addressed whether

XPC preferentially contacts the damaged or undamaged
strand of the DNA. Our data demonstrating that XPC-
hHR23B has a 3-fold decrease in association rate as well as
a 2-fold increase in dissociation rate with cisplatin-damaged

FIGURE 6: Fluorescence anisotropy measurements of binding of
XPC-hHR23B to undamaged and cisplatin-damaged duplex DNA.
XPC-hHR23B was titrated with 5 nM fluorescently labeled DNA
substrate: (A) undamaged LH10 (75-mer), (B) 1,2 d(GpG) cisplatin
adduct (60-mer), and (C) 1,3 d(GpXpG) cisplatin adduct (60-mer).
Each point represents the mean and standard deviation from three
independent experiments.
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single-stranded DNA are consistent with XPC-hHR23B
likely binding to the undamaged strand or adjacent to the
adduct, but not directly to the adduct itself. The observed
reduction in the level of binding to the cisplatin-modified
single-stranded DNA likely is not a result of the presence
of massive structural distortions, because the cisplatin-
damaged substrate was able to bind the same number of
XPC-hHR23B molecules as the unmodified DNA in EMSA
binding studies in the absence of a DNA competitor. Damage
recognition based upon structural changes in the DNA and
not specific lesion chemistry would at least partially explain
the ability of the NER apparatus to recognize and repair an
extremely wide variety of DNA lesions.

Although NER eliminates a wide variety of DNA lesions,
numerous in vivo and in vitro studies of DNA damage
recognition and subsequent repair have correlated the kinetics
of repair with the degree of structural distortion (4). This
has been associated with the reduced affinity of XPC-
hHR23B for lesions that do not distort the DNA as measured
in the steady state (17, 21). In this study, we employed two
structurally distinct cisplatin adducts to examine the relative
effect of duplex DNA distortion on the pre-steady-state
binding kinetics of XPC-hHR23B. Interestingly, the results
suggest that XPC-hHR23B associates with the 1,2 d(GpG)
and 1,3 d(GpXpG) cisplatin lesions with similar rates. The
more rapid rate of dissociation of XPC-hHR23B from the
1,2 d(GpG) compared to the 1,3 d(GpXpG) cisplatin-DNA
lesion is likely a result of the lack of localized melting of
the duplex DNA containing the 1,2 d(GpG) adduct. Surpris-
ingly, the rate of dissociation from the DNA containing the
1,2 d(GpG) cisplatin adduct was even greater than the rate
of dissociation from the undamaged duplex DNA substrate,
suggesting that damage-specific binding is primarily a
consequence of a dramatically increased association rate. In
addition, the finding that dissociation from the undamaged
DNA is relatively slow compared to that of DNA containing
a 1,2 d(GpG) cisplatin lesion suggests that the damage
verification step is crucial in establishing a functional NER
complex. This verification step would then be envisioned to
accelerate the rate of dissociation of XPC-hHR23B from
the undamaged DNA, while potentially stabilizing the protein
on damaged DNA. Alternatively, the increased rate of
association drives the recognition process as efficient dis-
sociation of XPC-hHR23B is required from both damaged
and undamaged DNA once TFIIH, RPA, and XPA assemble
at the damaged site. The kinetic data obtained in this study
also clarify our understanding of the inability of XPC-
hHR23B to recognize nondistorting adducts from the sur-
rounding undamaged DNA. The data suggest that the lack
of observed binding in steady-state experiments is a result
of a rapid rate of dissociation from DNA containing these
adducts coupled with a slower association rate.

While initial damage recognition is likely a function of
XPC-hHR23B binding, numerous other NER proteins have
demonstrated damage specificity, and their role in modulating
the binding of XPC is not well understood. For example,
while DDB is not required for the recognition of all DNA
adducts processed by NER, it can stimulate repair of certain
DNA lesions (33). Our results also suggest that XPC does
not recognize specific lesion chemistry and is similar to what
we have observed for RPA binding damaged DNA (22, 34).
In contrast, both XPA alone and the RPA-XPA complex

require a chemical lesion for efficient binding to duplex DNA
and subsequent repair (13, 23, 35-37). This suggests that
XPA will perform the lesion verification step for DNA
lesions recognized by XPC-hHR23B and repaired via GGR
NER. The mechanism by which DDB stimulates DNA
damage recognition by XPC-hHR23B and how the RPA-
XPA complex participates in lesion recognition and verifica-
tion process clearly warrants further investigation.
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