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ABSTRACT. The XPC-hHR23B complex (XPEhHR23B) 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 XPEhHR23B 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-XPIR23B—DNA
interactions using a stopped-flow fluorescence assay.-XR{R23B displays a fastdg, for cisplatin-

and UV-damaged duplex DNA than for undamaged DNA, with additional, minor effects dastihates.
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 andks 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)s a versatile DNA the yeast protein Rad237)( and centrin 2, an 18 kDa
repair pathway that exists to remove helix-distorting DNA centrosome componenB)( However, XPC-hHR23B is
lesions that would otherwise interfere with essential DNA- sufficient for in vitro reconstitution of NER9-11). Abun-
dependent processes, such as DNA replication and transcripdant evidence suggests that XPRHR23B is the first
tion. Together, more than 30 eukaryotic proteins are involved complex to recognize and bind to damaged DNA during
in four distinct steps that include initial damage recognition, GGR. For example, XPEhHR23B is required for the
cleavage of the damaged strand, displacement of the strandearliest detectable open complex formation around a lesion
and resynthesis and ligation, and the entire process has beeat the beginning of NER1Q, 13) and is the only NER protein
reconstituted using purified proteing, 2). The initial step with sufficient specificity and affinity to produce a distinct
of DNA damage recognition can occur by either of two DNase footprint on DNA 14). A recent study used highly
distinct mechanisms. The first couples NER to transcription, purified NER proteins and permanganate footprinting to
ensuring that the transcribed strand of genes is efficiently confirm that XPC-hHR23B is the first complex to recognize
repaired B). The second targets genomic DNA and achieves damaged DNA and initiate the opening of nine bases of the
damage recognition through proteins that have a higherhelix around a site of damagé5).
affinity for damaged DNA than for undamaged DNA. To  Although XPG-hHR23B is likely the initiator of GGR,
date, several proteins have shown damage-specific bindingihe role of XPC in damage recognition has not been without
including the XPC-hHR23B complex (XPEhHR23B),  controversy. Previous reports of the binding activity of XPC
replication protein A (RPA), XPA, and DDB4|. Of these, ~ note that although XPC binds to a wide variety of lesions
only XPC-hHR23B is dispensable for transcription-coupled such as UV-induced photoproducts, cisplatin adducts, and
repair (TCR) in the presence of a stalled RNA polymerase AAF adducts, XPC also binds with high affinity to undam-

I (5) but is specifically required for global genomic DNA  aged DNA (L6). XPC—hHR23B is additionally able to bind
repair (GGR) 6). with equal affinity to substrates containing bubbles with or

The 144 kDa XPC protein is found in a heterotrimeric without damage, although only the damaged substrates are
complex with hHR23B, the 44 kDa human homologue of able to be repairedl{). However, the preference of XPC

hHR23B for damaged versus undamaged DNA has been
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Table 1: DNA Oligonucleotides

DNA Sequence (5'-3")"

LHI10 TACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTTTGTTCCCTTTAGTGAGGGTTAATTCCGAGCT
C-LHI0® AGCTCGGAATTAACCCTCACTAAAGGGAACAARAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTA
1,2 d(GpG) CCCTTCTTTCTCTTCCCCCTCTCCTTCTTGGCCTCTTCCTTCCCCTTCCCTTTCCTCCCC

C-1,2d(GpG)*
1,3 d(GpXpG)

GGGGAGGAAAGGGAAGGGGAAGGAAGAGGCCAAGAAGGAGAGGGGGAAGAGAAAGAAGGG
CCCTTCTTTCTCTTCCCCCTCTCCTTCTTGCGCTCTTCCTTCCCCTTCCCTTTCCTCCCC

C-1,3 d(GpXpG)" GGGGAGGAAAGGGAAGGGGAAGGAAGAGCGCAAGAAGGAGAGGGGGAAGAGARAGAAGGG

aThe position of the cisplatin modification is indicated by the underlined b&sgse DNA substrates were synthesized with and without a

5'-fluorescein label.

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. XPGHR23B
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 XPE€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 thg, and an increase in thiey
compared to those of undamaged single-stranded DNA,
suggesting that XPEhHR23B 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 XP€hHR23B are predomi-
nantly a function of altered DNA structure.

MATERIALS AND METHODS

Materials.Oligonucleotides (Table 1) were purchased from
Integrated DNA Technologies (Coralville, 1A) and purified
by electrophoresis through 12% polyacrylamideM 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 proteit8).(

ze

hHR23B
-

ENIE23 S

Ficure 1: Purity of the XPGC-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 (2 ug of total protein) were subjected to SBBAGE and were
detected by silver stain analysis: lane 1, cell extract; lane 2, P-cell
fraction; lane 3, ssDNA fraction; and lane 443 fraction.

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 appliedota 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 appliedata 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 KCI, 1 mM EDTA, and 1 mM
DTT] containing 50% glycerol, at 4C for 16 h (H-S pool).
The purified proteins were stored-aB80 °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 XP@HR23B

During the purification, the protein concentration was protein complex was judged to be greater than 95% pure,
monitored using a Bradford dye-based assay (Bio-Rad, noted by the lack of contaminating polypeptides (Figure 1).
Hercules, CA). Sf9 cells (300 mL) were infected with Protein preparations were at least 50% active as determined
recombinant baculovirus at an input of multiplicity of 10 by EMSA binding analysis (data not shown). The molar
PFU per cell and incubated at 2T for 48 h. Cells were concentration of protein represents the active protein con-
collected by low-speed sedimentation, and cell free extract centration and was calculated using a molecular mass of
was prepared as described previoush®)( except that 187,000 Da for the heterodimeric XP@HR23B complex.
supernatant was dialyzed into buffer A [25 mM Tris (pH It should be noted that the stoichiometry of the complex
7.5), 1 mM EDTA, 1 mM DTT, 0.01% Triton X-100, and cannot be determined on the basis of the band intensity
10% glycerol] containing 0.3 M NaCl. Dialyzed extract was observed in silver-stained gels. The purification procedure
centrifuged at 4°C for 10 min at 12000 to remove that was employed, however, results in the majority of the
particulates. The clarified supernatant was applied to a 10 protein being in a 1:1 complexX. ).

mL cellulose phosphate column equilibrated in the same Electrophoretic Mobility Shift Assays (EMSA$)ligo-
buffer. The column was washed with 50 mL of buffer A nucleotide LH10 (75-mer) was labeled at theehd with

and 0.3 M NaCl and eluted with buffer A containing 1 M [y-?P]ATP. DNA was either left undamaged or treated with
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cisplatin at a drug:molecule ratio of 40:1 in buffer containing
1 mM NaHPQ (pH 7.5) and 3 mM NacCl at 37C for 40 h.
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nm. The excitation and emission bandwidths were set at 10
nm, with three data points taken & s intervals for each

Undamaged and cisplatin-damaged DNA were annealed totitration point. Reaction mixtures (0.5 mL) contained buffer

complement C-LH10, and duplex DNA was purified by
nondenaturing PAGE. EMSA reactions (20Q) 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 MgC}. Reactions that included 20 fmol of DNA
were initiated by the addition of XPEhHR23B, and the
mixtures were incubated for 15 min at 26. The reactions

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.values were
calculated as previously describ&d). Meanr values from
three independent experiments were plotted versus protein
concentration and fit to a hyperbolic function.

were stopped by the addition of glutaraldehyde (0.25%) and RESULTS

buffer containing 10 mM EDTA, 10% glycerol, 0.01%

Affinity of XPC-hHR23B for Undamaged and Cisplatin-

bromophenol blue, and 0.01% xylene cyanol. The samplesDamaged Single-Strand DNA Substratés.considerable
were then separated on 4% native polyacrylamide gels for 1amount of evidence demonstrating that the XPEIR23B
h at 170 V. Gels were dried under vacuum, and the product complex is the initial factor involved in damage recognition
was quantified using a Phosphorimager and ImageQuantfor the GGR pathway has accumulated. However, conflicting

software (Molecular Dynamics, Sunnyvale, CA).
Stopped-Flow Kinetic Experimentdndamaged and plati-

data regarding the relative ability of purified XPGHR23B
protein preparations to bind to single-stranded versus duplex

num-damaged single-stranded and duplex DNA substratesundamaged and damaged DNA have emerd&j Qligo-
were prepared as described for EMSA binding experiments, nucleotides with fewer than 60 bp demonstrate weakened

except that the DNA was unlabeled. Duplex DNA was UV-
damaged by exposure to 5 k¥/tight at 254 nm. Duplex

binding, as well as an “end effect” that reduces the level of
damage-specific bindind.8, 21). Therefore, a 75-mer DNA

DNA substrates containing site-specific cisplatin lesions (LH10) was selected to determine the affinity of XPC
[1,2 d(GpG) and 1,3 d(GpXpG)] were produced by treating hHR23B for single-stranded and duplex damaged and

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

undamaged DNA in steady-state and pre-steady-state reac-
tions (Table 1). First, the DNA binding activity of XPE€

d(GpG) and 1,3 GpXpG DNA substrates were annealed to hHR23B was measured using electrophoretic mobility shift
C-1,2 GpG and C-1,3 GpXpG, respectively, restriction assays (EMSAs) with cisplatin-damaged or undamaged
enzyme digested to remove unplatinated substrate, andend-labeled single-stranded DNA. Consistent with previous

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 24C using an SX.18MV stopped-

results (0), EMSAs performed in the absence of competitor
DNA resulted in the formation of multiple DNAprotein

complexes with the majority of the products not entering
the separation gel. To combat this, competitor DNA [100

flow reaction analyzer (Applied Photophysics, Leatherhead, ng of poly(dl/dC)] was added to each reaction mixture to
U.K.). Fluorescence was measured following excitation at lower the amount of binding observed such that only one

290 nm, using a 340 nm cut-on filter. XPGHR23B (10
nM) was mixed with varying concentrations of DNA. To

complex of XPC-hHR23B was bound (Figure 2A). The
results demonstrate that purified XPGHR23B was able

ensure that the reactions were performed under pseudo-firstto bind to the single-stranded DNA substrate in the presence
order kinetic conditions, the DNA titrations were designed or absence of cisplatin lesions, and the amount bound
to have the majority of the points with DNA concentrations increased with increasing amounts of protein added. Interest-
greater than 45 times the protein concentrations. The traces ingly, the presence of cisplatin adducts on the single-stranded
shown are averages from at least eight individual shots. TheDNA clearly weakened the ability of XPEhHR23B to bind.
kinetic data were fit using ProK (Applied Photophysics) to The amount of XPEhHR23B bound to DNA was quantified
single-exponential decay equations to calculate the observedyy Phosphorlmager analysis and plotted as a function of the
rate,ksps A minimum of three independent experiments were total amount of XPE-hHR23B protein present (Figure 2B).
performed for each DNA concentration, and the avelage At the lowest protein concentration, there was a greater than
and standard deviation were plotted versus DNA concentra-10-fold decrease in the level of binding to the cisplatin-
tion. Assuming a one-step mechanism for binding of XPC  modified DNA.
hHR23B to DNA and under pseudo-first-order kinetic  Affinity of XPC-hHR23B for Undamaged and Cisplatin-
conditions,kops = kon[DNA] + kot, Where the slope of the  Damaged Duplex DNA Substrat&ecause XPEhHR23B
line is the bimolecular association rake, and they-intercept is known to prefer damaged duplex DNA over undamaged
is the unimolecular dissociation ratgi. The rate constants  DNA, it was important to verify the duplex DNA binding
were calculated using Sigmaplot, and tig values were  activity of our XPC-hHR23B preparations. Therefore, the
calculated using the equatiddy = Koii/Kon. 32p end-labeled 75-mer single-stranded DNA with and
Fluorescence PolarizatiormThe duplex LH10, 1,2 d(GpG),  without cisplatin treatment was annealed to undamaged
and 1,3 d(GpXpG) substrates were prepared as noted forcomplementary DNA to form undamaged and cisplatin-
stopped-flow analysis, except that C-LH10, C-1,2 d(GpG), damaged duplex DNA substrate, and binding reactions were
and C-1,3 d(GpXpG) DNA substrates contained 'a 5 performed as for single-stranded DNA. The results of EMSA
fluorescein modification. Fluorescence polarization experi- binding analysis are shown in Figure 2C and demonstrate
ments were carried out using a Cary Eclipse fluorescencethat up to two complexes of XPE€hHR23B were able to
spectrophotometer (Varian) with the fluorescence emission bind to undamaged and cisplatin-damaged duplex DNA and
wavelength monitored at 515 nm following excitation at 495 that there was clearly an increased affinity for damaged
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Ficure 2: XPC-hHR23B equilibrium binding to undamaged and cisplatin-damaged DNA. Binding assays were performed with varying
concentrations of XPEhHR23B 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)-XPi®&23B bound to
undamaged®) and cisplatin-damaged®] single-stranded DNA (B) or undamaged)(and cisplatin-damagedj duplex DNA (D) was
quantified by Phosphorlmager analysis and plotted as a function of tota-XPI®23B concentration. Error bars represent the mean and
standard deviations for three independent experiments.

compared to undamaged duplex DNA. Quantification of of undamaged plasmid DNA, while the excitation and
these results revealed a 13-fold increase in the level of emission spectra remained constant (data not shown).
binding to damaged DNA at the lowest concentration of Therefore, quenching of the intrinsic fluorescence of XPC
XPC—hHR23B, and a 7-fold increase in the level of binding hHR23B by DNA was employed to measure the pre-steady-
at the highest concentration that was tested (Figure 2D). state kinetics of binding using stopped-flow analysis.

Intrinsic Fluorescence of XPEhHR23B in the Absence Pre-Steady-State Kinetics of Binding of XPRHR23B to
and Presence of DNAAlthough damage-specific binding Undamaged and Cisplatin-Damaged Single-Stranded DNA.
by XPC—hHR23B has been previously examined in the The kinetics of binding of XPEhHR23B to undamaged and
steady state, the mechanism of binding is less well under- cisplatin-damaged single-stranded DNA was first assessed.
stood. Here, stopped-flow analysis was employed to measureThe intrinsic fluorescence of XPEhHR23B was measured
the pre-steady-state kinetics of binding of XPRHR23B with an excitation wavelength of 290 nm, and the emission
to DNA. This assay has been successfully used to measurevas monitored using a 340 nm cut-on filter. The fluorescence
the pre-steady-state kinetics of binding of RPA to cisplatin- of XPC—hHR23B in the absence of DNA did not change
damaged DNA, and the effect of XPA on this bindirgp,( over the times measured, and the resulting trace provided
23). These assays require either a purified protein that the initial fluorescence from which quenching was monitored
possesses intrinsic fluorescence which is quenched upon(Figure 3A, top trace). The addition of undamaged LH10
DNA binding or fluorescently labeled DNA that exhibits a 75-mer single-stranded DNA resulted in fluorescence quench-
change in fluorescence upon protein binding. To this end, ing that fit to a single-exponential decay function, indicative
purified XPC-hHR23B protein was examined for intrinsic  of a single-step binding model (Figure 3A, bottom trace).
tryptophan fluorescence which might be altered upon DNA XPC—hHR23B at a constant concentration was mixed with
binding. First, excitation and emission scans were performed,increasing concentrations of DNA to achieve pseudo-first-
and XPC-hHR23B demonstrated intrinsic fluorescence with order kinetics. The observed rate of quenchikgs was
a fairly tight excitation peak at 275 nm and a broad emission plotted versus the DNA concentration for both undamaged
from 290 to >350 nm with a peak at 306 nm (data not and cisplatin-damaged single-stranded DNA (Figure 3B). The
shown). Fluorescence was reduced-30% by the addition results revealed a linear relationship, with tpntercept
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A 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

Atk M g 0 D g g significantly alter the calculated rate constants (data not

L L A P 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

Time (sec) competitor DNA (Figure 2A,B).

Pre-Steady-State Kinetics of Binding of XPRHR23B to
Undamaged and Damaged Double-Stranded DR#evi-
ously, damage-specific binding has been demonstrated for

Intrinsic Fluorescence

0.0 0.1 0.2 0.3 0.4 0.5

140

100}

N XPC—hHR23B (6). However, while the affinity is higher

g 801 for damaged duplex DNA, it is unclear whether this is a
2 60t function of the association or dissociation rates of binding.
i Therefore, stopped-flow analysis was employed to measure

the pre-steady-state kinetics of binding of XPRHR23B
to undamaged and cisplatin-damaged duplex DNA. To
O T 30 100 150 200 2% 300 350 determine if any dlffergnces_ in binding observed betwc_een
DNA (nM) the undamaged and cisplatin-damaged DNA were lesion-
specific, we additionally examined the pre-steady-state

Ficure 3: Pre-steady-state kinetics of binding of XPBHR23B inati indi _
to undamaged and cisplatin-damaged single-stranded DNA sub-kInetICS of binding to UV-damaged dsDNA. Each DNA

strates. Reaction mixtures were excited at 290 nm, and quorescenceSUbStrate was titrated with a constant amount of XP C
was monitored via emission at 340 nm. Traces shown are the NHR23B, and the observed rate of quenchikgs was fit
average of at least eight shots and fit to single-exponential decayto a single-exponential decay function, as observed for the
functions. (A) XPC-hHR23B (10 nM) was mixed with buffer (top single-stranded substratXPC—hHR23B interaction. The

trace) or with 25 nM undamaged 75-mer DNA (bottom trace) and ; ; :
fit to a single-exponential decay function. The top trace was offset DNA concentrations in these experiments are expressed as

by 0.07 for clarity. (B) Undamaged and cisplatin-damage®} the molar concentration of potential XP@HR23B binding
single-stranded DNA was titrated with 10 nM XPGHR23B, and sites. This is based on the results obtained from EMSASs
the observed rate of quenching) was plotted vs the DNA  where two distinct complexes were observed in binding
et o 1 et o o [63CEONS with XPEHRZ3 and double-stranded DNA
rate of dissociatiork.. Each poinr,n repre:gnts the nqegn and standard ('_:'gl_Jre 2). The kinetic fits for _XPGF_\HR23B (10 nM)
deviation from three independent experiments. binding to the undamaged or cisplatin- and UV-damaged
substrates (100 nM) are shown in Figure 4A. Notably, at
being equal to the dissociation rates) and the slope of  this substrate concentration, the quenching observed upon
the line being equal to the rate of associatikg)( The kon binding to the UV- or cisplatin-modified substrate was 6 or
for the undamaged single-stranded DNA substrate was 0.32917 times faster, respectively, than that observed for binding
+ 0.007 nM s71, and thekys was 14.74 1.0 s [Figure to the undamaged substrate. Thes values for binding to
3B (O)]. In contrast, thek,, for the cisplatin-damaged single- undamaged or cisplatin- or UV-damaged dsDNA were
stranded DNA substrate was 0.1830.017 nM! s1, and plotted versus the concentration of XPBHR23B binding
the kor was 34.0+ 3.6 s [Figure 3B @)]. These results  sites. Under the conditions of these binding reactions, the
reveal a 3-fold difference in th&,, values and a 2-fold  kinetics follow pseudo-first-order kinetics such that tQg
difference in theky values of binding of XPEhHR23B to and ko values can be determined from these graphs. The
undamaged versus cisplatin-damaged single-stranded DNAK,, for the duplex undamaged DNA substrate was 0.829
These results were demonstrated to be highly statistically 0.005 nM™ s71, and they-intercept was-2.14+ 2.0 s*. On
significant (data not shown). The calculatkd values for the other hand, thie,, for the duplex cisplatin-damaged DNA

Table 2: Kinetic Parameters of Binding of XP@GHR23B to Damaged and Undamaged DNA

Kp(calcd) Kp(steady kott(calcd)

DNA substrate kon (NM~1572) Kott (573 (nM) state) (nM) (s
single-stranded

LH10 0.329+ 0.007 147+ 1.0 45

LH10 and Pt 0.103: 0.017 34.4+-3.6 334
duplex

undamaged LH10 0.02%2 0.005 —-2.1+2.0 70.7+ 13.0 2.0

LH10 and Pt 0.29% 0.043 —11.14+ 3.7

LH10 and UV 0.103+ 0.006 —0.02+ 0.7

1,2 d(GpG) 0.318t 0.048 —4.8+4.4 27.1£5.1 8.6

1,3 d(GpXpG) 0.28% 0.020 —2.0+1.38 8.3+ 1.2 2.3
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FiIGURE 5: Pre-steady-state kinetics of binding of XPGHR23B

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 XPE&hHR23B concentration (10 nM) and varying
concentrations of duplex DNA with a 1,2 d(GpG) addugj br a

1,3 d(GpXpG) adduct®). The observed rate of quenching)

was plotted vs the DNA concentration and fit to a straight line.

Time (sec)

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
0 100 200 300 200 300 coo lesions both cause a localized st_rL_JcturaI dlstortlpn of the
DNA (nM binding sites) DNA; however, the 1,3 adduct additionally results in a two-
o o to four-base localized melting of the duplex DNA surround-
to undamaged or UV or dispitin-camaged duplex DNA substates, 0 1€ adduct4 25). Thus, duplex 60 bp DNA substrates
Reaction mixtures were excited at 290 nm, and fluorescence was\’\{ere cpnstructed to contain either a 1,2 or. a 1,'3 site-specific
monitored via emission at 340 nm. (A) XP@HR23B (10 nM)  Cisplatin adduct, and the stopped-flow kinetics of XPC
was mixed with 100 nM dsDNA that was undamaged, Cisplatin- hHR23B binding were examined (Figure 5). The rates of

damaged (- - -), or UV-damagee{). Traces are the average of at association with the 1,2 d(GpG) substrate were 0-818048
least eight shots and fit to single-exponential decay functions. For nM-! s! (@) and 0.281+ 0.020 nM?! st for the 1,3
clarity, the intrinsic fluorescence for the UV-damaged and cisplatin- d(GOXDG bstrat ’ Int ) tinalv. th It d'
damaged data was offset by 0.0069 and 0.0141, respectively. Thed(GPXPG) substrateq). Interestingly, these results dem-
observed rates of binding were 1440.5, 23.7+ 2.6, and 8.4t onstrate that while the association rates with either the 1,2
1.2, respectively. (B) Kinetic traces were measured at a constantor 1,3 adduct were not significantly different, they were
XPC—hHR23B concentration (10 nM) and varying concentrations gpproximately 5 times higher than that observed for the

of duplex DNA that was undamage@®}, cisplatin-damagede),
or UV-damaged ). The observed rate of quenchinkyQ) was duplex undamaged DNA substrate (Table 2). As noted for

plotted vs the DNA concentration and fit to a straight line. Each the other duplex DNA substrates, tixntercepts for either
point represents the mean and standard deviation from at least threéhe 1,2 d(GpG) or 1,3 d(GpXpG) substrate were negative
independent experiments. (—4.84+ 4.4 and—2.0 £+ 1.8 s'%, respectively).

Steady-State Binding of XPGHR23B to Undamaged and
substrate was 0.29+ 0.043 nM* s™*, and they-intercept Damaged Duplex DNA with Fluorescence Polarizatidhe
was—11.14+ 3.7 s'*. Interestingly, the rate of association direct analysis of dissociation rates was hampered by the
(ko) with the cisplatin-damaged duplex DN@J was more  fact that they-intercepts from thdcps versus DNA concen-
than 10 times faster than the rate with the undamaged duplexration plots were negative for each duplex DNA substrate
DNA (O) and similar to the rate of binding to undamaged (Figures 4B and 5). This is a common observation with
ssDNA (Figure 3B). The rate of association with the UV- molecular interactions where thgy is much less than the
damaged substrate was 0.1830.006 nM* s™*, ~4 times kon[DNA] value (25) and required additional analyses for the
the rate of binding to undamaged DNA [Figure 4B)]. As accurate determination of the rates of dissociation. Therefore,
with the other duplex DNA substrates, a hegatniatercept the steady-state binding affinity of XP@HR23B for
of —0.02+ 0.7 s* was calculated. Together, these results undamaged and damaged duplex DNA substrates was
indicate that damage recognition by XPBHR23B is a determined using fluorescence polarization. The assay mea-
function of an increased rate of association with damaged sures the increase in the degree of fluorescence polarization
DNA and that this mechanism was observed with both of the DNA upon binding of the relatively large XPC
cisplatin- and UV-damaged DNA. In the UV-damaged DNA hHR23B protein complex. Therefore, duplex DNA substrates
titration experiment, the lowest DNA concentration resulted were prepared with a 5-fluorescein modification and were
in a molar DNA:protein ratio that was less than 5:1. Again, undamaged or contained a single, site-specific 1,2 d(GpG)
linear regression analysis performed omitting these data didor 1,3 d(GpXpG) cisplatin lesion. XP€hHR23B was
not significantly alter the calculated rate constant (data not titrated into reaction mixtures containing a constant level of
shown). DNA substrate, and the anisotropy Yalue) was plotted

Numerous in vivo and in vitro studies of DNA damage versus protein concentration and fit to hyperbolic functions
recognition and subsequent repair have correlated the kinetic{Figure 6). The results for the undamaged duplex 75-mer
of repair with the degree of structural distortiod).( DNA revealed & of 70.7+ 13.0 nM and a calculateld
Therefore, two structurally distinct cisplatin adducts were of 2.0 s (Table 2). In contrast, the dissociation constants
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A 016 damage is largely due to a faster rate of dissociation from
0.14} lesions that distort the DNA to a lesser extent.

012} DISCUSSION

0.10f 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
0.06 cell death. As such, NER eliminates a wide variety of adducts
o that differ on the basis of chemical structure, as well as the
0 0 2 30 40 50 degree of induced DNA helix distortion. Although XPC
hHR23B is likely responsible for the initiation of this process
XPC-hHR23B (aM) (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 DNA16). Further, XPC has a
restricted ability to bind to lesions that have limited DNA
distortion, such as cyclopyrimide dimers, CPD3, (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 regionly).
While these data demonstrate that XRGH1R23B clearly
has an increased affinity for a variety of DNA adducts, the
011} 1 mechanistic details of damage recognition have yet to be
s completely elucidated. Here, a stopped-flow assay was
developed to directly measure the association and dissocia-
tion rates of binding of XPEhHR23B to a variety of DNA
substrates. These analyses, along with equilibrium binding

Anisotropy (r)

Anisotropy (r) 0

XPC-hHR23B (nM)

@!

Anisotropy (r)
<
3

0.07} experiments, provide a more comprehensive examination of
o the interaction of XPEhHR23B with damaged and un-
005 b damaged DNA.

(=]

10 20 30 40 30 The pre-steady-state kinetic data reveal a dramatically

XPC-hHR23B (nM) increased rate of association with cisplatin or UV-damaged
FiGURE 6: Fluorescence anisotropy measurements of binding of duplex DNA compared to that with undamaged DNA. These
XPC—hHR23B to undamaged and cisplatin-damaged duplex DNA. data suggest that the increased affinity for damaged duplex
XPC—hHR23B was titrated with 5 nM fluorescently labeled DNA  DNA observed in equilibrium binding studies is primarily a
:‘ézité?t(%b (QL‘;)”(;%’S?%‘)*% 'éH d%%i?@??fﬁé%ﬁ%fégupcﬂ g(i)smitri)“ result of an increased rate of association with damaged DNA.
Each point représents the ’mean gng standgrd deviation from threeks).tea.dy'Stat? binding experiments have noted a high-affinity
independent experiments. inding to single-stranded DNA by XP€hHR23B. How-
ever, the rate of dissociation from single-stranded DNA was
significantly greater than that observed for damaged or
for the damaged duplex substrates containing either a 1,2undamaged duplex DNA substrates. Therefore, the observed
d(GpG) or a 1,3 d(GpXpG) cisplatin lesion were significantly increased affinity for single-stranded DNA compared to
lower with Kp values of 27.1+ 5.1 and 8.34+ 1.2 nM, duplex undamaged DNA is primarily a result of an increased
respectively (Table 2). The 3-fold difference in the affinity association rate for single strands. The difference in binding
of XPC—hHR23B for the two cisplatin adducts is in excellent kinetics observed between single-stranded undamaged DNA
agreement with previous results demonstrating that repairand duplex damaged DNA supports previous studies sug-
of the 1,3 adduct is 23 times faster than that of the 1,2 gesting that XPEhHR23B may in fact preferentially bind
adduct with either cell-free extracts or reconstituted repair to the junctions formed between single-stranded and double-
(27, 28). Because the association rates for these substratestranded DNA 82). The structural distortion caused by the
were not significantly different (Figure 5), the differences UV and cisplatin adducts clearly provides this preferred
in affinity can be attributed to differences in dissociation rates binding substrate, as indicated by the highand low ks
and are calculated to be 8.6'gor the 1,2 lesion and 2.3  rates.
st for the 1,3 lesion (Table 2). Together, these data Interestingly, previous studies have not addressed whether
demonstrate that the lower affinity observed for duplex XPC preferentially contacts the damaged or undamaged
undamaged DNA than for damaged DNA (Figure 4) is due strand of the DNA. Our data demonstrating that XPC
predominately to a slow rate of association. However, the hHR23B has a 3-fold decrease in association rate as well as
difference in affinity observed between various types of a 2-fold increase in dissociation rate with cisplatin-damaged
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single-stranded DNA are consistent with XPEBHR23B

Trego and Turchi

require a chemical lesion for efficient binding to duplex DNA

likely binding to the undamaged strand or adjacent to the and subsequent repait3, 23, 35—37). This suggests that
adduct, but not directly to the adduct itself. The observed XPA will perform the lesion verification step for DNA

reduction in the level of binding to the cisplatin-modified

lesions recognized by XPEhHR23B and repaired via GGR

single-stranded DNA likely is not a result of the presence NER. The mechanism by which DDB stimulates DNA
of massive structural distortions, because the cisplatin- damage recognition by XPEnHR23B and how the RPA
damaged substrate was able to bind the same number oXPA complex participates in lesion recognition and verifica-

XPC—hHR23B molecules as the unmodified DNA in EMSA
binding studies in the absence of a DNA competitor. Damage

tion process clearly warrants further investigation.
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