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ABSTRACT. Nucleotide excision repair (NER) is a crucial pathway in the maintenance of genome stability
requiring at least two dozen proteins. XPA and RPA have essential roles in the damage recognition step
of NER. To better understand the mechanism of their interactions with DNA, we utilized equilibrium and
stop-flow kinetic approaches with fluorescently labeled oligonucleotides. Fluorescein is a bona fide NER
lesion because a circular plasmid with a single defined fluorescein was repaired by efficient extracts from
Xenopusocyte nuclei. Single-stranded and double-stranded oligonucleotidigiseded with fluorescein

were used in the subsequent studies. Oligonucleotide fluorescence was quenched upon specific binding
to full-length recombinanKenopusXPA (xXPA) and/or human RPA. The binding was highly sensitive

to the buffer conditions. Analysis of equilibrium binding data with ds DNA and xXPA revealed a single
dissociation constankg) of 24.4 nM. Stopped-flow kinetic experiments were described by a first-order
on-rate constarko, of 9.03 x 10° M~1 s andk. of 26.1 s. From the ratio of off-rate to on-rate, a
calculatedKy of 28.9 nM was obtained, revealing that the kinetic and equilibrium studies were consistent.
The affinity of xXPA for ds undamaged DNA determined in our spectrofluorometry experiments was up
to 3 orders of magnitude higher than previously reported values using different substrates, conditions,
and assays [gel-shifts (EMSA), filter-binding, anisotropy, and surface plasmon resonance]. The same
substrate DNA containing a 4-bp mismatch in the middle yieldegfave times higher (158 nM), indicating
weaker binding by xXPA. The differences iy values for these two substrates were mainly attributable

to thekon, rather tharke rates. Fluorescence intensity changes upon interaction of xXPA with ss 50-mer
were too low to calculate an accurde. Although recombinant human RPA binding to the ds 50-mer
was very weakKq > 1 mM), stop-flow and equilibrium measurements to ss oligonucleotide yiddded
values of 96 and 20.3 nM, respectively, which correlated with previously reported values using gel mobility
shift assays and a similarly sized poly-dT. Equilibrium and stop-flow measurements to the cognate and
mismatched ds oligonucleotides using both xXPA and hRPA vyielded a 2- to 3-fold increaseKa the

DNA damage recognition in nucleotide excision repair co-workers 8) noted that XPA, RPA, or the combination of
(NERY is poorly understood. Even the identity of the XPA and RPA have all been reported as the damage
recognition proteins is controversial, with XPA, XPC- recognition factors, but that interestingly, none of these is
hHR23B, RPA, XPE, and TFIIH factors all exhibiting some capable of discriminating between cyclobutane thymine
preference for damaged DNA, reviewed in fefFurther- dimer-containing DNA and undamaged DNA on nonnucleo-
more, recognition can be affected by nucleosomes and it maysomal substrates using conventional electrophoretic mobility
differ for transcription-coupled repair vs global genome shift assays [EMSA]. Although both XPA and RPA can bind
repair. Attempts by many investigato-(6) to demonstrate  damaged DNA independently, RPA increases XPA'’s affinity
strong specificity of the damage recognition protein XPA for both undamaged and damaged DNA when added after
[orits S. cereisiaehomologue Rad147]] for various NER  XPA'’s interaction with DNA @, 10). RPA also directly
substrates have revealed no more than-d-%ld XPA’s interacts with XPA in the absence of DNALY). XPC-
preference for damaged vs. undamaged DNA. Sancar and4Rr23B has been proposed as the damage recognition factor
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PublishedKy values for XPA binding different DNA
substrates have varied from M using gel shift mobility
assays ) to 108 M using filter binding (5), surface
plasmon resonancd ), and fluorescence anisotrop¥7j.
Only a 3-fold difference was observed between DNA
containing lesions and undamaged DNA, with very weak
binding to ss DNA (e.g., ref8). However, there is a recent
report of 1.2x 10" M~ K, for XPA bhinding an undamaged
49-mer, and 3.3« 10’ M1 K, for the same oligonucleotide
containing a (6-4) lesion (9). Even NMR structures of
human XPA’s minimal DNA binding domain (MBD) with
DNA (15, 20, 21) failed to elucidate the molecular basis for
damage recognition. At the high proteiDNA concentra-
tions required for NMR, one structure revealed contacts
between the MBD and a short ss 9-m2#)(

We recently showed that about two-thirds of active, full-
length XPA is very flexible, perhaps even structurally
disordered 22, 23). This finding is consistent with the
hypothesis that unstructured domains can facilitate specific
binding interactions between different moleculgd)( i.e.,

a wide variety of DNA lesions or other repair proteins.
Indeed, a disordered domain of XPA was recently shown to
form ana-helix upon interaction with RPA25).

A true understanding of the forces involved in complex
formation requires thorough binding studies under varying
conditions of temperature and salt concentration, and this
type of investigation is problematic with gel-shift assays. Gel-
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and Technology, Nara, Japan. Recombinant xXPA was
produced using pET-11a vector (Novagen, Madison, WI).
Purified plasmid pET-11a-XPA was used to transform
Escherichia coliBL21(DE3)pLysS host strain (Novagen).
Cells were grown in a New Brunswick Scientific fermenter
(3 L vessel, 2.5 L working volume) in the complex medium
containing (g/L): tryptone, 15; yeast extract, 20; glycerol,
10. After heat sterilization of the sample and cooling to room
temperature, the following ingredients were added (g/L):
15x phosphate buffer (KEPO,, 34.6; K,KHPO,, 188.2, heat-
sterilized separately), a trace metals solution, 1 mL/L; iron-
containing solution, 1 mL/L; Ca@l2H,O, 0.073; MgSQ@
7H,0, 0.25; thiamine, 0.001; ampicillin (freshly prepared),
0.1. The trace metals solution contained the following salts
(g/L): CoChL-6H20, 2.4; CuS®5H,0, 2.5; NHM070,4
4H,0, 12.4; HBO;3, 0.62; MnC}-4H20, 2.0; ZnCJ, 1.4 and
100 mL HCI/L. The trace metals solution was sterilized
separately. The iron-containing solution was prepared by
dissolving 27 g of FeGi6H,O in 100 mL of HCI and
adjusting the volume with deionized water to a liter. Glucose
solution (40% wl/v, filter-sterilized) was added prior to
inoculation to provide an initial glucose concentration of 10
g/L. Glucose was supplied constantly during fed-batch
fermentation to maintain its final concentration in the growth
media at 5 g/L.

Bacterial storage cultures used for inoculation of the
fermenter were prepared as describ28).(A total of 1-2

shift binding studies can yield spurious results because this«L Of storage culture was transferred on the agar plate
method is not an equilibrium assay, and complexes frequentlycontaining 100ug/mL ampicillin and 34ug/mL chloram-

dissociate during electrophores&s). Furthermore, gel-shift
methods require low salt concentrations, and because protein
DNA interactions are highly salt depende®¥), the resulting
data may not reflect cellular conditions.

The primary advantage of fluorescence assays is that the
are performed in solution without requiring separation an
quantitation of bound and free species. Furthermore, true
equilibrium of complex formation can be obtained over a
wide range of solution conditions and substrate concentra-
tions since the sensitivity and dynamic range of fluorescence
extends from millimolar to picomolar. Fluorescent measure-
ments can also be applied to kinetic analysis at the mil-

phenicol and grown at 37C. The single colony was
transferred to a 4-L flask containing 500 mL complex media
with appropriate antibiotics and grown at 3T until the
ODsoo reaches 1.0 and used to inoculate the fermenter. The

ypH during the fermentation was maintained at 7.0 by the
g controlled addition 65 M NH4OH solution; the dissolved

oxygen level was maintained at 40% by agitation Bt
cascade that enriches the fermenter media witlvien the
agitation speed reaches maximum (800 rpm); antifoam was
added to suppress foaming. The fermenter culture was grown
at 37 °C until the OQgy ~ 10. Before induction, the
temperature was dropped to 3C, and the culture was

lisecond time scale because reactions can be monitored"duced by IPTG (1 mM final concentration). In 1.5 h after
continuously in real time over a broad range of reactant nduction, ritampicin was added to 3@/mL and the culture

concentrations. Finally, reaction intermediates, stoichiom-

growth was allowed to continuerf@ h at 30°C. Cells were

etries, and many kinetic parameters in complex systems alsd'a"vested by centrifugation and frozen-#80°C. Total yield

can be discerned by fluorescence methods.

The present study utilizes kinetic and equilibrium ap-
proaches to investigate the steps involved in XBARPA
binding to DNA containing a single’'Sluorescein. Interac-
tions of XPA with DNA have not been examined previously
by equilibrium and stop-flow methods, and previous studies
used internal RPA fluorescence to investigate its binding to
unlabeled ssDNAZ8). After our work was completed, a
fluorescence anisotropy study of XPA and RPA binding to
a 3-fluorescein oligonucleotides was publishdd)(

MATERIALS AND METHODS

Protein Expression and Purificatioflasmid pXPACXE1
containing the full-lengtiXenopus laeis XPA cDNA was
a generous gift from Kenji Kohno, Nara Institute of Science

from 2.5 L of fermentation was 290 g of cells (wet weight).
All purification procedures were carried out at@ unless
indicated otherwise. Frozen cell paste was thawed on ice,
resuspended in lysis buffer (50 mM T4i¢Cl, pH 7.5; 100
mM KCI; 0.5 mM PMSF; 10 mM DTT; 1 mM EDTA; 10%
glycerol; 0.01% NP-40; & antiprotease cocktail (13,33/
mL aprotinin, 6.6ug/mL leupeptin, 6.6«g/mL pepstatin),
sonicated for 2 min and disrupted by two passages through
a French press. The lysate was clarified by centrifugation at
10000@ for 1 h. The supernatant was diluted with an equal
volume of buffer A (20 mM TrisHCI, pH 7.5; 100 mM
NaCl; 10 mM DTT; 0.5 mM PMSF; 10% glycerol) and
loaded onto POROS HQ50 anion exchange column equili-
brated in buffer A. After loading, the column was washed
with 12 column volumes of the same buffer, and a 10 column
volume linear gradient of 100 mMbtl M NaCl was used to
elute xXPA. Fractions containing xXPA were identified by
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10% denaturing polyacrylamide gel electrophoresis (SDS TATAGGAAGAAGACCAGAAGAGAAGTTCGAAGA-
PAGE), pooled, diluted 2.5-fold with buffer B (25 mM GAGAGAA-5'

HEPES-KOH, pH 7.5; 100 mM KCI; 10 mM DTT; 10% The reaction was heated to 9@ for 10 min and allowed
glycerol) and loaded on the POROS HS20 cation exchangeto cool at room-temperature overnight. Duplexes were gel-
column. The column was washed with three column volumes purified from single-stranded oligonucleotides by electro-
of buffer B and developed with seven column volumes of phoresis on an 8% nondenaturing polyacrylamide gel. The

linear gradient from 100 to 500 mM KClI, followed by two
column volumes b1 M KCI. The third hydrophobic
interaction column PolyPROPYL A (PolyLC, Columbia,
MD) was equilibrated with buffer C containing 0.9 M
AmSQ,; 0.1 M sodium phosphate, pH 7.0; 10 mM DTT;
10% glycerol at room temperature; pooled fractions after
POROS HS20 column were diluted twice witk Duffer C
and loaded on the third column. Column was washed with
two column volumes of buffer C and pure xXPA was eluted
by applying 13 column volumes of linear gradient from 0.9
to 0 M AmSQ,. The purified protein was dialyzed against
storage buffer containing 50 mM TrlsCl, pH 7.5; 200 mM
KCI; 10 mM DTT; 20% glycerol, concentrated to 250
mg/mL (0.8-1.5 mM) using centrifugal ultrafiltration (Ul-
trafree, Millipore), quickly frozen in liquid nitrogen and
stored at—80 °C until use.

DNA sequencing of the expression clone confirmed the

duplex band was located on the gel with minimal necessary
illumination with a hand-held UV lamp. The bands were
excised, sliced, and soaked overnight at room temperature
in 0.5 M NH;OAc, 10 mM MgCh, 1 mM EDTA. The
recovered supernatant was precipitated with 2 volumes of
95% ethanol containing 0.3 M NaOAc and 10 mM MgCl
incubated at-20 °C overnight, and DNA was recovered by
centrifugation. The pellet was resuspended in 10 mM Tris
HCI, pH 8.0, and stored at20 °C until use. The DNA
concentration was determined from absorbance at 260 nm
using 1 OD equal to 5a8g/mL (absorbance of the fluorescein
moiety at this wavelength is negligible). Necessary pre-
cautions were taken to minimize fluorescein photobleaching.
Oligonucleotide sequences were designed primarily consider-
ing the availability of convenient restriction sites, an
abundance of adjacent pyrimidines, and the presence of a
single GG to facilitate formation of a cisplatin adduct for

expected sequence, as did N-terminal amino acid sequencinghe future experiments.

(done at University of Southern California, Comprehensive
Cancer Center, Los Angeles, CA). The molecular weight of
the full-length xXPA determined by ESFTICR mass

Substrate (4) was prepared according to the following
procedure.
Preparation of Plasmid Containing a Single Defined

spectrometry (30 922.02 Da) was consistent with the one FluoresceinThe 56-mer ds oligonucleotides;BATTC G-
predicted from the sequence (30 922.45 Da) assuming NnoOCAGATCTGGCCTGATTGCGGTAGCGATGGAGCCGT-

posttranslational modification2%).
The RPA expression clone was a gift from Prof. Marc

AACAGTACGTAGTCA-3 and 3-AGCTT GACTACGTA-

CTGTTACGGCTCCATCGCTACCGCAATCAGGCC-

Wold (University of lowa), and RPA was purified as AGATCTGCG-3, were annealed and cloned into M13mp18

described 30).

Repair Reactions using Xenopus Nuclear Extracts. Xeno-

using Eco RI and Hind Il sites (underlined) resulting in
plasmid M13-LYM. Single-stranded form of the recombinant

pus systems have the highest known repair signal ever phage was purified as previously describg8) @nd annealed

described for either cells or extracts [100% repair at high
fidelity with no background synthesis on undamaged control
substrate] 31). Complete repair reactions in oocyte nuclear

to the oligonucleotide containing fluorescein at the indicated
(F) position, >AGCTTGACTACGTACTGTTACGGCTC-
CATCFCTACCGCAATCAGGCCAGATCTGCG-3 which

extracts can be made dependent upon exogenous proteinserved as a primer for complementary strand synthesis with

(31). Repair of UV-irradiated plasmid is inhibited by

T7 DNA polymerase (New England BioLabs). Conditions

antibodies to XPA irKenopusiuclear extracts and is restored were adopted from the Muta-Gene Phagemid in vitro

by adding purified recombinant full-lengtkenopusXPA
(32), thereby confirming activity of recombinant XPA.
Construction of DNA Substrate$he target oligonucle-

mutagenesis kit (Bio-Rad, Hercules, CA). The<l@nnealing
buffer was 200 mM Tris-HCI, pH 7.4, 20 mM Mg&I1500
mM NacCl; 10x synthesis buffer: 5 mM each dNTP, 10 mM

otides used in this study were (1) double-stranded 50-merATP, 100 mM Tris-HCI, pH 7.4, 50 mM MgGJ] 20 mM

5'-labeled with fluorescein [ds50] connected via an amide

DTT. For synthesis, BSA to final concentration 0 0&/uL

linkage to 6-carbon spacer attached to the phosphodiesterwas added. The experimentally determined optimum ratio

(2) single-stranded '3abeled 50-mer of the same upper-

of primer to template (ssDNA) was 40:1 with 500 ng of

strand sequence [ss50]; (3) double-stranded 50-mer with 4template (1 OBso = 36 ug/mL for ss DNA) per 1QuL total

bp mismatch bubble in the middtgehe upper strand was

reaction volume. Each annealing reaction contained 0.2 pmol

the same as in oligonucleotide (1) and in the bottom strand of ss template, 69 pmol of primer, JuL of 10x annealing

bold underlined bases were exchanged for TTTT [es50

buffer; the reaction was scaled successfully to 50 mL final

4MJ; (4) covalently closed circular plasmid (7254 bp) with volume. Annealing was performed in a 7Q@ water bath

a single defined fluorescein connected via a thiourea to aand cooled at a rate of approximately’C/min to 30°C
3-carbon spacer attached to the phosphodiester backboneover 40 min. The reaction was placed on ice, and the
Fluorescein was attached during oligonucleotides synthesisfollowing solutions were added sequentially: x18ynthesis

and products were HPLC-purified (Oligos Etc., Wilsonville,
OR). Duplex oligonucleotides were formed by annealing 50
uM of each DNA strand in 10@L of 10 mM Tris-HCI, pH
8.0, 10 mM NaCl, 1 mM EDTA. The DNA strands were
upper: BFTCTTCTCTTGATATCCTTCTTCTGGTCTTC-
TCTTCAAGCTTCTCTCTCTT-3 lower: 3AGAAGAGAAC-

buffer, BSA to a final concentration of 0.Q%g/uL, 0.05
unitsjuL of T7 DNA polymerase, and 2 unitdl of T4 DNA
ligase. The reaction was incubated 5 min a€5and then
2 h at 37°C, followed by addition of identical quantities of

fresh enzymes and incubation at 32 for another 56 h.

Separation of form | from form 1l DNA was performed by
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ultracentrifugation. To avoid nicking of the plasmid and Heparin (Sigma) was added at the end of every titration
photobleaching of the fluorescein, exposure to UV light was experiment 84) to prove that the binding is reversible and
minimized for visualizing DNA bands and in all subsequent the fluorescence signal returned to the initial value.

steps. EtBr was removed with Dowex AG50W-X8 resin  Error estimates were obtained from standard least-squares
(Bio-Rad) according to manufacturer’s instructions. The final analysis. This was done by linear analysis about the
plasmid with a single defined fluorescein was ethanol optimized coefficients. The statistical uncertainty estimates
precipitated, lyophilized, and stored at@ in the dark until were used to generate a covariance matrix for the raw data.
use. Generally 90% of ss DNA was converted to 80% of Standard linear least-squares analysis was applied to construct
form | and 20% of form II, and up to 5 mg of fluorescein- the corresponding covariance matrix for the optimized
labeled plasmid can be produced in the single 50 mL coefficients. The quoted error limits were obtained from the
conversion reaction. diagonal components of this matrig5).

Electrophoretic Mobility Shift Assays [EMSAhdicated Stopped-Flow Studie&qual volumes of protein (at 0
oligonucleotides (Genosys Biotechnologies, Woodlands, TX) 100 nM) and DNA (at 16-25 nM) in the same buffers that
were annealed with complementary strands and purified aswere used for equilibrium measurements, from separate
described above: syringes were rapidly mixed in the stopped-flow instrument

S-CTTCTTCTGGTCTTCTCTTC-3— 20-mer at 25°C. Changes in fluorescence emission were measured

S-TTCTTCTGGTCTTCTCTT-3— 18-mer at 520 nm after excitation at 495 nm-«3 mm slits). Points

S-TCTTCTGGTCTTCTCT-3— 16-mer were collected every 0.5 ms for 2 s. About-4T6 kinetic

5-CTTCTGGTCTTCTC— 14-mer traces were routinely averaged for each experiment.

S-TTCTGGTCTTCT— 12-mer The error bars fok,ps values represent errors in the fit.

Binding of 5 pM oligonucleotide and 25 pM xXPA (1.5  The errors shown for the rate constants represent the mean
molar ratio) was in 25 mM HEPESKOH, pH 7.5, 50 MM of their deviation from computed maximum and minimum
KCI, 5 mM MgCl,, 1 mM DTT; 20 uL reaction was k. values. Errors for stop-flouky values were calculated
incubated at 30C for 30 min and then loaded on 8% native by propagation of error analysis using the standard deviations
PAGE supplemented with 0.5 mM Mg£ IElectrophoresis in k,, and ko [ignoring the cross-partial differential term
was in 0.5« TAE at 4°C at 10 V/cm for 2 h, and gels were  (3g)].
stained with SYBR Green | (Molecular Probes, Eugene, OR). ' pata Analysis The fluorescence intensity and stop-flow

Fluorescence MeasurementSteady-state fluorescence (inetic data were fit using SigmaPlot (Jandel Scientific)
measurements were done using a SPEX Fluorolog Il spec-spftware. Equilibrium binding isotherms were fit to a simple

trofluorometer. Stopped-flow measurements were performedpimolecular binding model by nonlinear regression, and
either on an AVIV ATF105 spectrofluorometer with stopped  stopped-flow kinetic traces were fit to single or sum of

MOS-250 spectrofluorometer equipped with SFM-4/Q £y grescence intensity binding isotherms were fit to eq 1
stopped-flow option (Molecular Kinetics Inc., Pullman, WA). by using nonlinear regression analysis:
Emission Spectralhe emission spectra were recorded by
scanning between 500 and 600 nm with the excitation (F. —F)
wavelength set at 495 nm. The excitation spectra were F = Fo+ m""x—o[(At +F + Ky —
recorded by scanning between 450 and 520 nm with the 2F
emission wavelength set at 520 nm. Slit-widths for oligo-

nucleotides were usually—12 nm.

Equilibrium StudiesThe fluorescence measurements were
performed in one of the following buffers: 50 mM Tris-
acetate, pH 7.5, 100 mM potassium acetate, 10% glycerol,

JA A+ F+ K2 — (4-AF)] (1)

where F is the observed fluorescence intensify, is the
fluorescence intensity of free DNAmaxis the fluorescence

intensity of DNA bound to the proteind is the total
concentration of proteirk; is the total concentration of DNA,
and Ky is the dissociation equilibrium constant of the
complex.

Anisotropy was calculated according to eq 2:

1 mM EDTA, 5 mM DTT [buffer D, ionic strength 0.15
M], or 25 mM HEPES-KOH, pH 7.5, 200 mM KCI, 5 mM
MgCl,, 5 mM DTT [buffer E, ionic strength 0.225 M], or
25 mM potassium phosphate, pH 7.0, 1 mM MgOL5 mM
DTT, 150 mM KCI, 10% glycerol [buffer F, ionic strength
~0.2 M]. All binding measurements were temperature
controlled at 25°C in a 160uL quartz cuvette or 3-mL

polymethacrylate disposable cuvettes with magnetic stirring. E -1
The titrations were performed by adding:LL of increasing r= | 2)
concentrations of protein or protein complexes 665 nM Y40

of oligonucleotide every two minutes. The change of the
volume after the last titration point never exceeded 10% of
the total binding reaction, and the data were recalculatedwhere I/l is the ratio of the measured intensities with
accordingly using final volume correction. The measurements vertical and horizontal excitation and corrected for instru-
were taken after 2 min incubation when the fluorescence mental bias of the detection system.

readings were stabilized. The change in fluorescence intensity Binding isotherms were constructed under the simplifying
was measured at 520 nm, following excitation at 495 nm for assumption that the reactions were carried out under condi-
each titration point. The fluorescence intensity was measuredtions where the DNA concentrations were adequately below
every second for 10 consecutive seconds and then averagedhe K4 such that total added protein was equivalent to free
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protein. Because of quantum yield changes that occurred

upon binding the anisotropy isotherms were constructed
according to eq 3:

fh=
b (r,—=NRA+r—r;

®)

wherefb is the fraction bound, is the anisotropy at the given
protein concentratior; is the anisotropy in the absence of
protein,ry, is the anisotropy at saturating levels of protein,
andR is the ratio of the quantum yields of the bound form
and the free form, respectively.

Stopped-flow kinetic traces were fit to single-exponential
eq 4:

F =y, T aexp(Kkyd) (4)

oreqb5:
F =y, + a(l — exp(—kyd)) ()

whereF is the fluorescence at tinteyy is the fluorescence
intensity att = 0, a and kops are the amplitude and the
observed rate constant, respectively. To calculateKthas

a ratio of the rate constants, the observed rate constants were

plotted vs concentration of the protein and the linear fit (as
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for the simple bimolecular reaction) gave the association rate FIGURE 1. Purification of recombinarXenopus lagis XPA protein

constantk,, (a slope of the line), and a dissociation rate
constant, k. (y-intercept of the line). The theoretical

and confirmation of its activity by EMSA. (A) 10% SDSPAGE
of xXPA purification with Coomassie staining. xXPA was expressed
and purified as described in Materials and Methods. Lane 1,

dissociation rate constant calculated from the graph wasuninduced whole-cell lysate; 2, induced bacterial cell lysate; 3,
compared to one observed experimentally using heparin trapsoluble fraction prior to purification; 4, pooled HQ-chromatography

solution @4).

RESULTS AND DISCUSSION

Purification and Actiity of XPA and RPARecombinant
xXPA and hRPA were purified as described in Materials
and Methods and shown in Figure 1. N-terminal amino acid

fractions; 5, pooled HS chromatography fractions; 6, pooled HIC
chromatography fractions; 7, HIC-fractions following ioadoaceta-
mide treatmentZ3); MWM, broad range protein markers, New
England BioLabs (Beverly, MA). Mobility of intact xXPA corre-
sponds to~40 kDa despite a calculated MW of 30.9 k28). (B)
xXPA exhibits gel mobility shifts with undamaged 120 bp ds
oligonucleotides. Electrophoresis time was limited to prevent the
12 bp oligonucleotide from running off the gel. Experiments using

sequencing and electrospray ionization mass spectrometrylonger electrophoresis times (not shown) demonstrate that the
confirmed the predicted sequence, molecular weight, andcomplex entered the gel, consistent with formation of soluble XPA

homogeneity of the prepared sampl@®)( Size-exclusion
chromatography demonstrated that the highly purified pro-
teins existed as single species in soluti@B)( Activity of
recombinant xXPA was confirmed using efficient DNA
repair extracts derived fronXenopusoocytes, i.e., an
antibody specific for XPA inactivated repair, which was then
restored by addition of the recombinant xXP22J. Neither
recombinant protein contained affinity tags (e.g., His-Tag)
that might be involved in fluorescein protonation and
significantly influence binding parameters. Both xXPA
(Figure 1B) and RPA (not shown) also exhibited DNA
binding by gel mobility shift assays and both proteins bound
DNA with nM binding constants (see below).

Fluorescein Is a NER LesiorExploiting the sensitivity

DNA complexes rather than aggregates.

fluorescein as efficiently as known lesions (R. Walker,
unpublished data). We prepared a covalently closed circular
ds DNA containing a single defined fluorescein as described
in Materials and Methods and shown in Figure 2A. This
substrate was readily repaired in o(@nopusiuclear extracts

by NER (Figure 2B), and the resultirfgP-labeled plasmid

no longer contained fluorescein when analyzed on a Mo-
lecular Dynamics Fluorimager. Repair was obliterated by
XPA antibody, demonstrating a requirement for XPA. As
expected with our high signal-to noise repair extra8ty,(
only plasmids containing a single fluorescein (duplicate lanes
3 and 4) incorporated radioactivity, while lesion-free control

of fluorescence methods requires the presence of a fluoresplasmid did not. Thus, DNA containing fluorescein is a
cent signal on at least one of the reactants. If none of the substrate for NER.

molecules exhibit sufficient intrinsic fluorescence, it is

Competition experiments between fluorescein-labeled oli-

necessary to add a fluorescent label to the system, ideallygonucleotide ds50 and either UV-irradiated oligonucleotides
without significantly perturbing the relevant interactions. or plasmids containing known bulky adducts (cyclobutane
Fluorescein is a widely used fluorescent label that resemblespyrimidine dimers and pyrimidine (64) pyrimidone pho-

a bulky DNA lesion, so it may provide both a sensitive todimers) are consistent with the finding that fluorescein is
indicator of protein binding to DNA as well as a relevant a lesion (Figure 2C). Qualitatively, the oligonucleotides are
NER substrate. Theée. coli UvrABC system acts upon  ~5—10 times better competitors than the plasmid, and UV-
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l Ficure 3: Steady-state fluorescence emission spectré laftieled
oligonucleotide is quenched upon xXPA addition. The fluorescence
emission spectra of ds50 oligonucleotide in buffer D were recorded

no lesion - no o-32P incorporation lesion - 0.-32P incorporation in the presence of increasing amounts of xXPA (50, 100, and 500
fl i - + nM) at 25 °C. The DNA concentration was 10 nM. Protein
ft 2713 4! fluorescence was at background level (not shown). The spectra were

recorded by scanning between 507 and 640 nm with 495 nm

” excitation wavelength.

irradiated competitor is-2—4-fold better than nondamaged.

A major difference between the ds30UV and plasmid is

the concentration of ends. If end-binding is significant, then
any ds50 competition experiments will underestimate in-
creased binding to damage by XPA. This finding may
partially explain the wide variations in reportég values

and relatively low specificity for damage with XPA, i.e.
damage recognition might be obscured by end-binding.
Although future experiments with well-defined substrates will
test this hypothesis, the observed changes in fluorescence

0.10 0.20 0.3¢
[ds50], uM

Fractional saturation
(=]
[e2]

03p ¢ a0 switched to UV-pGL2 intensity (Figure 2C) demonstrated the feasibility of quantita-

o2f 7 l::;_fso tive binding measurements between XPA and fluorescein-
01F & uvpoL2 labeled DNA.

x . s s Fluorescence changes occurring upon binding of xXXPA

0 z 4 6 8 10 to the 7-kb plasmid containing a single fluorescein (Figure

6
[DNAL Mx10 2C) were too weak for accurate estimatiorkgf This might

FiGure 2: Fluorescein is recognized as a lesion and repaired by he dye to limited accessibility of fluorescein to xXPA either
Xenopusoocyte nuclear extracts. (A) Preparation of substrate o.n 56 of the intrinsic structure of supercoiled plasmid vs

containing a single defined lesion. ss oligonucleotide containing a . . . S .
single fluorescein was annealed to ssM13mp18 and a complementarylinear oligonucleotides or fluorescein intercalation and

strand synthesis was performed as described in Materials andsubsequent quenching. Indeed, the fluorescence signal from
Methods. The right panel shows separation on a 1% agarose gel ofplasmid was significantly lower than that froriiénd labeled
nicked circular from covalently closed circular DNA and ss gligonucleotide. If the fluorescence signal with supercoiled

template. We have successfully produced 5 mg of covalently closed . .
circular plasmid containing a single defined lesion. (B) A single substrate can be enhanced, then future experiments evaluating

defined fluorescein in a plasmid is repaired X¥gnopusnuclear torsional effects on recognition/binding can be addressed.
extracts. Conditions were as described in Materials and Methods. Initial binding experiments with an oligonucleotide contain-
Only those plasmids containing a single fluorescein (duplicate |an65ing an internal fluorescein produced some fluorescence
3 and 4) incorporated radioactivity, while lesion-free control plasmid intensity changes, although they were insufficient for cal-

did not. (Q Competition between fluorescently labeled oligonucle- : . . .
otide and DNA= UV irradiation. Fluorescence intensity measure- culating a reliable&kq. However, the change in the amplitude

ments were performed by mixing 10 nM of fluorescently labeled Of the fluorescence signal was significantly better for the
ds50 and 100 nM xXPA in 10 mM potassium phosphate, pH 7.5, 5'-end labeled oligonucleotide that was used in our subse-
100 mM KOAc, 1 mM EDTA, 10% glycerol, and then challenging  quent binding measurements.

with increasing concentrations of the indicated unlabeled competi- Fluorescence Quenchinghe steady-state fluorescence

tors. The competitors were added in microliter aliquots and allowed L f1h fl v labeled oli
to equilibrate for 3-5 min before measurement. The competitors €Mission spectra of the 10 nM fluorescently labeled oligo-

consisted of ds508), UV-ds50 (), pGI2 (6046 bp) &), and UV- nucleotide ds50 (filled circles) in binding buffer D, and
pGL2 (). UV irradiation at 254 nm (400 mJ/éincorresponds to  significant fluorescence quenching, upon xXPA binding is
approximately one cyclobutane pyrimidine dimer per 50 bp. The shown in Figure 3. Fluorescence quenching is dependent on

ordinate values are expressed as{{F — Fmin)/(Fmax — Fmin)]; ; .
the abscissa indicates increasing concentraiion of ;he corlnpetitors.xxpA cqncentratlon and reaches saturatlon at 500 M XXPA.
Inset displays an expanded ordinate for UV-ds50 and unlabeled Further increase of xXXPA concentration did not change the

ds50. fluorescence intensity. The emission spectra were recorded
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by scanning from 507 to 640 nm with 495 nm excitation A g  SnMds
wavelength. The emission maximum of labeled ds50 is 520 . ss+XPA = 20nMds
nm, and it did not shift upon binding to the protein. Both o 50 . e 50nMds
the binding buffer and xXPA protein have a negligible ~ x ™ : M\LAH,_’__' Lf:::f':
fluorescence at indicated wavelengths. Similar fluorescence g '
quenching occurs with ss50 and RPA in binding buffer E g 401 )
(not shown). & 500 1000 1500 2000

Overview of Fluorescence Binding Measuremertigre g 30 1 I
we applied fluorescence equilibrium and kinetic approaches g
to protein-DNA interactions with the goal to uncover steps = 2.0 |
involved in the process of damage recognition in DNA repair. e r— —"
Our experiments were designed to test whether xXPA 1.0 -
RPA binding to fluorescein-labeled oligonucleotides is , . . , :
relevant to formation of damage-recognition protein complex 0 100 200 300 400 500
during DNA repair. True equilibrium and kinetic analyses [XXPA], nM
methods can reveal whether binding reactions are consistent
with multistep processes, involving binary, tertiary, etc., B 25
complexes, and provide estimates for binding affinities in M s+ 5nMds
solution. To study the interaction of these proteins with “o 20. = 10nMds
oligonucleotides, we used fluorescence equilibrium (intensity x : zsg:“n’:l :‘:
and anisotropy) and stopped-flow kinetic measurements. g ___ bestfit
Fluorescence of labeled oligonucleotides is quench&d% s 197
upon titration with xXPA (Figure 4) or RPA (Figure 5). The %
dissociation constanKy measured by equilibrium was 2 104
calculated as described in Materials and Methods g

Fluorescence anisotropy is sensitive solely to the size of 2 M
the binding components assuming identical buffers, temper- O'S]Mfi*ﬂk
ature, viscosity, etc., and it provides another estimate of the i AT
Kg. The binding of xXPA to the labeled oligonucleotide - ; - ' - ~
increases anisotropy from 0.07 for free oligonucleotide to 0 1000 2000 3000 4000 5000 6000 7000

[XXPA], nM

0.17 for the proteirr DNA complex (Table 1), in agreement
with an XPA/RPA study utilizing oligonucleotides containing
3'-end fluorescein7). Interestingly, this analysis reported
the affinity of RPA for 3-fluorescein-labeled oligonucleotide

Ficure 4: Equilibrium binding measurements of xXPA with ds
and ss oligonucleotides. (A) The titrations in buffer D were
performed at the indicated ds50 and ss50 concentrations of 5, 20,

0 ; I and 50 nM and increasing xXPA. The data were fit using nonlinear
was 30% hlgher V.S' unmodified DNA. . Mgreover, the least-squares regression analysis. Global analysis of the data yielded
fluorescence intensity changes upon binding were not g gingleky of 24.4+ 2.5 nM for ds50. Inset displays an expanded
observed. Our data showed up to 87% fluorescence intensityordinate for ss50 data. (B) Measurements of xXPA binding to ds50
quenching when xXPA or RPA interact with ourlabeled in buffer E were performed at the indicated concentrations. The
DNA. Interpretation of anisotropy results can be extremely calculatedlqis 1.970+ 0.226uM.

complicated when significant fluorescence intensity changes

occur upon binding. We found the intensity changes mea-
sured in our equilibrium and kinetic studies using the broad
range of DNA concentrations to be more sensitive and
reliable for direct measurements of the binding parameters

wn

, cps x10

4.0

A
]
[ ]
v

10nM ss
25nM ss

50nM ss
10nM ds

o
=]
;

— best fit

in comparison to anisotropy changes.

Stopped-flow kinetic methods investigate the mechanism
of protein—DNA interactions in real time and reveal the
association K,,) and dissociationk) rate constants. The
Kot/Kon ratio also provides an additional estimate for the
dissociation constariy for comparison to they values
derived from equilibrium methods. The nanomdfaivalues
determined by both equilibrium and stopped flow methods
agree well (Table 2), demonstrating that the system used in
this study exhibits behavior amenable to characterized
spectrofluorometric methodologies.

g
o

fluorescence intensity
o

50 100 150

[RPA],nM

- A ; Ficure 5: Equilibrium binding measurements of RPA with ss and
XPA Equilibrium Binding Measurementsigure 4 presents ds oligonucleotides. Equilibrium binding measurements in buffer

the equilibrium binding measurements of ds50 (5, 20, and g at the indicated ss50 concentrations yieltled= 20.3 &+ 2.5
50 nM) and ss50 (10 nM) titrated with increasing amounts nM. The binding of RPA to ds50 is very weak { mM).

of xXPA. Fluorescence of DNA is quenched upon interaction
with xXXPA. Global analyses of all three ds binding isotherms
in terms of single internally consisteffy was performed,
and aKy of 24.44+ 2.5 nM was calculated. This indicates

250

strong affinity between xXPA and ds DNA in buffer D that
is 5—1000 times higher than reported for gel shift, filter
binding, or surface plasmon resonance experiments with
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Table 1: Fluorescence Anisotropy Measurements of xXPA and There are many possibilities to explain tedifferences
RPA to DNA Substratés among the above-noted independent studies. Plausible factors

include different locations of the fluoresceiri{8s 3-ends),
the presence and absence of the His-Tag in XPA protein,

anisotropy A anisotr. A anisotr. A intensity

DNA protein free bound units % % L . .

P > > DNA sequence variations and/or oligonucleotide lengths, and
ds 50 é;KA gggg 8-3869 (?'011053 1225?? __8; different ionic strength of binding buffertn our study, the
ss50 xXPA 0036 0.078  0.042 217  —15 best data fits and lowesty values correlated with the

RPA  0.025 0.22 0.195 880 —86 maximal fluorescence intensity changes. Thus, selection of

2 Binding buffer D was used for xXPA binding measurements, and OUr binding buffers was determined empirically to avoid high
buffer E was used for RPA binding measurements. Fluorescence €Iror estimates oy values. The same buffers could not be
anisotropy was calculated according to eq 2. used for both XPA and RPA measurements due to the

minimal fluorescence changes that occurred upon RPA

0.05-3.5 kb substrates containing zero to multiple Uv- binding to ss DNA in Tris-OAc. In future studies, it would

lesions and performed using different binding buffers. be interesting to investigate if efficient NER could occur in
the buffer systems used for our binding studies and then

relate these results to events during NER in vivo.

RPA Equilibrium Binding Measurement&quilibrium
alEinding measurements in buffer E at increasing RPA
oncentrations with 10, 25, and 50 nM ss50 yieldgdof
20.3 + 2.5 nM (Figure 5). No significant fluorescence
intensity changes were observed in our system upon RPA
binding to ds50 DNA in agreement with the weak binding
to a ds 49-mer reported by EMSA& 19), but in contrast
with an anisotropy study that reporté&d of 245+ 36 nM
(17). Earlier studies on RPA interaction with different
substrates demonstrated that binding affinity of RPA for short
oligonucleotides was length dependent, and its apparent
association constant for 10-mer oligonucleotides and 50-mer
varied over 200-fold Z8). Moreover, the stoichiometry of

Interestingly, equilibrium measurements using the same
DNA and protein but in buffer E yielded a strikingly different
Kg of 1.970 4+ 0.226 uM (Figure 4B). The~80-fold Kgy
difference cannot be explained as an artifact such as gener
protein/DNA precipitation because buffer E was used to yield
a nanomolaKq for the same DNA and RPA (Figure 5). This
result might be explained by different ionic strengths of the
buffers; buffer D (Tris-OAc) is 0.151 M and buffer E
(HEPES) is 0.257 M. While future experiments in buffer
systems of equal ionic strength could be tested to identify
particular components responsible i€ differences, our
results demonstrate the xXPANA binding reaction is
extremely sensitive to solution conditions, and this observa-
tion may partially explain some of the reported fluctuations

;15;: \éalues measured by EMSA, SPR, and filter binding RPA binding for different length olinucleotides varied as
yS- well. For example, interaction with poly-dT20 and poly-dT30
Unlike our xXPA, all other reportEd blndlng measurements revealed a 1:1 Stoichiometry of RPA binding7 while po|y_
were performed using human XPA that contained an N- §T70's stoichiometry was 2). Poly-dT50 would be most
terminal His-Tag. For example, His-Tag-XPA binding to a relevant to our ss50 oligonucleotide, but stoichiometry for
ds 49 bp oligonuclectide in 30 mM HEPES, pH 7.8, 100 ejther poly-dT50 or poly-dT60 were not determined in this
mM NaCl, 5 mM MgCp, 0.5% inositol, 1 mM DTT (ionic  study. Two binding modes have been identified for RPA:
strength 0.07 M), revealeda = 1.2 x 10’ M~ (correspond-  an initial binding to a minimal 8 10 nucleotide region3()
ing to Ky = 83.3 nM) using EMSA 19). A recent  fgllowed by an approximately 100-fold more stable 30-
fluorescence anisotropy report using His-Tag-XPA and 36- nycleotide binding mode26, 38). Using oligonucleotides
mer oligonucleotides containing fluorescein at tHee8d containing hairpin structures with-3r 5-protruding ss arms,
found binding was also strongly salt-dependeli)(The  jnjtial DNA binding occurs at the 'Soriented site of RPA
Kq for ds DNA (1150 nM) determined in this study with  \jith a proposed transition to the-30-nucleotide mode
XPA binding buffer (20 mM Tris-Cl, pH 7.5, 50 mM NaCl,  requiring stretching of RPA along the DNA in &@irection
2 mM MgClh, 1 mM DTT, 100 ngilL BSA, 10 uM (39). Overall, RPA binds DNA with low cooperativity, and
Zn(OAc), 0.1 mM polyoxydecyl ether, 10% (v/v) glycerol,  the binding sites on DNA are not equivalent; in fact, RPA
ionic Strength 0.072 M), was nearly 50-fold hlgher than we may have a preference for b|nd|ng to the ends of Dmg)(
report for buffer D (ionic strength 0.15 M), but similar to  Eaylier in this study, we showed that xXPA was extremely
our K¢ measured in buffer E (ionic strength 0.225 M). sensitive to binding buffer, i.e., th&y values for ds50
The Ky for ss DNA consisting of a mixed purire differed by 3 orders of magnitude between buffer D and the
pyrimidine sequence in the same study was 355 nM; buffer used to measure RPA interaction with ss50 (buffer
however, it was 170 nM for a pyrimidine-rich sequence, and E). Similarly, RPA was sensitive to binding buffer, and no
greater than @M for a purine-rich sequence. Tl reported fluorescence intensity changes were observed when buffer
for ss DNA by surface plasmon resonance (SPR) was 13D was substituted for buffer E. Interestingly, no binding
nM (16) and by EMSA was 217 nM (calculated from the could be detected by spectrofluorometry when buffer F, used
reportedK, (19)). Analysis of our data (Figure 4A) yielded to determine RPA binding constants by gel mobility shift
a Kq in the nanomolar range based on the minimal fluores- assays 48), was tested in our study. Thus, both XPA and
cence intensity changes for ss as compared to ds DNA. It isSRPA are very sensitive to solution conditions.
difficult to obtain a reliableKy for ss DNA binding from The issue of RPA as a damage recognition protein is
these data for comparison to the markedly divergent earlier somewhat controversial. NER requires RPA-dependent open-
reports. The error bars for the ss50 fluorescence measureing around the lesion, with RPA probably binding the
ments are large, and the fluorescence changes that occur upoandamaged stran@9). Like XPA, RPA is known to interact
xXPA binding are minimal as compared to ds 50. with multiple repair proteins; besides XPA(Q, 41), these
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Table 2: Summary of the Stop-Flow and Equilibridfa for xXPA and RPA Binding to Various DNA Substrates

DNA + protein Kon (x 10(8) M™1s™h) Kot (571) Kq stop-flow (nM) Kq equilibrium (nM)
ds 50+ XPA 9.03+ 0.045 26.1+ 0.13 28.9+ 0.14 244+ 25
ss 50+ RPA 0.598+ 0.003 5.74+ 0.03 96.0+ 0.48 20.3+25
ds50-4M+ XPA 2.414+ 0.063 38.1+ 0.99 158+ 4.1 ND
ds50-4M+ [XPA + RPA] 0.193+ 0.008 47.36+ 1.89 245.4+ 9.8 ND

axXPA and xXPA-RPA binding measurements were performed in binding buffer D, while RPA measurements used binding buffer iotND
determined. All data fits were done assuming 1:1 stoichiometry. Poor data fits occurred at other stoichiometries (not shown).

include XPG and ERCC1-XPR9, 40, 42, 43). RPA was decrease, respectively) suggesting weaker binding. This result
proposed as a damage recognition factor because it has somagrees with our data collected by the equilibrium titration
affinity for damaged DNA 41, 44, 45). The recent finding approach (Figures 4A and 5). Thus, fluorescence anisotropy
that it binds to the undamaged strai@®)(supports its role  can provide a reliable solution-based methodology for
in facilitating damage recognition. RPA alone or together monitoring protein binding to DNA if performed at multiple
with XPA and/or other factors may sense single-stranded concentrations of the binding components and properly
propensity resulting from lesion-induced helical distortion. corrected by fluorescence intensity changes.

Furthermore, Wold and co-workerkd) recent findings with Stop-Flow XPA Binding Measuremenio further un-
DNA containing a (6-4) lesion suggest that RPA probably e gtand the mechanism of XPA and RPA interaction with
binds to both damaged anq undamaged strands during NER s and ds DNAs in real time and to compare the binding
although fluorescence anisotropy reported the presence of.q\iants derived from equilibrium data, the fast kinetics of

cisplatin modification weakens binding of RPA to ss DNA these interactions were investi o '
. D gated for the first time using
(17). Thus, the effects of DNA lesions on RPA binding stopped-flow methods.

remain unresolved. ] )
Anisotropy MeasurementSiteadv-state fluorescence an- Decrease in DNA fluorescence upon complex formation
isotr(; ispg owerL:‘uI method fo?/ the stug of molecular ' &> measured by rapidly mixing xXPA and fluorescently
Py P y labeled ds or ss oligonucleotide from two separate syringes

interactions, provided the data is corrected for intensity . ;
. . . 2 in buffer D. Representative stopped-flow traces for three
changes and acquired at multiple substrate concentrations

(46). Small molecules rotate quickly during the excited state, Increasing xXPA concent'rat|ons (25, 50, and 100 n_M) .and
and upon emission, have low anisotropy values. Large consta_mt QSSO concentration (1.0 nv) are presented n Figure
molecules, or molecules that become larger as aconsequench' Kinetic traces for SEven Increasing concentratl_ons of
of binding a second molecule, rotate little during the excited XXPA (10 to 200 nM) were fit to the single exponential eq
state, and therefore have high anisotropy values. Thus, the4 and the .observed Tate con_stqnts were plotted Vs XXPA
change in anisotropy value is the direct indication of c_oncentra}tlon FO _obtaln aS.SOC'a“m (slope_of the_llnear
molecular interactions. Binding of the protein to an oligo- fit) and d|ssq(:|at|orkoﬁ (y-mtgrcept_ of the linear fit) rate
nucleotide causes an increase in the rotational correlationconstants (Flgu_re _GB)' Th_e linear increase of _the _ob_served
time and, consequently in the anisotropy value due to the rate constant with increasing xXXPA concentration indicates
increased size of the oligonucleotide-protein complex as that complex formation can be described by an apparent
compared to the free oligonucleotidé7|. The increase in ~ Pimolecular reaction. The formation of xXPADNA com-
anisotropy can also be due to reduced angular motion of theP!€X occurs at a relatively fast rate wikg, = 9.03 x 10°
fluorescent probe’s close contact with an interacting protein. M~ s, and the. dissociation of the re§ult|ng cqmplex is
The complexity of interactions in our system together with @S0 rather fast witho = 26.1 s*. The ratioksi/kon yielded
significant change in fluorescence intensity prohibits defini- Ka = 28.9 nM. Thus, ouKy determined from equilibrium
tive resolution of the contributions from various forces Studies Kq=24.4 nM) s in excellent agreement with stop-
toward binding. Therefore, our anisotropy data analysis was flow kinetic derivedKq (Table 2). This consistency in the
for qualitative comparisons of protein(s) binding to DNA Ka values by two independent methods demonstrates the

rather than for quantitative determination of dissociation Mmeasured on and off rates are an adequate description of
constants. the xXPA-ds50 interaction process.

Table 1 shows the anisotropy change of ds and ss Interestingly, on and off rates for XPADNA interactions
oligonucleotides upon binding to xXPA and RPA. As Using His-Tag-XPA and a lesion-free ds 70-mer determined
expected, anisotropy of ss504s2 times lower than ds50, DY SPR kon = 5.0 x 10 M7t s7%, kot = 2.62 x 1073 s7Y)
and it increases after titration with proteins. The greatest (16) were significantly different from those reported here,
increment in anisotropy value is observed upon ss50-RPA although thekq value was just 2 times higher (57.8 vs 28.9
complex formation (Table 1). Considering the polarity of nM, respectively). All XPA binding measurements by SPR
RPA binding to ss DNA39) and the presence of fluorescein required increased ligand concentrations and densely de-
label on the 5end of the oligonucleotide, this result can be rivatized DNA surfaces (2000 RU) to detecty XPA—DNA
explained by both a decrease in global tumbling of the binding. Thus, the discrepancy in measured kinetic param-
complex and restriction of fluorescein’s local motion upon eters between SPR and our solution-based equilibrium and
its direct interaction with RPA. The smallest anisotropy stop-flow studies might be explained by multiple factors,
change was observed for RPA binding to ds30(Q.015 including the sensitivity to different binding buffers (Figure
units) and xXPA binding to ss50\(0.042 units), which is ~ 4A,B), biotinylated DNA probes, or the addition of 22
consistent with smaller intensity changes (6 and 15% N-terminal amino acids containing a His-Tag to XPA protein.



140 Biochemistry, Vol. 41, No. 1, 2002 lakoucheva et al.

A 045 120

0.40

-

(=]

o
1

0.354%

@

=3
R

L]

0.30}

0.254

fluorescence, a.u.
observed rate, s
[=23
[=3
)
)

S
o

0.204X

N
(=]
L ‘

y = 2.41E+08x + 3.81E+01

o0l 1 R’= 9.74E-01
0.1 03 0.5 0.7 0.9 1.1 1.3

time, s 0 05 10 15 20 25 30
[XXPA], M x 107

FiIGure 7: Stop-flow kinetics measurements for XPA binding ds50
oligonucleotide with a 4-bp mismatch. The observed rate constants
were plotted vs [xXPA] and the resulting linear fit yield&g, of
2.41+ 0.063x 10® M1 st andky of 38.1+ 0.99 s1. The ratio
Kofi/Kon providedKy of 158 + 4.1 nM. ds50 concentration was 10
nM.

The dissociation rate constant for xXPA and ds50 was
determined here using two approaches: gsirgercept of
the linear fit of the observed rate (Figure 6B) and experi-
y = 9.03E+08x + 2.61E+01 mentally, using a heparin trap solution (Figure 6C). Pre-
i R = 9'955'01, i formed xXPA—DNA complexes in buffer D at various xXPA
0 0.5 10 1.5 20 concentrations and 10 nM ds50 were disrupted by rapid
[XXPA], M x 107 mixing with a heparin trap solution from a separate syringe.
The increasing fluorescence of ds50 demonstrates that the
[xXPA] complexes dissociate under these conditions and also shows
o 100nM there_ls no 5|gn|f|c_ant aggregation o_f xXPA and/or DNA in
e 200nM the binding experiments. The kinetic traces were fit to the
| 400nM single exponential eq 5 and yielded dissociation rate constants
A kot of 13.0, 12.6, and 12.47§ at 100, 200, and 400 nM
xXPA, respectively (Figure 6C). Thus, heparin addition to
XPA—DNA complexes yielded a single exponential off-rate,
and the fluorescence intensity of the DNA returned to its
2 Koff (100nM) = 13.0 £ 0.097 s original value, while heparin added to control DNA did not
Koff (200nM) = 12.6 £ 0.091 s cause an intensity change. These observations are consistent
Koff (400nM) = 12.38 + 0.084 s with a competition effect. Heparin was reported to disrupt
. \ . other proteir-DNA binding interactions, e.g., re#8—51
0 05 1o 15 20 The relatively close agreement between khedetermined
time, s experimentally (12.7 ¢ average) using heparin trap solution
Ficure 6: Stop-flow kinetic binding measurements of xXPA to  andk. calculated from the-intercept of the observed rate
ds50 oligonucleotide. (A) Representative kinetic data shows the ¢ (26.1 s™) again provide an independent consistency for
3?5%%&62&638’daencéi%%en',r\'ﬂ ?&53 Af.ll#c;]rg iti:re]aerlﬂccetgéeeri?;xr:ng/elgggﬂ our expe_riments. Furthermore, identical resul_ts were obtained
of 11 measurements. The solid line is the best single-exponentialON two different spectrofluorometers, an Aviv ATF105 and
fit to the data. (B) The observed rate constants from panel A were a Molecular Kinetics SFM-4/Q, averaged over 10 experi-
plotted vs [xXPA] and the resulting linear fit yieldégh = 9.03+ ments each.
0.045x 10° M~ s* (slope) ko (intercept) of 26.1+ 0.13 s™. A recent DNA damage-recognition model proposed that

The ratiokys/kon providedKy of 28.9+ 0.14 nM. (C) Heparin-trap .
experiment to measure off-rate at varying xXPA concentrations. loss of hydrogen bonding contacts between bases on

Preformed xXPA-DNA complexes in buffer D at the indicated ~COomplementary DNA strands is an essential signal to recruit
[xXPA] and 10 nM ds50 were disrupted by rapid mixing with a NER proteins 18). To test this hypothesis, we applied stop-
heparin trap solution. Increasing fluorescence demonstrates xXPAflow kinetics measurements for xXPA binding to fluores-
was not aggregating angy values of 13.Gt 0.097, 12.6+ 0.091, s ; ; ;
and 12,38k 0.084 s at 100, 200, and 400 "M xXPA, respectively, Nt labeled ds50 containing mispaired bases located in
were derived from the kinetic traces. t_he central region of the ohgonucleqhde (F|gu_re 7). The_lmear
fit of the data shows that xXPA binds to this DNA with a
4-fold slowerky, than to the homoduplex substrate (241
No time-dependent fluorescence changes were observed (® vs 9.03x 10° M~1 s71) and dissociates faster withkg;
when ss50 was mixed with xXPA in binding buffer D, = 38.1 s (vs 26.1 s%). The ratioke/kon Yielded a 5-fold
consistent with equilibrium data exhibiting minimal intensity higher Ky (158 & 4.1 nM), thereby demonstrating weaker
changes when xXPA interacts with ss50 (Figure 4A). Similar binding of xXPA to mismatched DNA. Comparison of
results were observed when buffers E or F were used. xXPA's Kq values for homoduplex ds50 and mispaired ds50
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Ficure 8: Stop-flow kinetics measurements for RPA binding ss50 DXPA:RPA] 1:1, M x 10
oligonucleotide. The linear fit of the observed rate constants yielded FIGURE 9: Stop-flow kinetics measurements for xXPRPA
Kon Of 0.598+ 0.003 x 10 M~1 st andk of 5.74+ 0.03 s'1. complex binding to ds564M oligonucleotide with 4-bp mismatch.
The ratiokes/kon providedKy of 96.0 4+ 0.48 nM. The observed rate constants were plotted vs [xXPA-RPA], and the
resulting linear fit yielded,, of 0.193+ 0.008x 1B M~1s 1and
the ko of 47.36+ 1.89 s, The ratiokys/kon providedKy of 245.4

(28.9 vs 158 nM) shows that the differencekg values is + 9.8 nM. ds56-4M concentration was 10 nM. Inset shows three
mainly determined by the difference kg, but notko rates g?plris;rétggblreel%rg[g traces of this binding. Each trace is an average
for these two substrates (Table 2). Our times higheKy '
for ds50-4M vs ds50 was opposite to th& trend reported The equilibriumKgy value obtained from our fluorimetric
by an anisotropy study that used a 36-mer containing six titrations is, however, lower thaty derived from the kinetic
mismatches, i.e., 38& 45 nM for the mismatch substrate rate constants (Table 2). The differencekinvalues from
vs 1150+ 84 for the complementary DNALY). these two methods suggests the presence of an additional
EMSA experiments under conditions of limited protein step in the binding. This step may be very fast (beyond
with a 19-mer containing three mispaired bases immediately fluorometer's resolution) or very slow, and it was not
adjacent to a nondistorting pivaloyl moiety on the' ©fla observed by our stopped-flow kinetic measurements. Con-
deoxyribose residue showed preferential XPA binding as sidering the fact that RPA binds DNA with low cooperativity,
compared to homoduplex oligonucleotide, and no binding the possibility exists that one of the approaches was unable
to ss DNA (8). Our results are not directly comparable with  to detect the cooperativity factor, which might significantly
this study due to the substrate differences, i.e., length, lesioncontribute toKg.
type, and distance from mispaired bases. A potential model Stop-Flow XPA+ RPA Binding Measurementd\e
to explain our data is that too much helical distortion, such showed that xXPA binds ds50 containing 4 bp mismatch
as 4 bp, begins to resemble the post-damage recognition stepvith ~6-fold lower affinity than completely complementary
in NER, where strong XPA binding is no longer required. ds50. Because XPA is known to form a tight stoichiometric
Once a sulfficiently large single-stranded region forms as a complex with RPA §2), we decided to determine the binding
consequence of recruiting other repair proteins, XPA binds constant of this protein complex to the ds50 mispaired
DNA less tightly and dissociates. Future spectrofluorometric substrate by stop-flow kinetic analysis. xXPA and RPA were
experiments with a series of well-defined substrates contain-mixed at equimolar amounts and reacted with ds%g
ing mismatches of varying lengths at various locations (Figure 9). The on-rate of the complex was somewhat similar
relative to the lesion may resolve this issue. to RPA and ss50 on-rate, and the off-rate was comparable
Stop-Flow RPA Binding Measuremerisgjuilibrium bind- to xXPA and ds56-4M interaction (Table 2). Th&q for
ing demonstrated the expected high affinity of RPA to ss50 the complex was-1.5-fold weaker than for xXPA alone and
oligonucleotide. To determine the kinetic parameters of this the same substrate (245.4 vs. 158 nM). Our data suggests
interaction using fluorescence spectroscopy, the binding of that both xXXPA and xXPA-RPA complex have poor affinity
RPA to DNA was studied by stop-flow methods. The to mispaired DNA, whereas individual proteins exhibit tight
conditions were the same as for the equilibrium measure- binding with nanomolaKg to their corresponding substrates
ments. Seven increasing concentrations of RPA—-&EID (xXPA to ds DNA and RPA to ss DNA). Assuming RPA
nM) and constant ss50 concentration (10 nM) produced binds ss50 analogously to the ds50M heteroduplex, the
kinetic traces that were fit to a single exponential (eq 4) to increasedKy for the xXPA—RPA complex implies the
obtain observed rates (Figure 8). Linear fit of the observed binding energies for xXPA or RPA alone are not additive.
rates yielded very slow,, = 0.598 x 10® M1 st andkg If they were, theKq values would be femtomolar, i.e., xXXPA
= 5.74 s that are indicators of kinetically stable binary and RPA together do not bind DNA with the same binding
complex. These rates translate itg= 96 nM. Although constants as they do separately. Thus, the incre&ged

thek,, determined by SPRLE) is comparable to ougn (1.21 implies conformational changes or different sites of contact
x 107 vs. 598 x 10" M1 s71), there are 4 orders of  with DNA.
magnitude difference between tlg: values, resulting in It is difficult to reconcile the rapid removal of lesions by

very differentKy values. One possible explanation for this NER with the binding data for a putative damage sensor
discrepancy is that the immobilized DNA substrates in SPR consisting of XPA and RPA. Together RPA and XPA exhibit
may affect thekq. a lower affinity for mismatch DNA, and therefore this
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complex is not a strong sensor for heteroduplexes. Our ds 16. Wang, M., Mahrenholz, A., and Lee, S. H. (208&)chemistry

DNA substrate containing a 4-bp mismatch was bound 5
times weaker by xXPA, consistent with the observation that

XPA prefers ds DNA. Perhaps this substrate resembles a

postrecognition, unwound structure in NER in which XPA
is no longer required. Future experiments with similar

39, 6433-9.
17. Hey, T., Lipps, G., and Krauss, G. (20@ipchemistry 40
901-10.
18. Buschta-Hedayat, N., Buterin, T., Hess, M. T., Missura, M.,
and Naegeli, H. (199%roc. Natl. Acad. Sci. U.S.A. 96090
5.

substrates are necessary to determine if the mismatch region19. Lao, Y., Gomes, X. V., Ren, Y., Taylor, J. S., and Wold, M.

represents a competitor for the fluorescein, and if it represents

a primary target for binding by XPA, RPA, or XPARPA

complex. We have already demonstrated that single-molecule

fluoresecence methods can be applied to XXEANA
interactions with ds505Q), so it is feasible to study binding
events within single-molecule complexes in more detail.
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NOTE ADDED IN PROOF

After submission of our manuscript, Patrick & Turchi
(2001, J. Biol. Chem. 276 22690) reported stop-flow
measurements of RPA protein with DNA 1,2d(GpG)
cisplatin. These results are consistent with a role for RPA
in DNA damage recognition.
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