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ABSTRACT

We used scanning confocal ¯uorescence micro-
scopy to observe and analyze individual DNA±
protein complexes formed between human nucle-
otide excision repair (NER) proteins and model DNA
substrates. For this purpose human XPA protein
was fused to EGFP, puri®ed and shown to be func-
tional. Binding of EGFP-labeled XPA protein to a
Cy3.5-labeled DNA substrate, in the presence and
absence of RPA, was assessed quantitatively by
simultaneous excitation and emission detection of
both ¯uorophores. Co-localization of Cy3.5 and
EGFP signals within one diffraction limited spot
indicated complexes of XPA with DNA. Measure-
ments were performed on samples in a 1% agarose
matrix in conditions that are compatible with protein
activity and where reactions can be studied under
equilibrium conditions. In these samples DNA alone
was freely diffusing and protein-bound DNA was
immobile, whereby they could be discriminated
resulting in quantitative data on DNA binding. On
the single molecule level ~10% of XPA co-localized
with DNA; this increased to 32% in the presence of
RPA. These results, especially the enhanced bind-
ing of XPA in the presence of RPA, are similar to
those obtained in bulk experiments, validating the
utility of scanning confocal ¯uorescence micro-
scopy for investigating functional interactions at the
single molecule level.

INTRODUCTION

Techniques for observing and manipulating single molecules
(1±6) offer new perspectives to study biological mechanisms.
Observation and analysis of protein±DNA interactions at the

single molecule level can provide information on macro-
molecular interactions that cannot be obtained from standard
bulk in vitro assays. For instance, the behavior of individual
molecules can be followed, the stochastic properties of
interactions recorded and subpopulations of complexes can
be identi®ed whereby their distribution provides information
on mechanistic possibilities. For complex reactions involving
many components, active species may be rare but can still be
identi®ed and analyzed by single molecule methods. We have
developed a scanning confocal ¯uorescence microscopy (7)
method that can detect single ¯uorophores and allows the
study of single molecule interactions between proteins and
DNA under physiological conditions.

Scanning confocal ¯uorescence microscopy is particularly
attractive since high detection sensitivity and suf®cient
reduction of background signal allow the observation of
individual ¯uorescent molecules. Our home-built scanning
confocal ¯uorescence microscope offers the possibility to
simultaneously excite different ¯uorophores at their speci®c
excitation wavelengths. In addition, with a single scan
multiple ¯uorescence emission wavelengths from speci®c
molecules can be detected at the same time. With this
procedure the molecules of interest are not in¯uenced by
physical interaction with a scanning probe. In contrast, other
single molecule techniques, like AFM (8±10) or NSOM
(11,12), require a probe in very close proximity to the sample,
which may result in undesirable interactions. Another advan-
tage of single molecule studies using scanning confocal
microscopy is that samples can be prepared in such a way that
equilibrium reaction conditions are maintained during scan-
ning. The application of gel matrices to immobilize molecules
during imaging has proven to be a useful tool (13±16). The
properties of the gel are selected in such a way that our
relevant, small DNA molecules freely diffuse through the gel;
protein molecules, however, are immobile (13±16). DNA
becomes immobilized upon interaction with protein. The
con®nement of protein molecules in the pores of a gel has
several advantages over immobilization on a surface. Using
water-based agarose gels (13,14) the functionality of
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molecules is preserved, in¯uence from interactions with a
surface is avoided and it provides a convenient way to control
sample concentration. Together the features mentioned make
scanning confocal ¯uorescence microscopy especially useful
to study intricate DNA±protein interactions at the single
molecule level.

Here we have investigated protein±DNA complexes
involved in nucleotide excision repair (NER). NER is one of
the most important mammalian DNA repair processes
responsible for removing a wide variety of helix-distorting
lesions from genomic DNA (17±20). Genetic studies have
identi®ed the gene products required for NER in humans.
Biochemical analysis has produced a general outline of the
mechanism, which includes recognition of DNA lesions,
unwinding of the DNA double helix around the damage,
interaction of several factors bound to DNA that verify the
damage and, ®nally, excision of a 24±29 nt piece of DNA
including the damaged bases (19). This process involves the
ordered assembly of several proteins at a speci®c DNA site
and undoubtedly requires complex intermediate structures.
The exact composition and lifetime of the various intermedi-
ate structures, and thus the precise reaction mechanism, is not
known. This is in part due to a lack of methods to identify
distinct intermediate structures (DNA±protein complexes) in a
mixture of different species, quantify their prevalence and
determine their lifetime.

In order to develop methods to address some of the
questions raised above we initiated single molecule studies of
the interactions of NER proteins with a model DNA substrate
(21). To see whether scanning confocal ¯uorescence micro-
scopy of single molecules embedded in gel matrices provides
valid information on the dynamics of protein±DNA complex
assembly we used a relatively simple DNA±(NER)protein
complex which has already been characterized in bulk
biochemical experiments. We ®rst analyzed the interaction
of human XPA protein with a 90 bp double-stranded DNA
molecule that has a central 30 nt unpaired region, subsequently
referred to as `bubble DNA'. XPA plays a crucial role in NER
and binds to bubble DNA (22,23). In addition, RPA is known
to enhance the binding of XPA to DNA (22±29). This
protein±DNA complex is suggested to be important for
damage veri®cation and proper orientation of excision activ-
ities (30). To visualize individual components with scanning
confocal ¯uorescence microscopy, both DNA and XPA were
¯uorescently labeled. One DNA strand was 5¢-labeled with a
single Cy3.5 molecule. EGFP was fused in-frame to XPA,
which was then overproduced in Escherichia coli and puri®ed
to near homogeneity. The measured af®nity of XPA for this
DNA substrate and the in¯uence of RPA on this af®nity, as
determined here using single molecule scanning confocal
¯uorescence microscopy, are in good agreement with results
obtained from bulk biochemical methods. Moreover, we show
that the applied procedure of DNA immobilization by protein
binding in a gel is very well suited for single molecule
protein±DNA binding studies in general. Our results demon-
strate that single molecule spectroscopic imaging is a
promising new technique that will allow us to identify and
study the dynamic interactions of intermediates in NER. This
method also has the potential to provide new insights into the
mechanism of other complex DNA transactions.

MATERIALS AND METHODS

Production and puri®cation of His9HA±EGFP-tagged
XPA

EGFP-tagged XPA was generated by fusing the cDNA coding
for enhanced green ¯uorescent protein (EGFP) to XPA cDNA.
The entire XPA gene, except the ®rst three amino acids, was
cloned in-frame into the EGFP-C1 vector (U55763; Clontech).
In addition, an extra sequence encoding for both a nine
histidine (His9) stretch and a HA epitope were added to the
N-terminal coding part of EGFP. With that aim, a double-
stranded oligonucleotide was inserted 5¢ of EGFP (coding
strand, 5¢-CT AGC AAC ATG GGC CAC CAC CAT CAC
CAT CAT CAC CAC CAC GGC TAC CCA TAC GAT
GTT CCA GAT TAC GCA AGC GC-3¢). The resulting
fusion gene, consisting of a nine histidine stretch (underlined),
HA tag (bold) and EGFP±XPA, was excised from the C1
vector and ligated in the pET28 vector (Novagen) for bacterial
expression, resulting in the His9HA±EGFP±XPA±pet28 (here-
after EGFP±XPA) construct.

This recombinant plasmid was transformed into the E.coli
host BL21(DE3)LysS. Prior to protein overexpression, cells
were grown in 1 l of phosphate-buffered LB (1.5 g/l NaCl,
10 g/l tryptone, 5 g/l yeast extract, 7 g/l Na2HPO4´2H2O and
0.5 g/l KH2PO4) to an OD600 of 0.6, collected by centrifuga-
tion and resuspended in fresh medium including 0.4% glucose.
Protein expression was induced with 2 mM IPTG for 3 h at
28°C. Cells were collected by centrifugation, washed with
phosphate-buffered saline (PBS) and frozen in 20 ml of PBS,
10% glycerol. To isolate the recombinant protein, cells were
thawed and resuspended in 7.5 ml of PBS, containing 0.01%
NP-40, 2 mM Pefabloc, and subsequently lysed by sonication.
The whole cell extract was cleared from insoluble particles by
centrifugation for 45 min at 19 000 r.p.m. at 4°C. Next, 40 ml
of the supernatant was loaded on a 20 ml heparin±Sepharose
column, prewashed and equilibrated with buffer A (PBS,
0.01% NP-40, 1 mM b-mercaptoethanol, 10% glycerol).
Unbound proteins were washed off using buffer A. The bound
proteins were eluted with a 10 column vol linear gradient of
buffer A to buffer B (buffer A + 1 M NaCl). Fractions of 4 ml
were collected and tested for the presence of EGFP±XPA by
western blot analysis. EGFP±XPA eluted at ~400 mM NaCl.
Fractions containing the EGFP±XPA fusion protein were
pooled and loaded on a 3 ml phosphocellulose column
(Whatmann). Unbound proteins were removed by washing
with 10 column vol of PBS supplemented with 0.65 M NaCl;
subsequently proteins were eluted with 1.2 M NaCl. Peak
fractions were pooled, 5 mM imidazole and Pefabloc (Merck)
were added and the fractions subsequently bound to 1 ml of
Ni±NTA agarose beads (Qiagen) (pre-washed with PBS, 5
mM imidazole). The column was washed with 5 column vol of
buffer C (25 mM HEPES, 0.01% NP-40, 10% glycerol,
Pefabloc, 1 mM b-mercaptoethanol, 0.1 M KCl) containing,
respectively, 5, 20 and 60 mM imidazole and eluted with
buffer C containing 200 mM imidazole. Protein fractions at
each stage during production and puri®cation were analyzed
by standard SDS±PAGE (11%), Coommassie brilliant blue
staining and immunoblotting using rabbit anti-XPA IgG
(Santa Cruz) or mouse monoclonal anti-HA (12CA5)
and secondary goat anti-rabbit antibody (BIOSOURCE)
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conjugated to alkaline phosphatase. The recombinant human
RPA complex utilized in our studies, puri®ed from E.coli
cells, was kindly provided by M. Modesti and A. Janicijevic
(Genetics, Rotterdam, The Netherlands) (31,32).

Microinjection and DNA repair synthesis

The activity of the puri®ed EGFP±XPA protein was assayed
by microinjecting fractions into XPA-de®cient human ®bro-
blasts (XP25RO) and subsequently testing the DNA repair
capacity, as described previously (33). After injection the cells
were incubated for 15 min at 37°C in standard medium to
recover from the injections. Fluorescent (EGFP) images
were obtained with an Olympus IX70 microscope, PlanApo
603/1.40 oil immersion lens (excitation at 455±490 nm and
emission detection with a 510 nm long pass ®lter).

After microinjection and ¯uorescent image recording, DNA
repair capacity was determined by measuring unscheduled
DNA synthesis (UDS) (33). Human ®broblasts were UV-
irradiated (16 J/m2, 254 nm), labeled for 2 h using
[3H]thymidine (20 mCi/ml) and ®xed for autoradiography.
Autoradiographic grains above the nuclei of injected poly-
karyons were counted and compared with the number of grains
above nuclei of wild-type ®broblasts (C5RO) assayed in
parallel.

DNA substrate

DNA substrates that model NER intermediates were prepared
from a pair of 90 nt oligomers, one of which had a 5¢ Cy3.5
label (Biozym, Landgraaf, The Netherlands). The sequence of
the oligomers was the same as described in Matsunaga et al.
(21). Upon annealing equimolar amounts of 90mers in 25 mM
HEPES pH 7.5, 100 mM NaCl, 10 mM MgCl2, at a ®nal
concentration of 10±6 M, double-stranded DNA with a central
30 bp unpaired region, bubble DNA substrate, was produced.
Formation of bubble DNA was checked by electrophoresis in
an 8% non-denaturing polyacrylamide gel and ~91% was
determined to be in the bubble con®guration. The bubble DNA
was used without further puri®cation.

Binding reactions

EGFP±XPA/DNA complexes were prepared by combining
DNA bubble substrate and EGFP±XPA at a molar ratio of 20:1.
During incubation the EGFP±XPA concentration was ~3 3
10±9 M and DNA concentration was 6 3 10±8 M in a 5.3 ml
volume of 25 mM HEPES, 40 mM KCl, 60 mM NaCl, 7 mM
MgCl2, 0.4 mM DTT, 0.02% NP-40, 2.6% glycerol, pH 7.5.
For preparation of XPA/RPA/DNA complexes DNA,
EGFP±XPA and RPA were combined as above in a molar
ratio of 20:1:1. Binding reactions were incubated for 30 min at
room temperature.

Sample preparation for confocal ¯uorescence
microscopy

For single molecule confocal measurements, proteins and
reactions containing complexes of protein and DNA were
diluted to concentrations of ~5 3 10±10 M with respect to
EGFP±XPA at 30°C in molten low melt agarose, 1% (w/v) in
25 mM HEPES, 40 mM KCl, 60 mM NaCl, 7 mM MgCl2,
pH 7.5. The agarose mixture was sandwiched between two
quartz coverslips, diameter 25 mm. Adsorption of bubble
DNA only was achieved by applying 10 ml of a 10±9 M

solution of Cy3.5-labeled DNA in buffer between two 25 mm
diameter quartz coverslips.

Scanning confocal microscopy

We have constructed a scanning confocal microscope for
single molecule studies in which excitation light is provided
by a mixed gas Ar±Kr laser (Innova 70; Coherent). The
excitation light is focused onto the sample by a water
immersion objective (C-Apochromat 633, 1.20 NA; Zeiss).
The re¯ected light is collected by the same objective and
directed onto two avalanche photodiodes (APDs) by a dichroic
beamsplitter. The spectrally separated emissions are focused
onto 25 mm pinholes, which are present in front of both APDs.
Emission ®lters are used for selection of the proper emission
wavelengths. Re¯ected excitation wavelengths are suppressed
by notch ®lters. The sample is scanned in two directions by a
computer controlled piezoelectric scanning system, composed
of an electronic position controller (E-500; Physik
Instrumente, Waldbronn, Germany) and a scanning stage
(P-740.20, 50 3 50 mm; Physik Instrumente).

LabVIEW software (National Instruments, Austin, TX) is
used to program and perform image acquisition. For spectral
separation of Cy3.5 and EGFP ¯uorescence a 565DCXR
dichroic beamsplitter is used. The emission ®lter for EGFP is
an HQ525/50m ®lter and for Cy3.5 it is a D605/55m ®lter. All
®lters and dichroic beamsplitters were purchased from
Chroma Technology Corp. (Brattleboro, VT).

In addition to imaging by scanning, the set-up also offers
the possibility to exactly position the scanner so that a single
molecule is in focus for a de®ned time. In this way, a time
trace of the ¯uorescence behavior of a single molecule can be
recorded with a time resolution of 10 ms.

RESULTS

In order to obtain a ¯uorescent NER protein we fused EGFP to
XPA at the DNA level. Both a nine times histidine repeat and
HA epitope tag were added to the N-terminus of EGFP to aid
in protein puri®cation and immunological detection. The
cDNA coding for recombinant His9HA±EGFP±XPA under
control of the CMV enhancer/promoter was microinjected into
XPA-de®cient cells to test for biological activity. This hybrid
cDNA was able to fully complement the severe NER defect of
XP group A cells (data not shown), indicating that the EGFP
tag does not interfere with XPA function. For bacterial
expression, the hybrid cDNA was excised and inserted in an
IPTG-inducible expression cassette (pET28).

EGFP±XPA was puri®ed from E.coli strain BL21(DE3)-
LysS, harboring the pET28-EGFP-XPA plasmid. As shown in
Figure 1, a protein migrating at the expected position for the
tagged XPA in SDS±PAGE was visible (arrow, lanes D and
E). Because of the known aberrant mobility of XPA in
SDS±PAGE the His9HA±EGFP±XPA fusion protein appears
as a protein with higher molecular weight than the calculated
62.5 kDa. Immunoblot analyis, using XPA-speci®c antibodies,
con®rmed that indeed the desired fusion product was induced
(data not shown). For each of the subsequent steps of
puri®cation, respectively, heparin±Sepharose, phosphocellu-
lose and Ni±NTA agarose, purity and yield of the fusion
protein were monitored by gel staining (Fig. 1) and
immunoblotting. The elution fractions of the last puri®cation
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step contained predominantly intact EGFP±XPA polypeptide
with some proteolytic degradation products.

The isolated recombinant polypeptide (>95% purity) was
tested for its biological activity. With that aim the protein was
introduced, via microneedle injection, into XPA-de®cient
cells. NER activity of the injected cells was measured by
determining DNA repair synthesis after UV-irradiation
(UDS). Within 15 min after microinjection, a bright ¯uores-
cent signal was observed in the nuclei of the majority of
injected cells. After ¯uorescence image recording, cells were
assayed for their repair activity. The cells with green
¯uorescent nuclei were also corrected (up to wild-type levels)
for the severe UDS defect present in XP-A cells. The number
of autoradiographic grains above the injected cell nuclei was
signi®cantly higher than above the non-injected neighboring
cells (data not shown) and comparable to results from
microinjection with non-tagged XPA (34). Both nuclear
targeting and the complete restoration of UDS indicate that
the His9HA±EGFP tag does not interfere with the proper
function of XPA and that the puri®ed protein is biologically
active. In conclusion, both the purity and the biological
activity indicate that this protein is a bona ®de NER reagent to
be applied in single molecule studies.

Imaging single EGFP±XPA proteins

To image single ¯uorescent molecules by scanning confocal
¯uorescence microscopy it is necessary to immobilize these
molecules during the scanning interval. For this purpose we
used an agarose gel matrix, which offers the advantage of
working in buffer and the ability to control the concentration
of molecules in the sample. Figure 2B is a scanning confocal
image of EGFP±XPA molecules immobilized in a 1% agarose
gel; emission was detected between 500 and 550 nm. The

bright spots in this image represent the emission pro®les from
immobilized EGFP±XPA molecules that can easily be distin-
guished from background signal. The observed one-step
bleaching and blinking (characteristic for GFP) behavior
(35±37), as detected by acquiring time traces (Fig. 2C),
strongly suggests that ¯uorescent spots are derived from single
molecule emission. This behavior, together with the expected
¯uorescence intensity level, con®rms that we were observing
individual EGFP±XPA molecules. Simultaneously with the
image in Figure 2B, an image was recorded from the EGFP
sample with the detection wavelength in the 577±632 nm
region, the detection window for Cy3.5 emission (Fig. 2A).
The low intensity of this image and the absence of localized
spots show that there is virtually no cross-talk from EGFP
emission into the Cy3.5 detection channel.

Imaging bubble DNA

In contrast to EGFP±XPA molecules, 90 bp bubble DNA
molecules are not immobilized in a 1% agarose matrix. The
images obtained after scanning of Cy3.5-labeled bubble DNA
molecules alone in a 1% agarose matrix (Fig. 3A) showed only
diffusing DNA molecules. For comparison, Figure 3B is a
confocal image of Cy3.5-labeled bubble DNA molecules

Figure 2. Confocal results of individual EGFP±XPA molecules immobilized
in a 1% agarose gel. (A) Confocal image recorded from EGFP emission
detected in the Cy3.5 detection channel, 577±632 nm region. (B) Confocal
image recorded from EGFP emission detected in the EGFP detection
channel, 500±550 nm region. Image size is 6.2 3 6.2 mm, 128 3 128 pix-
els, integration time is 0.5 ms/pixel. (C) Representative time traces of indi-
vidual EGFP±XPA molecules measured simultaneously in both detection
channels, integration time 10 ms. The left time traces were measured at the
lower left circled position, the right time traces at the upper right circled
position in (B). The ¯uorescence behavior in the Cy3.5 detection channel is
indicated in red, the ¯uorescence behavior in the EGFP detection channel is
in green. Excitation was 4 kW/cm2 at 488 nm.

Figure 1. Protein pro®le of EGFP±XPA puri®cation. Puri®cation of
EGFP±XPA was followed by loading samples of fractions from the puri®ca-
tion steps on SDS±PAGE gels and staining with Coomassie brilliant blue.
Lane A, standard prestained molecular weight markers (Gibco BRL, catalog
no. 26041-020); molecular size is indicated in kDa. Lane B, crude extract.
Lane C, fractions eluted from the heparin column and loaded onto the
phosphocellulose column. Lane D, fractions eluted from the phospho-
cellulose column and loaded onto the Ni±NTA column. Lane E, fraction
eluted from the Ni±NTA column with 200 mM imidazole. The arrow
indicates the fusion protein His, HA±EGFP±XPA, running at ~70 kDa. A
minority of the fusion protein is degraded, as shown by the asterisk, likely
free XPA (without the GFP tag), since it cross-reacts with anti-XPA in
western blotting (not shown).
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immobilized on quartz. Again, the time trace of a represen-
tative ¯uorescent spot (Fig. 3C) shows signal intensity and
sudden bleaching characteristic of a single Cy3.5 molecule.
Because we know from the image in Figure 2B that
EGFP±XPA is immobilized in 1% agarose, we presume that
after binding of EGFP±XPA protein to the DNA, the DNA
will also be immobilized.

Single molecule imaging of EGFP±XPA/bubble DNA
complexes

EGFP±XPA was incubated with Cy3.5±bubble DNA as
described, after which the mixture was diluted to a concen-
tration of ~5 3 10±10 M EGFP±XPA in 1% agarose and
prepared for scanning confocal ¯uorescence microscopy.
Images were recorded simultaneously for the Cy3.5 and the
EGFP ¯uorescent labels (Fig. 4A and B, respectively). The
apparent co-localization of Cy3.5 and EGFP signals within
the same diffraction limited spot indicates that a DNA
molecule is trapped by EGFP±XPA, suggesting the presence
of a complex between XPA and the bubble DNA. DNA
unbound by protein is still freely diffusing in the agarose
matrix. A control experiment in which we combined pure
EGFP with bubble DNA did not result in any immobilization
of DNA (data not shown). Complex formation was assessed
quantitatively by determining the percentage of EGFP±XPA
spots that co-localized with Cy3.5. From analysis of 361 pairs
of images containing in total 4340 EGFP±XPA molecules, we
observed that a 10.1% fraction of EGFP±XPA molecules co-
localized with Cy3.5±bubble DNA, indicating XPA±DNA
complexes. This fraction of EGFP±XPA/bubble DNA com-
plexes corresponds to an equilibrium dissociation constant Kd

of 89 nM, taking into account the actual concentrations in the
sample during measurement, 5 3 10±10 M for EGFP±XPA and
10±8 M for DNA. Recently, ¯uorescence anisotropy (22) has
been used to determine the equilibrium dissociation constant
for XPA binding to DNA. With that method, an equilibrium
dissociation constant of 380 nM was determined. However,
the applied experimental conditions were signi®cantly differ-
ent from ours. They used 36 bp DNA with a 6 nt bubble in
reaction buffer without KCl containing 2 mM MgCl2, where
we used 40 mM KCl together with 7 mM MgCl2.
Nevertheless, the binding constant for XPA±DNA interaction

that we determined here is well within the large range of Kd

values obtained by more established bulk methods, varying
from several nanomolar to even micromolar concentrations
(22,27±29).

RPA stabilizes the EGFP±XPA/bubble DNA complexes

Although we were able to detect binding of XPA to a bubble
DNA substrate, it does so with a relatively weak association
constant. Several studies employing standard biochemical
measurements have demonstrated that RPA enhances the
binding of XPA to various DNA substrates (22±26,28,29,38).
We tested the ability of our single molecule scanning confocal
¯uorescence microscope to detect this RPA-induced stabiliza-
tion of XPA±DNA complexes. EGFP±XPA, RPA and DNA
were combined in binding reactions as described in Materials
and Methods before immobilization in agarose and confocal
imaging. Images registering ¯uorescence simultaneously from
EGFP±XPA and Cy3.5±DNA were collected and the percent-
age of XPA±DNA complexes determined from the co-
localizing spots. As shown in two representative image pairs
in Figure 5, the number of complexes, indicated by the number
of co-localized spots, is higher with RPA than in the presence
of XPA alone (compare with Fig. 4). In Figure 6 representative
time traces of the ¯uorescence emission in two channels are

Figure 3. Confocal results of Cy3.5±bubble DNA molecules. Images are recorded from Cy3.5 emission detected in the Cy3.5 detection channel, 577±632 nm
region. (A) In 1% agarose. (B) Adsorbed to quartz. Image size is 6.2 3 6.2 mm, 128 3 128 pixels, integration time 0.5 ms/pixel. (C) Typical time trace of an
individual Cy3.5±bubble DNA molecule measured at the circled position in (B) with an integration time of 10 ms and emission detection from 577 to 632 nm.
Excitation was 4 kW/cm2 at 568 nm.

Figure 4. Confocal images from complexes of EGFP±XPA and
Cy3.5±bubble DNA (ratio 1:20) in a 1% agarose matrix with simultaneous
excitation and emission detection of the EGFP and Cy3.5 labels. (A) Cy3.5
emission, 577±632 nm; (B) EGFP emission, 500±550 nm. Image size is
6.2 3 6.2 mm, 128 3 128 pixels, integration time 0.5 ms/pixel, excitation
4 kW/cm2 at both 488 and 568 nm. The circled position indicates the
presence of a complex between EGFP±XPA and Cy3.5±bubble DNA.

4724 Nucleic Acids Research, 2002, Vol. 30 No. 21



shown in which co-localization of the EGFP and Cy3.5 signals
can be observed. From analysis of 351 pairs of images,
including 4352 EGFP±XPA molecules, we observed 31.8% of
the XPA to be bound to DNA in the presence of RPA. This
con®rms the previously reported enhancement by RPA of the
binding of XPA to different DNA substrates (22±26,28,29,38).
The corresponding Kd for binding of XPA in the presence of
RPA to bubble DNA is calculated to be 21 nM. There is,
however, no published data available from equilibrium
binding experiments to directly compare this number with.
In other studies different DNA substrates and salt conditions
were used, as well as af®nity tagged and untagged versions of
proteins (39,40).

We also observe immobilized bubble DNA molecules in
Figure 5A that do not co-localize with EGFP±XPA ¯uores-
cence. From the fact that these DNA molecules are not freely
diffusing we conclude that they are likely in complex with
RPA only. Analysis of the images reveals that on average
71.9% of the immobilized protein-bound DNA molecules are
immobilized by EGFP±XPA or by the combination of
EGFP±XPA and RPA. Consequently, 28.1% of the protein-
bound DNA fraction includes no ¯uorescent protein and is
likely RPA±DNA complexes. In the determination of this
fraction we should, however, consider that our EGFP±XPA
contains a small fraction of degradation products, free XPA
and EGFP (Fig. 1). The unlabeled XPA present might still be
able to bind to DNA and in this way contribute to the
immobilized DNA fraction without showing an accompanying
EGFP signal. Also, the ¯uorescence capacity of part of the
EGFP-labeled XPA molecules may have been lost. However,
in the absence of RPA, the EGFP±XPA binding experiments
with bubble DNA resulted in only a low number of
immobilized DNA molecules, non-co-localizing with EGFP
(Fig. 4). This means that the fraction of XPA present either as
unlabeled or non-¯uorescent protein does not make a signi®-
cant contribution in the binding experiments. Indeed, speci®c
binding of RPA to DNA bubble substrates has been reported
(21), with a 30 nt bubble being the minimum size for high
af®nity RPA binding (41). Our results show that DNA
immobilization can be used for the quantitative determination
of protein±DNA binding even when the protein is non-
¯uorescent, like the RPA protein used.

DISCUSSION

Here we show that we have established a single molecule
monitoring procedure using scanning confocal ¯uorescence
microscopy on agarose gel-based samples to visualize and
quantify biomolecular interactions under physiological and
equilibrium conditions. As a model system we used a well-
de®ned reaction intermediate from the NER pathway, i.e.
binding of the damage veri®ers XPA and RPA to a double-
stranded DNA duplex containing a 30 nt bubble. We used a 5¢
Cy3.5 ¯uorescently labeled DNA substrate and GFP-tagged

Figure 5. Scanning confocal images from complexes of EGFP±XPA, RPA
and Cy3.5±bubble DNA (ratio 1:1:20) in a 1% agarose matrix with
simultaneous excitation and emission detection of the EGFP and Cy3.5
labels. (A) Cy3.5 emission, 577±632 nm; (B) EGFP emission, 500±550 nm.
Image size is 6.2 3 6.2 mm, 128 3 128 pixels, integration time 0.5 ms/
pixel, excitation 4 kW/cm2 at both 488 and 568 nm. Circled positions
indicate co-localization of EGFP±XPA and Cy3.5±bubble DNA.

Figure 6. Representative time traces measured simultaneously in both detection channels at positions of co-localized EGFP and Cy3.5 signal with an
integration time of 10 ms. The ¯uorescence behavior in the Cy3.5 detection channel is indicated in red, the ¯uorescence behavior in the EGFP detection
channel is in green. Excitation was 4 kW/cm2 at both 488 and 568 nm.
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XPA, which was overproduced in E.coli, puri®ed to near
homogeneity and shown to be fully functional in in vivo NER.

The properties of the gel are such that protein-bound DNA
can be easily distinguished from unbound DNA.
Uncomplexed DNA bubble substrates diffuse freely within
the agarose matrix. Binding to proteins results in DNA
immobilization, which can be quanti®ed. After assembly of
protein±DNA complexes, co-localization of the GFP label
(attached to the XPA protein) with the Cy3.5 label on the DNA
is observed by simultaneously exciting both ¯uorophores and
detecting the emission in two spectrally separated channels.
Because the concentration of the components can be con-
trolled and their interaction quanti®ed, this method should be
widely applicable to the study of protein±DNA interactions at
the single molecule level in equilibrium conditions.

The observed low af®nity of XPA for bubble DNA, as
determined here on the single molecule level, is in agreement
with already reported binding af®nities from biochemical
methods (22,27±29). Also, the enhancement of XPA binding
by the RPA protein is in good correspondence with results
reported from ensemble measurements (22±26,28,29,38). So
far only one single molecule study has been published on NER
proteins. In this study autocorrelation methods were applied to
reveal conformational dynamics of individual XPA±DNA
complexes on two different time scales (42). A 55 bp double-
stranded DNA substrate was used with a 5¢-¯uorescein
considered as a lesion for DNA repair. The difference in
approach as well as the interest in other aspects of individual
NER complexes makes it dif®cult to compare with our results.
From biochemical methods it has been demonstrated that the
bubble DNA substrate used is a relevant model substrate for
some steps of the NER mechanism (21). The XPA±DNA
binding reaction studied here is obviously only a starting point
for single molecule analysis of the NER reaction. We expect to
obtain new information on the NER mechanism studying
authentic NER-speci®c damages and additional protein
components.

We can conclude from our results so far that complicated
biological processes, like NER, can be analyzed on a single
molecule level using confocal ¯uorescence microscopy and
GFP fusion proteins. In future experiments we plan to extend
our studies to describe the dynamics of interactions between
NER components and DNA. In addition, our home-built
microscope set-up is able to measure the dynamics and
properties of single macromolecular interactions, using ¯uor-
escence resonance energy transfer between proper spectral
variants of GFP (such as CFP and YFP) fused to different NER
proteins (14). The time resolution of data acquisition in our
set-up allows us to determine interaction dynamics on a time
scale of 10 ms. Our results so far and the planned expansion to
dynamic studies clearly indicate an exciting future role for
single molecule confocal ¯uorescence microscopy to provide
new insights into the molecular mechanisms of vital biological
reactions.
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