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In this chapter the purpose of the research described in this thesis will
be given. Background information will be provided with respect to
single molecule fluorescence in general, frequently used fluorophores
and single molecule detection methods. The Confocal Fluorescence
Microscope used in our single molecule fluorescence studies will be
described as well as the biological application, which is the
Nucleotide Excision Repair process. The chapter will end with an
outline of thisthesis.



1.1 Aim of this thesis

Until about 15 years ago, it only was possible to perform investigations on
ensembles of molecules in solution. Traditional biological, biochemical and
physical methods, like electrophoresis, chromatography, microscopy and
spectroscopy provided valuable information on many biological systems. With
these methods the average properties of a population of molecules are determined.
Usually individual molecules present in a sample behave in an unsynchronized
way. In an ensemble only a small fraction of the molecules may be active during
the time of observation and thus contribute only in some extent to the fina
outcome. To investigate in more detail the characteristic behavior of only the
active participants in a reaction it is required either to synchronize the reaction or
to study the individual components. The interest in the functioning of individual
molecules resulted in the development of several single molecule methods mainly
based on the detection of force and/or optical signals. At present the most widely
used optical and spectrocopica single molecule detection methods are: Near Field
Optical Microscopy (NSOM), Tota Internal Reflection Fluorescence Microscopy
(TIRFM) and Scanning Confocal Fluorescence Microscopy.

In this thesis the possibilities of Scanning Confocal Fluorescence Microscopy will
be shown for the study of the architecture and functioning of complex biological
structures. In particular it will be shown how Scanning Confocal Fluorescence
Microscopy can contribute to our knowledge of interactions between proteins and
DNA in the macromolecular assembly that is formed during Nucleotide Excision
Repair (NER). NER is a vitally important process, because it takes care of the
elimination of avariety of frequently occurring damages from genomic DNA.

In the following paragraphs we will discuss the basic principles of fluorescence,
and in particular aspects of single molecule fluorescence. In relation to their
single molecule application in this thesis, we will describe the fluorescence
properties of Green Fluorescent Proteins, of cyanine dyes and of Alexa dyes.
Immobilization methods and detection techniques for single molecule
fluorescence investigations will be considered. The Nucleotide Excision Repair
process, subject of our single molecule study, will be described, followed by a
description of the confocal fluorescence microscope used and an outline of the
thesis.



1.2 Single Molecule Fluorescence Detection

Fluorescence

Before switching to single molecule fluorescence we start with a general
description of the fluorescence process. In Figure 1.2.1 the fluorescence processis
represented schematically in an energy level diagram. When a molecule absorbs a
photon of light, it is excited from the ground state (Sy) to avibrational level of the
singlet excited state (S;). The absorption is very rapid and takes about 1
femtosecond (10 s). Following excitation, the molecule decays in about 10 s,
to the lowest vibrational level of the excited state through internal conversion
while losing energy as heat. The molecule stays at the lowest excited state level
during a relatively long time, usually 1-10 nanoseconds, which is called the
fluorescence lifetime (tr). When the molecule returns to the ground state (S) by
emitting a fluorescence photon, the energy of this photon will be lower than the
excitation energy. Hence the fluorescence wavelength will be longer than the
excitation wavelength.
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Fig.1.2.1. Energy level diagram representing schematically the excitation and emission
process. ISCis intersystem crossing fromsinglet to triplet state (1,2).

Because of the long duration of the excited state lifetime, there is a considerable
chance for loss of energy through a number of other processes than direct
emission of fluorescence. First, excitation energy may be lost by interna
conversion and dissipate as heat. Second, deexcitation also may occur because of
collison or complex formation with solute molecules capable of quenching.
Oxygen is known as a common quencher of an excited singlet state. Third,
intersystem crossing may occur, in which an excited singlet is converted into an
excited triplet state (T,). The triplet state lifetime can be extremely long, often
seconds or longer. During this time quenching or internal conversion occurs rather



than emission of a photon of light. All of these three processes compete with
fluorescence emission to depopulate the excited singlet state.

Fluorescence resonance energy transfer

A process that may occur between pairs of fluorescent molecules that are in close
proximity is fluorescence resonance energy transfer (FRET). FRET is transfer of
energy from an excited state (S;) donor molecule to a ground state (S,) acceptor
molecule, leading to excitation of the acceptor (S;). After loss of vibrational
energy, the acceptor molecule can return to the ground state by emitting a
fluorescence photon. Only if the emission spectrum of the donor molecule
sufficiently overlaps with the excitation spectrum of the acceptor molecule FRET
may happen. Energy is transferred without the appearance of a photon and is the
result of dipole-dipole interactions between the donor and acceptor.

The efficiency of FRET can be described as (2):

E= 1

m (L1)

where R is the distance between the fluorophores and R, is the characteristic
Forster distance for a given donor-acceptor pair. Ry is determined by the donor
gquantum yield in the absence of the acceptor, the relative orientation of the donor
and acceptor transition dipoles, the refractive index of the medium and the
spectral overlap between donor emission and acceptor excitation.

An important characteristic of FRET isthat it occurs over distances comparable to
the dimensions of biological macromolecules (~5 nm). Therefore FRET studies
are particularly useful in the study of dynamics within biological systems.

Single molecule fluorescence

Keeping in mind the above-mentioned processes associated with fluorescence, we
can explain differences in fluorescence behavior observed from single fluorescent
molecules. For illustration, examples of single molecule emission profiles, as
observed with our confocal fluorescence microscope, are shown in Figure 1.2.2.
The fluorescence was registered after positioning a single molecule in the focus of
the microscope. The intensity of the fluorescence emission varies in time and is
recorded in a so-called time trace. Next we will discuss the typical single
molecul e features that can be discerned.
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Fig. 1.2.2. Examples of single molecule fluorescence time traces as measured with
confocal fluorescence microscopy from different fluorophores. The time traces are
represented with a data bin time of 2 ms. For A, B, C and D see the text.

Bleaching

Because of the high probability for quenching, fluorescent molecules will only
emit a limited number of photons. Experimentally, the maximum amount of
photons emitted by a single molecule has been found to be usually less than 10°.
The time traces in Figure 1.2.2 all show periods of emission that stop suddenly.
The abrupt bleaching is a behavior that is indicative for the emission by a single
molecule. It is highly improbable that a time trace measured from a cluster of
molecules displays a similar single bleaching step. Because of unsynchronized
bleaching a gradual decrease in intensity is expected from a cluster. Figure
1.2.2.A and B indicate the difference in duration of emission as can be observed
from individual molecules. The time periods that fluorescence can be detected
from a single molecule are named on-times.

Blinking

In Figure 1.2.2.C two periods of emission, with different on-times, are shown
separated by a dark period. The off-time may be caused by a transition of the
molecule from a singlet excited state to a triplet excited state. As long as the
molecule stays in the triplet state, the molecule will not emit. A dark interval
occurs from which the molecule, represented in this particular time trace,
recovered by emitting photons again. Figure 1.2.2.D is a representation of single
molecule fluorescence that is accompanied by strong fluctuations in intensity.
This behavior may be attributed to fast conformational changes, as observed for
single Green Fluorescent Protein (GFP) molecules (3). Also an isomerization
process may be responsible for the fluctuating emission behavior, as has been
reported for Cy5 dye (4). For Cy5 the existence of a fluorescent trans-state has
been shown that changes into a non-fluorescent cis-state upon isomerization. In
general, the occurrence of aternating bright and dark intervals during single



molecule emission is known as blinking. In the next paragraphs the use of GFP
and Cy dyes in single molecule applications will be discussed further.

Single pair FRET

To demonstrate the occurrence of FRET between a single donor and acceptor pair
a typical example of a time trace measured with our confocal fluorescence
microscope is shown in Figure 1.2.3.
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Fig. 1.2.3. Example of a single molecule time trace displaying FRET from a single donor
Cy3.5 and acceptor Cy5 pair. Excitation wavelength was such that only the donor was
excited. The red curve indicates the acceptor fluorescence and the green curve the donor
fluorescence.

Figure 1.2.3 demonstrates the initial fluorescence of the acceptor molecule,
athough the acceptor is not directly excited by the applied excitation wavelength.
At the same time there is hardly fluorescence from the donor. This means that
probably energy transfer occurs. After about 200 ms the acceptor fluorescence
suddenly drops and simultaneously the donor fluorescence increases. This is an
indication that the acceptor is bleached resulting in fluorescence emission from
the donor again.

Fluorescent labels for single molecule detection

Green Fluorescent Proteins

For fluorescent labeling of proteins, mutants of the autofluorescent Green
Fluorescent Protein (GFP) have proven to be very useful. Originally, wild-type
GFP was found in asmall jellyfish in the Pacific Ocean. The chromophore of the
238 amino acid wild-type GFP was found to consist of only 3 amino acids, Ser65,
Tyr66 and Gly67 (5). Later, the gene coding for the wild-type GFP, was
discovered and cloned (6). The fluorophore was shown to be formed by an
autocatalytic posttranslational cyclization reaction of the chromophore sequence
(7). For chromophore formation and fluorescence emission proper folding of the



polypeptide was shown to be required. The chromophore sequence of GFP
appeared to be part of a small o-helix that is located in the center of an 11-
stranded B-barrel (8). In Figure 1.2.4 the unique 3D-structure of GFP is shown.
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Hidden inside the unique barrel structure, the chromophore of GFP is protected
against influences from the environment. Consequently, GFP appeared to be a
very stable fluorophore. Hardly any effect was detected from fluorescence
guenching agents like molecular oxygen (9). GFP fluorescence appeared hardly to
be sensitive to temperature (10), pH (11,12), acid or base treatment (13), proteases
(10) and detergents (14). Even a tolerance to fixatives like glutaraldehyde and
formaldehyde was shown (11).

The postsynthetic formation of the fluorophore, without a need for any additional
factors, made recombinant production of functiona GFP possible (11,15).
Introduction of the GFP gene into a host cell resulted in expression of
recombinant GFP, spontaneously emitting fluorescence. For the same reason,
GFP became a remarkably useful and vauable tool in cellular and molecular
biology. By transfecting cells with GFP fusion genes, the possibility was offered
to localize proteins and to study dynamics of cellular processes in intact cells,
without a need for fixation. GFP has been successfully targeted to practicaly
every major organelle of the cell (16). Surprisingly, in general the presence of the
rather big GFP tag did not alter the normal function of the fusion partner.

Mutants of GFP

Knowledge of the three-dimensional structure of GFP enabled investigators to
design and develop mutant proteins with atered and improved spectral
characteristics (8, 17-22). Mutagenesis yielded proteins that fluoresce from blue
to yellowish green. From a different source, from coral, a red fluorescent protein
was cloned. In the research described in this thesis we made use of two green
fluorescent mutants, GFP(S65T) and EGFP, the cyan fluorescent ECFP and the
yellow fluorescent EY FP mutant. In paragraph 2.1 their photophysical properties
and excitation and emission spectra are shown. The photophysical properties of
GFP mutants, like extinction coefficients and quantum yields, match well with



those from certain chemical dyes. Only the characteristics of the ECFP mutant are
rather wesk.

Combinations of mutant fluorescent proteins have mainly been used for in vivo
experiments to simultaneoudly visualize multiple fusion proteins in cells (23,24).
From in vivo (25) as well as from in vitro experiments the usefulness of GFP
mutants in the study of protein dynamics and protein-protein interactions has been
shown. In particular ECFP as a donor together with EY FP as an acceptor form a
proper combination for application in fluorescence resonance energy transfer
(FRET) experiments. A well-known GFP FRET application is the study of
dynamic conformational changes in ECFP-calmodulin-M 13 peptide-EY FP fusion
proteins, so-called cameleons, upon binding of calcium ions (26,27).

Single molecule application of GFP

Not only in cell biology and molecular biology, but aso in single molecule
studies GFP has shown its significance. Despite the known stability of the GFP
fluorophore, GFP single molecule fluorescence appeared to be accompanied by
strong intensity fluctuations, representing the typical GFP blinking behavior (3).
Many single molecule investigations on the photophysical processes underlying
the fluorescence of GFP have been performed (28-32). Y et these processes are not
completely understood and are still subject of considerable interest.

In vitro, GFP was successfully applied in single molecule studies with total
internal reflection microscopy on the functioning of the motor proteins myosin
and kinesin (33,34). In vivo, single GFP molecules were imaged for the first time
in living cells in a study on oligomerization and movement of the cell adhesion
protein E-cadherin (35).

The usefulness of GFP donor and acceptor mutants in single molecule
Fluorescence Resonant Energy Transfer (FRET) experiments has been
demonstrated from the observation of dynamics in the above mentioned ECFP-
EY FP labeled cameleon protein complexes (36).

Within the framework of our single molecule study on NER-complexes we are
interested in dynamics of interactions between different proteins within a
complex. For that purpose we prepared the donor ECFP labeled XPA protein and
the acceptor EYFP labeled ERCCL/XPF complex. For correct interpretation of
results it is important to know the single molecule quality of the applied
fluorophores. Therefore we will show in paragraph 2.1 the single molecule
characteristics of the GFP mutants that we used in our study, as measured with
our confocal fluorescence microscope. The mutants included are GFP(S65T),
EGFP, ECFP and EYFP.



Chemical dyes

Cyanine dyes

Sulfoindocyanine fluorescent dyes consist of two identical heterocyclic head
groups bridged by unsaturated carbon chains. The negatively charged sulfonate
groups make the dyes highly water soluble and thus very convenient in labeling of
biomolecules (chemical structures of Cy3.5 and Cy5 are shown in paragraph 2.2).
Because of the negative charge there is repulsion between the dye molecules,
which results in less quenching and improved brightness. A series of fluorescent
sulfocyanine dyes has been developed with fluorescence over a wide spectral
range (500-750nm). The individual dyes are different in their heterocyclic head
groups and the number of double bonds in the carbon chain bridges. The available
cyanine dyes are named from Cy3 till Cy7. The number indicates the number of
bridge carbon atoms that connect the two heterocyclic ring structures. The higher
the number, the longer the wavelength of emission is. Cyanine dyes are attractive
as fluorescent labels because of their brightness. They have high extinction
coefficients (150,000 to 250,000) and quantum efficiencies of 0.15-0.27. They are
insensitive for pH changes over awide pH range. They are more photostable than
most other fluorophores. A humber of cyanine dyes, Cy5 and Cy7, absorb and
emit above 600 nm, reducing problems with autofluorescence in cell biological
applications. They are offered as reactive succinimidyl esters for labeling of
aiphatic amino groups on proteins and amino-modified nucleic acids (37-39).

Bulk applications Cyanine dyes have been used for labeling of proteins
(40) and DNA (41) for detection with different techniques. In flow cytometry,
Cy5 has been applied frequently as an antibody label for immunophenotyping of
blood cells (42,43). In cell biological applications with confocal fluorescence
microscopy, combinations of Cy dyes are popular for simultaneous detection of
different cellular components (44).

Single molecule applications  Also in single molecule detection methods
Cy dyes are popular. In vivo, in the cell membrane, the dimerization (45) of single
Cy3-labeled protein molecules was followed as well as the lateral motion of Cy5-
labeled lipid molecules (46).

In vitro, Cy5 was used as a fluorescent probe in single molecule DNA sizing with
flow-cytometry (47). Characterization of Cy5 single molecule fluorescence was
performed with fluorescence correlation spectroscopy (4). From this study it was
concluded that a trans-cis isomerization process causes strong fluctuations in
emission of Cy5. With wide-field microcopy also alternating bright and dark
periods were observed as well as fast bleaching of Cy5 (48).



FRET Because their fluorescence covers a broad spectral range, combinations
of Cy dyes have proven to be very useful in FRET studies. A single molecule
FRET study has been reported from DNA molecules labeled with a combination
of Cy3 as a donor and Cy5 as an acceptor (49). More frequently Cy5 has been
used as an acceptor together with another type of dye as a donor, like
Tetramethylrhodamine (TMR) (50-52), rhodamine 6G (49), rhodamine red (53) or
Alexa 488 (54). In particular in the interpretation of FRET results it is important
to take into consideration the fluorescence fluctuations of Cy5 (4). In a FRET
situation, not every decrease in Cy5 acceptor emission may be caused by a larger
separation from the donor.

In our single molecule study we used Cy3.5 and Cy5 as DNA labels. Because of
the spectral properties their fluorescence can be well distinguished from EGFP
and EYFP fluorescence. In paragraph 2.2 we show the single molecule
characteristics of Cy3.5 and Cy5 as measured with confocal fluorescence
microscopy. We demonstrate in paragraph 3.1.3 the usefulness of Cy3.5 and Cy5
as a FRET pair from single molecule experiments with four-way junction DNA.
We combined Cy labeled DNA with EGFP and EYFP labeled NER-proteins for
single molecule analysis of NER complexes (described in chapter 3, 4 and 5).

Alexa dyes

Alexa dyes with different spectral characteristics were developed by modifying
sulfonated aminocoumarin or rhodamine compounds (55,56). Because of their
hydrophilicity Alexa dyes are convenient for labeling of biomolecules in a buffer
environment (chemica structure of Alexa 488 is shown in paragraph 2.3). With
the Cy dyes they share the insensitivity for pH, and the availability of avariety of
colors. Alexa dyes are available in the whole range from Alexa 350 to Alexa 680,
where the number indicates the approximate excitation maximum. At the moment
the Alexa dyes were introduced they were announced as the best and brightest
dyes ever. The extinction coefficients range from 19,000 for Alexa 350 to
239,000 for Alexa 647. The quantum efficiencies are higher than from Cy dyes.
Their absorption spectra match well with principal output wavelengths of
common excitation sources. Alexa dyes are offered as reactive succinimidyl esters
for labeling of aliphatic amino groups on proteins and amino-modified nucleic
acids, or as maleimide esters for labeling of thiol groups on cysteine containing
proteins. Initially Alexa dyes were used mainly as protein labels, but now they are
also available as DNA labels, conjugated to nucleotides as well asto oligomers.

Bulk applications In confocal fluorescence microscopy Alexa dyes have
been used for simultaneous visualization of different cellular components.
Immunofluorescence staining is very popular with Alexa dyes (57). In a study on
Alexa 488-labeled calmodulin, Alexa 488 fluorescence intensity appeared to be
indicative for conformational changes of the protein as a reaction on calcium



binding (58). FRET experiments have been performed with Alexa 488 as a donor
in combination with rhodamine-X as an acceptor to study the trajectory of
nucleosomal linker DNA (59). With fluorescence correlation spectroscopy FRET
was measured between Alexa 488 and Cy5 (54).

Single molecule applications In spite of the superior photophysical
properties in bulk, only a few literature reports appeared on single molecule
applications with Alexa dyes. Conformational changes in an Alexa 488 labeled
enzym were studied by detection of fluorescence quenching on the single
molecule level (60). Single particle tracking of Alexa 488 labeled protein
molecules was performed to determine the trgectories of a single protein
molecule inside the cell nucleus (61,62).

Because of their excellent photophysical properties, Alexa dyes would possibly be
good candidates for use in our single molecule study on NER complexes.
Therefore we studied the single molecule fluorescence characteristics of Alexa
488 dye bound to a DNA repair protein, the XRCC4 protein, with confocal
fluorescence microscopy (described in paragraph 2.3). The confocal single
molecule results indicate however that the fluorescence properties of Alexa 488
on the single molecule level are much less promising than expected.

Comparison of GFP labeling and chemical labeling for single
molecule applications

1. GFP labeling is performed by fusion to the N- or C-terminus of a protein. If
the N- or C-terminus is not essential for functionality, it is possible to connect
GFP to a fusion partner without interference with its activity. Chemica
modification usually is less specific and may cause inactivation of protein
because of binding to or near the active site.

2. GFP labeling results in a well-defined labeling ratio of exactly one GFP
molecule per polypeptide chain. With chemical |abeling reactions a statistical
mixture of proteins with differing numbers of fluorophores per molecule is
obtained. For single molecule applications characterization of the mixture is
required. Only if proteins contain a unique site for labeling, like a single
cysteine residue, it is possible to achieve a 1:1 labeling ratio with chemical
methods. Maleimide derivatives of dyes react selectively with cysteine thiol
groups. Although cysteine amino acids are not very abundant in most proteins,
it may be necessary to change their number or position within the protein with
recombinant methods.

3. In chemical labeling procedures often organic solvents are required that may
denature proteins. In contrast, labeling with GFP is performed in mild,
biological conditions.



4. Like chemical dyes, GFP mutants are available with fluorescence over a wide
spectral range. As well as chemical dyes, aso certain combinations of GFP
mutants form suitable FRET pairs.

Immobilization

To be able to observe single molecules with scanning confocal fluorescence
microscopy during a certain time some form of immobilization is required. It is
important to immobilize the molecules of interest in the proper way, without
affecting their biological and fluorescence properties. Also in other fields than
single molecule research, proper immobilization of moleculesis highly important.
In particular in the development of microchips for array-based genetic diagnosis,
the immobilization of DNA is an important issue. In this area mainly methods
have been used based on adsorption, covalent binding, affinity binding or
combinations of these methods. The same methods aso have been applied in
single molecule detection techniques. Covalent binding often is performed by
amino-silanization of a surface, followed by activation and direct coupling of
amino-modified DNA or proteins (63,64). Another possibility is to bind thiol-
modified DNA to amino-silanized surfaces treated with crosslinkers (64) or to
gold surfaces (65). With respect to affinity binding the biotin/streptavidin system
is popular. Streptavidin may be covalently bound to silanized surfaces or to
surfaces covered with biotinilated BSA (66). To prevent non-specific binding
sometimes covalently bound biotinilated polyethyleneglycol is used as a spacer
between streptavidin and the silanized surface (67). Protein immobilization can be
accomplished by adsorption or by affinity binding to antibodies (68).
Recombinantly produced histidine-tagged proteins may be affinity bound to
nickel-treated surfaces (69).

Single molecule aspects In single molecule methods not only the
preservation of functionality during immobilization is required, but also a
homogeneous yet rather sparse distribution of molecules. The distribution should
be such that molecules are located at sufficient distance to enable observation of
individual molecules. It depends on the resolution of the applied technique what
the maximum allowed density is. Diffraction limited methods, like confocal
fluorescence microscopy and TIRF, require alower density than higher resolution
techniques, like NSOM.

All the above-mentioned immobilization methods usually result in a rather
inhomogeneous distribution of molecules. Therefore in single molecule
fluorescence microscopy additional procedures are used that allow more accurate
control of the density. A commonly used procedure is to confine the moleculesin
the waterfilled pores of a polyacrylamide (PAA) or agarose gel matrix



(30,31,36,70). The concentration of the molecules of interest can be accurately
controlled because they are included in the liquid gel mixture. During formation
of the gel matrix the fluorescent molecules are trapped in the pores of the gel. Gel
immobilization is however not possible with every type of biomolecule. In
paragraph 3.2 we show that DNA molecules are not immobilized in gel matrices,
but still show diffusional mobility. DNA molecules can be studied on the single
molecule level after adsorption to a surface, as shown in paragraph 2.2 and 3.1.3.
Protein molecules, on the other hand, like GFP molecules and GFP labeled NER
proteins, are immobilized in gel matrices. In the next chapters of this thesis we
will demonstrate that gel matrices are not only convenient for single molecule
immobilization (chapter 2), but that they also offer the possibility to obtain
quantitative results on protein-DNA binding (chapter 3, 4 and 5).

1.3 Single Molecule Fluorescence Detection Methods

For detection of single molecule fluorescence mainly three microscopic methods
have been used, Total Internal Reflection Fluorescence Microscopy (TIRFM),
Near Field Scanning Optical Microscopy (NSOM) and confocal fluorescence
microscopy.

TIRFM Single molecule TIRFM has been performed in a prism-type (71) and an
objective-type configuration (72). Illumination by total interna reflection
produces an evanescent field just beyond the interface in the medium with a 1/e
penetration depth of about 150 nm. Because of the steep decline of the evanescent
field with distance, only molecules residing very near to the interface will
fluoresce brightly, resulting in a high ratio of fluorescence to background. With
TIRFM alarge area of asampleisilluminated allowing simultaneous detection of
several molecules for instance with a CCD camera. This is an advantage of
TIRFM over scanning techniques like confocal and NSOM. TIRFM is a non-
scanning method with diffraction limited (~A/2) optical resolution and a time
resolution limited by the frame rate of the CCD-camera, which is at present for
single molecul e detection around 10 ms per frame.

NSOM In NSOM a probe with an aperture of sub-wavelength dimension is used
to illuminate the sample. The probe is held in close proximity, usually less than
10 nm, of the sample. An image is formed by scanning the probe and the sample
with respect to each other. In this way the optical resolution is not limited by
diffraction but completely determined by the size of the probe aperture, typically
smaller than 100 nm. For lacalization purposes this is advantageous. Because of a
small excitation volume and steep decline of the excitation field the relative
contribution from background signal is low. By independently controlling the
distance separation between the probe and the sample within 1 to 10 nm,



simultaneously a fluorescence and a topographic image can be generated. A
drawback of NSOM is that the presence of the probe in close proximity of the
sample may result in unwanted probe-sample interactions. Another problem is the
difficulty to obtain high quality probes and the complexity of operating an NSOM
instrument properly. Moreover, because NSOM is a surface technique there are
restrictions to the types of samples that can be measured. So far only from dry
samples satisfying results were obtained. In imaging mode, the time resolution of
NSOM is determined by the speed of scanning. Time traces of individual
molecules can be measured with a time resolution of a few microseconds.
Applications of single molecule detection with NSOM involve imaging of single
molecule labeled DNA (73) and single GFP molecules (74).

Scanning confocal fluorescence microscopy In the single molecule
work described in this thesis we made use of a scanning confocal fluorescence
microscope. In confocal microscopy the optical resolution is determined by the
diffraction limit. This means a resolution of roughly half the excitation
wavelength, like in TIRFM. Although in confocal fluorescence microscopy no
details smaller than the diffraction limit can be resolved it is possible to determine
the center of a fluorescence spot and hence the location of the fluorescent object
with much higher precision by applying Gaussian fitting procedures. In paragraph
3.4 we show results from localization analysis of single molecule images
measured with our confocal fluorescence microscope.

Fluorescence detection in our setup is performed with a small pinhole in front of
the detector, which is confocally aligned with the focus of the excitation beam. In
this way a sufficient reduction in background signal is obtained to enable
detection of single molecule fluorescence. The time resolution in a scanning
confocal fluorescence microscope is determined by the scan speed. Thisis similar
to the situation in NSOM. Time traces can be measured with a similar time
resolution asin NSOM. The time resolution can be larger in TIRFM. Compared
to NSOM, the performance of confocal fluorescence microscopy is less
complicated. There is aso no interference from the presence of a probe. Many
different types of samples can be examined with confoca fluorescence
microscopy, dry samples as well as samples in buffer. Not only immobilized but
also diffusing molecules can be studied (see paragraph 3.2). Although the
possihility to image many molecules simultaneously is not offered by a scanning
confocal fluorescence microscope, it still has many benefits as a convenient and
versatile method for single molecul e detection (75).



1.4 Confocal Fluorescence Microscope

For the single molecule experiments described in this thesis we made use of a
home-built confocal fluorescence microscope. For construction high quality
optics has been selected to reduce emission light losses as much as possible. In
Figure 1.4.1 the confocal microscope setup is schematically represented.

Fig. 1.4.1. Confocal fluorescence microscope. The essential parts of the setup are a
prism combination for wavelength selection, a high numerical aperture objective,
confocal pinholes in front of two APD detectors and an accurate X/Y scanning stage. m
aremirrors, be is a beam expander, | are lenses, ND is a neutral density filter, bs; and bs,
are high reflection/low transmission beam splitters, o is the objective, s is the sample, n
are notch filters, dbs is a dichroic beam splitter, f, are emission filters and p are
pinholes.

The light source for excitation is an Ar/Kr laser (Coherent, Innova 70). A Y2 A-
plate provides p-polarized light to reduce reflection light losses upon passage
through the prism setup for selection of excitation wavelengths. Mirror my directs
the light towards the upper part of the prism setup. The light does not hit mirror
m, because it is positioned lower than the incoming beam. In prism I, with



Brewster angle orientation for both incoming and exiting beam, the light is
dispersed. In prism Il (in reverse position compared to prism I) the oppositeis
done, resulting in a parallel beam for all wavelengths. Both prisms are identical
and prepared from flint F2 glass. The light enters the retro reflector in the upper
part, is reflected downward and reflected backward to the prism setup. With a dlit
in front of the retro reflector, where the light is parallel, certain wavelengths can
be selected for excitation. The selected wavelengths travel back through the lower
part of both prisms and are recombined by prism |I. Mirror m, reflects the light
through a beam expander in the direction of the sample, such that the entrance
pupil of the objective is dightly overfilled. A water immersion objective (Zeiss,
C-Apochromat 63X, 1.20 NA) focuses the excitation light in the sample. The
objective is highly corrected for chromatic aberrations. Excitation is performed
with linearly polarized light. The fluorescence signa is collected by the same
objective and reflected by beam splitter bs, (95%R/5%T) into the detection part of
the setup. A dichroic beam splitter is used for spectral separation of the emitted
wavelengths for detection with two avalanche photodiodes (APD’s). In front of
each APD a 25 pm pinhole is present, confocally aligned with the diffraction
limited focus in the sample. Emission filters are used for selection of the proper
emission wavelengths. Reflected excitation wavelengths are suppressed by notch
filters. Bs; is a 95%R/5%T beam splitter, which directs part of the excitation light
towards a CCD camerato examine if the incoming light beam is parallel.

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 50x50 pm,
Physik Instrumente, Waldbronn, Germany).

LabVIEW software (Nationa Instruments, Austin, TX) is used to program and
perform image acquisition. In addition to imaging by scanning, the setup also
offers the possibility to exactly position the scanner so that a single moleculeisin
focus for a defined time. In this way, we recorded time traces of the fluorescence
behavior of a single molecule with atime resolution of 100 ps per data point.

Optical resolution

The x/y resolution of our confocal microscope was determined by imaging the
scattered light from a 6 nm gold bead during scanning. This resulted in a FWHM
of 240 nm with awavelength for illumination of 488 nm and a corresponding 1/€?
diameter of 400 nm, as shown in Figure 1.4.2. This is in close correspondence
with the value expected for diffraction-limited excitation.
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Fig. 1.4.2. Determination of x/y optical resolution. A. Scanning confocal image from
signal scattered by a 6 nm gold bead upon excitation with 488 nm laser light. Image size
is 1.5x1.5 um, 128x128 pixels. B. Intensity profile at the position in the image (A)
indicated by the arrow (black curve) together with the fitted Gauss curve (gray curve).
The resulting FWHM is 20 pixels wide, which corresponds to 240 nm for a pixel size of 12
nm.

According to the Abbe criterion, the theoretically expected point-point x/y
resolution of the microscope for plane wave excitation would be (81):

A

Oy =0.610
7 (1.2)

lateral

where 1 is the wavelength of light and NA is the numerical aperture of the
objective. For our water immersion objective with a NA of 1.20 this corresponds
to aresolution of 248 nm at awavelength of 488 nm.

The z-resolution was determined by piezo scanning the same gold bead in the z-
direction. This resulted in a FWHM in the axia direction of 1050 nm for a
wavelength of 488 nm. In theory we would expect for an infinitesimal small
pinhole and a fluorescent plane reflector an axial resolution of:

_ 0.674 13
4 nl-cosd) (13

where n is the refractive index of water (1.33) and @ is haf the maximum
collection angle of the objective (64.2° for an NA of 1.20). This corresponds to an
axial resolution of 430 nm at a wavelength of 488 nm. The measured depth
resolution of our microscope is worse, because we use a pinhole with afinite size
of 25 um.



Detection efficiency

For determination of the total number of photons emitted from a single molecule
it is required to determine the detection efficiency of the setup. The detection
efficiency of our system, #p isgiven by:

o =1y Hobj |:ﬂRm)3 Rz Moten s LTt —em W ¢ —em T W ppp—s (1.4)

=0.282[0.74(0.95)° 0.9[0.8(T, [T, ., B, 0.92F p_,

=0.118 D-dbs Erf —em |—_l|7f-em m]APD—/l

where nna designates the collection efficiency of the objective lens, Tqy the
transmittance of the objective lens, Ry, is the reflectance of the mirrors, Ry is the
reflectance of beamsplittery, Tooen 1S the transmittance of the notch filter, Tiem iS
the transmittance of an emission filter, 7.y is the fraction of the total emission
spectrum transmitted by the emission filter, T, is the transmittance of the lensin
front of the APD and #app; IS the quantum efficiency of the APD at the
wavelength of detection.

Theoretically expected count rates
The emission count rate that theoretically can be expected from fluorescent
molecul es can be calculated (82):

photons emitted /s = P

|]76\1)5 |]7abs BD [k (15)

photon
where P isthe excitation intensity in W.cm?, Ephoton IS the energy of one photon of
excitation light in J, oas is the absorption cross section in cm? at Amax, 7ass iS the
absorption efficiency at the applied excitation wavelength, Q is the quantum yield
and k is the absorption probability (including the orientation of the transition
dipole moment). Excitation intensities in W.cm® were calculated as an average
intensity over a spot with a diameter determined a an intensity of 1/e. During
imaging individual molecules will experience the average intensity, during time
trace measurement however the experienced intensity will be about 2.5 times
higher, because then a molecule is positioned in the center of the focus. Hereafter
the excitation mode for time trace measurements will be indicated as ‘ peak power
excitation’.

In our measurements with linearly polarized excitation the average absorption
probability (K) is ' if asufficiently large set of molecules with randomly oriented
dipole orientations is considered (1, 82). For a single, freely rotating, fluorophore
the absorption probability is also V5.



The absorption cross section of amolecule at Ay« can be calculated as follows

o = £ 10* _ 58000010°
*  Niogle) 6010 mog(e)
To obtain the average expected count rate that can be detected from one molecule

the emitted photons/s should be multiplied by the detection efficiency of the
setup:

(1.6)

counts/s = [ W, B, [@Q Ek] &, 1.7
photon

It is important to realize that measured count rates for individual molecules may

vary, because of the linearly polarized excitation in our microscope. Non-freely

rotating molecules with different dipole orientations will be excited with different

efficiencies. A bias towards measurement of time traces from only the brighter

molecules may be the result.

Relevant parameters for different fluorophores

In Table 1.4.1 the photophysical properties of the fluorescent labels applied in this
single molecule study are listed. Also the detection efficiencies are indicated for
measurement of the different fluorophores with our microscope. The indicated
count rates are expected for an excitation intensity of 1 kW.cm™? at peak power
excitation. All indicated values are based on bulk data without taking into account
single molecule blinking properties.

dye hexc Ephoton Gabs Nabs Q photons/s | np cts/s
(hm) | (x10™J) | (x10™"® (x10°) | (%) | (x10%

-2

cm™)
GFP(S65T) 2.1 0.60 0.8
EGFP 488 | 41 23 | X0 oga| 22 |33] 1p
ECFP 457 4.35 1.0 | 0.7 | 0.40 0.54 20 | 011
EYFP 488 41 32 |035]| 070 1.6 23| 037
Cy35 568 35 5.8 0.7 | 0.15 1.4 37" | 053
1.4 72| 10
Cy5 647 3.1 9.6 1.0 | 0.27 7.0 6.1 | 4.2
Alexa488 | 488 4.1 30 | 075|048 22 33| 072

Table 1.4.1. Relevant parameters for single molecule fluorescence microscopy of
different fluorophores. averaged quantum yield from conjugations to different partners.
"with D605/55 emission filter, *with 565EFLP emission filter.



The characteristics of the emission filters used to prepare Table 1.4.1 are
displayed in Table 1.4.2.

dye emission dgtected -

filter region (nm) em

GFP(S65T)
EGEP HQ525/50 500-550 0.80
ECFP D480/40 460-500 0.50
EYFP HQ525/50 500-550 0.45
Cy35 D605/55" 577-632 0.51
565EFL P* >565 1.0
Cy5 HQ665L P >665 0.82
Alexa 488 HQ525/50 500-550 0.80

Table 1.4.2. Emission filter characteristics. #r.em IS the fraction of the total emission
spectrum transmitted by the emission filter

Purely from Table 1.4.1, disregarding single molecule fluorescence
characteristics, far the highest detected count rates may be expected from Cy5.
The detected count rates of Cy3.5 and (E)GFP will be 4-5 times lower.

Background sources

In single molecule imaging it is important to have a background as low as
possible. From background analysis in our confocal microscope we can conclude
that most part of the background comes from the medium in which the molecules
are present. The number of dark counts and counts from the environment are
negligible. A gel medium yields about 5 times more background counts than
water. If measurements are performed on a surface than it is beneficial to use
quartz instead of glass. At 488 nm the contribution of quartz is more than 10
times less than from glass. With respect to water it is recommended to consider a
possible Raman contribution from water. At 457 nm, 488 nm, 568 nm and 647 nm
excitation, the 3400 cm™ Raman band of water corresponds respectively to
538nm, 585 nm, 704 nm and 829 nm. For optimal background suppression it is
recommended to choose emission filters in such a way that contributions from
Raman intensities of water are minimal. The bandpass filters applied in our
measurements exclude the 3400 cm™ Raman water band.



Conclusions on single molecule aspects

The average count rates to be expected from single fluorophores can be calculated
with the photophysical properties obtained from bulk. However, the actual count
rates observed from single molecules will be influenced by several factors:

» |ntensity fluctuations occurring within the data collection interval will reduce
the average detected count rate. The degree of blinking, with respect to
frequency and intensity, will determine the extent of the decrease.

* |In a dituation with linearly polarized excitation, like in our confocal
microscope, the dipole orientation of the fluorophore will determine largely
the efficiency of excitation. Molecules that are oriented with their dipoles
perpendicular to the polarization direction of the excitation beam will not be
visible. It means that count rates may be expected from individua
fluorophores with fixed dipoles between zero and 100%. The maximum is
even 3 times higher than the average count rates given in Table 1.4.1.
Rotational jumps may appear as aternating dark and bright periods in single
molecule emission time traces.

= Changes in the environment of a fluorophore may result in spectral diffusion,
spectral jumps or changes in quantum efficiencies. Fluctuating fluorescence
intensities will be the resuilt.

= Obvioudly, it is important in single molecule studies to take care that
fluorophore dynamics is distinguished from dynamics that are characteristic
for the biological system of interest.

Nevertheless, single molecule fluorescence methods are powerful in the study of
complicated biological systems, like NER. By selecting proper fluorophores for
identification of different components in a sample it is possible to selectively
obtain information from only the relevant molecules. In the next paragraph the
application of single molecule fluorescence microscopy in the study of NER
complexes will be described.

15 Nucleotide Excision Repair

We will demonstrate the value of confoca fluorescence microscopy in single
molecule research from a study of protein-DNA complexes that are involved in
Nucleotide Excision Repair (NER) (76,77). In living organisms many different
DNA repair systems take care of the preservation of the integrity of the genome.
In NER mainly damages are removed that significantly distort the DNA double-
helix conformation. Examples of such damages are T-T dimers that are produced
in the DNA of our skin cells by the UV-component of sunlight. The importance of
properly functioning repair systems isillustrated from the occurrence of severe



inherited diseases caused by a NER defect like Xeroderma Pigmentosum (XP).
For instance, patients that have a deficiency in the XPA protein only, are very
sensitive for sunlight, show skin abnormalities, have a high risk for skin cancer
and show sometimes neurological defects too.

From biochemical methods a lot of knowledge has been gained on the functioning
of NER. So far however, the complicated mechanism, in which about 30 proteins
participate, is not completely resolved. The NER process is believed to comprise
the following basic steps: damage recognition, lesion demarcation, dual incision
around the lesion, release of a 24-32 nucleotide damage-containing DNA
fragment, gap-filling DNA synthesis and ligation. Typical for NER is the removal

of adamage as part of alarger piece of DNA. Damage recognition is supposed to
be performed by the XPC/hHR23B complex and/or by a combined action of the
XPA and RPA protein (78,79). For subsequent DNA unwinding the presence of
the XPC/hHR23B, TFIIH, XPA, RPA and XPG protein is required. The XPB and
XPD subunits of TFIIH display DNA-unwinding activities and mediate the ATP-
dependent melting of the DNA aound a damaged site. The XPG and
ERCCL/XPF endonucleases have been shown to be responsible for cleavage of
the DNA at respectively the 3'-side and 5'-side of a damage. The RPA protein
plays arolein proper positioning of the nucleases on the DNA (80). After release
of a 24-32 nucleotide DNA fragment containing the damage, gap-filling DNA
synthesis is performed by ajoint action of number of proteins, including the RPA
protein and DNA polymerase.

NER and single molecule fluorescence

Although the different components involved in NER are quite well known, the
detailed performance of every individual step is not yet fully understood. In the
context of NER there are still many questions that are extremely difficult to
answer from bulk methods. Some of these questions are:

» what isthe order in which NER proteins assemble over the damaged DNA?
» what isthe exact location of different proteinsin aNER complex?

» what isthe residence time of the proteins within a complex?

= what proteins associate and interact at a certain stage during NER?

= what are the dynamics of protein interactions?

In order to address some of the questions raised above we started a
Single Molecule study with Scanning Confocal Fluorescence Microscopy on
NER complexes.



The cartoon in Figure 1.5.1 gives a simplified impression of the complexity and
dimensions of a possible structure at the incision stage of NER (80).

Fig. 1.5.1. Schematic drawing representing the possible composition of a NER complex
at the stage of incision. A triangle indicates a damage.

From Figure 1.5.1 the size of a NER complex can be estimated. If we consider the
length of the 24-32 nucleotide piece of DNA (~10 nm) together with the size of
the assembled proteins (a diameter of few nm each) it is clear that a NER complex
is much smaller than the size of the diffraction limited focus in confocal
fluorescence microscopy. It is clear that the different proteins within NER
complexes must be located at very close proximity to fulfill their job at the site of
a damage. Therefore also single molecule FRET experiments will be useful to
reveal information on distances between proteins in a complex as well as on
dynamics of interactions. In this respect the application of a CFP donor in
combination with a'Y FP acceptor is attractive.

The following issues were part of our single molecule approach:

= recombinant fusion of GFP mutants to different NER proteins for
identification of individual components within a NER complex.

= complex formation by combining GFP-labeled NER proteins with Cy3.5-
labeled DNA.

» simultaneous imaging of the fluorescence of GFP-labeled NER-proteins and
Cy3.5 labeled DNA with scanning confocal fluorescence microscopy.

» analysis of the resulting images for the presence of colocalized intensities as
an indication of protein-DNA binding.

= guantification of the degree of binding of NER proteins to different DNA
substrates.

» jnvestigation of the localization accuracy of fluorescently labeled molecules
in confocal images by applying Gaussian fitting procedures.



1.6 Outline of this thesis

In the course of this thesis the emphasis shifts from just single molecule
observation, through characterization, to application with biological relevance. In
chapter 2, not only the possibility to observe single fluorescent molecules with
Confocal Fluorescence Microscopy will be demonstrated but aso the
fluorescence properties of different fluorophores will be characterized. With most
optimal imaging in mind the advantages and drawbacks will be pointed out with
respect to fluorescence intensities and stability. Chapter 3 will be about the
structure, dynamics and diffusion of DNA molecules, the interaction of NER
proteins with DNA substrates and the localization of individual fluorescent
molecules. In chapter 4 and 5, the significance of single molecule Confocal
Fluorescence Microscopy will be shown from a study on NER complexes. Finally
in chapter 6, a general discussion and future prospects are given based on the
results described in this thesis.
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Within the context of this thesis several fluorophores have been used
for the identification of different individual molecules present in a
sample. For correct interpretation of single molecule results it is
important to characterize the fluorescence behavior of the
fluorophores. In this chapter the single molecule fluorescence
characteristics, like on-times, fluorescence intensity and blinking
behavior, of different fluorophoreswill be described as measured with
scanning confocal fluorescence microscopy. The consequences for
their application in single molecule imaging will be discussed.



2.1 Green Fluorescent Protein Mutants

GFP(S65T), EGFP, ECFP and EYFP

In paragraph 1.2 general characteristics of GFP mutants have been described.
Here we focus on the GFP(S65T), EGERFP and EYFP mutants that we used

in our single molecule experiments.

The S65T mutant of GFP gntontains a single mutation inside the chromophore,
compared to wild-type GFP. GFP(S65T) dsscribed as a 4-6 times brighter
fluorophore than wt-GFP with a 4 timéaster chromophore formation. In the
EGFP mutant there is, besides the S65Tation, also a F64L mutation, resulting

in 35 times brighter fluorescence than wt-GFP. The excitation and emission
spectra are identical for GFP(S65T) and EGFP(1-8).

The cyan fluorescent mutant of GFP (ECFP) contains a S65A and a Y66W
mutation inside the chromophore as well as 4 mutations in other amino acids of
the protein. The mutations in the chrophore are responsible for a shift in
excitation and emission wavelength compared to wt-GFP and GFP(S65T).

The yellow fluorescent mutant of GFP (EF) contains a S65G mutation inside
the chromophore and 3 mutations elsewhetbe protein. The S65G mutation in

the chromophore is responsible for a shifexcitation and emission wavelength
compared to wt-GFP and GFP(S65T).eTimutations outside the chromophore
region in ECFP and EYFP result in impealvbacterial expression, brightness and
protein folding (1-8).

In Table 2.1.1 the photophysical pespes of GFP(S65T), EGFP, ECFP and
EYFP in bulk are summarized (1-8). The product aihd Q gives an indication
for the relative effectiveness of the flophores in fluorescence applications at
identical excitation conditions.

(s?efs?) EGFP | ECFP | EYFP
A’ (nm) 489 489 434 513
Ao m (Nnm) 509 509 477 527
gat A (M™tcm®) | 56,000 | 61,000 26,000 84,000
Q 0.64 0.60 0.40 0.70
exQ 35,840| 36,600 10,400 58,870

Table 2.1.1. Photophysical properties of GFP(S65T), EGFP, ECFP and EYFP. ¢ is the
extinction coefficient and Q is the quantumyield.



Although EGFP has been reported as a narafhter mutant than GFP(65T), this

is not evident from the photophysical pesfies. Neither extinction coefficients
nor quantum yields are much differentoPably here brightness should not be
interpreted in photophysical sense, bata molecular biology sense. Then
brightness may be connected with a more efficient transcription and translation,
more efficient protein folding and improved codon usage. Consequently cells
expressing ‘brighter’ GFP fusion products will have a brighter appearance in
fluorescence microscopy (7).

The ECFP mutant has relatively weakomdphysical properties, the extinction
coefficient as well as the quantum yiedde lower than for the other mutants.
EYFP on the other hand has fluorescepoeperties even better than the GFP
variants.

In Figure 2.1.1 the excitation and esion spectra are shown of (E)GFP, ECFP
and EYFP. Because of similar spectmbperties, GFP(S65T) and EGFP are
indicated together as (E)GFP.

Excitation Emission
E)GFP
] ECEP (E) ever ecep (E)GFP
S g
: :
< ’ =
( E
S , S
350 I 4:50 I 5I50 4-25 525
Wavelength (nm) Wavelength (nm)

Fig. 2.1.1. Excitation and emission spectra of (E)\GFP, ECFP and EYFP. The arrows
indicate the wavelengths of the 457 nm and 488 nm laser lines that will be used for
excitation. The shaded areas show the wavelength regions that are detected with different
emission filters applied in our confocal microscope. The D480/40 band-pass filter for
detection of ECFP is indicated in light gray, the HQ525/50 band-pass filter is in dark

gray.

From the excitation spectrum of (E)GKR can conclude that the 488 nm line
produced by an Ar-Kr laser excites (E)GFP in the absorption maximum
(excitation efficiencyhapsis 1.0). We also used the 488 nm line for excitation of
EYFP. Compared to excitation ithe absorption maximum, the excitation



efficiency at 488 nm is 0.35. For exc¢itan of ECFP we used the 457 nm Ar-Kr
line that excites ECFP with an efficiency of 0.7.

In paragraph 1.4-Table 1.4.1 the mosdlevant parameters in our GFP
measurements have been summarized.eKpected fluorescence count rates for
each GFP mutant, based onkbdéata, are also indicated.

In our single molecule fluorescence daerization study we included the green
mutants of GFP, GFP(S65T) and EGFP (sarmgraph 1.2). The possible effect
of protein fusion on the fluorescence prdjes of EGFP was investigated on the
EGFP labeled XPA protein. In chapteradd 5 single molecule results will be
shown from EGFP-XPA binding to fluoreantly labeled DNA substrates. For the
study of dynamics of interactions betwetifferent proteins, FRET (described in
paragraph 1.2) is a suitable tool,9€3). For that purpose ECFP-XPA and
ERCC1-EYFP/XPF were produced. ahXPA protein and the ERCC1/XPF
complex probably interact during Nuctete Excision Repair (described in
paragraph 1.5). Single molecule cordgbcesults of ECFP and EYFP detection
will be shown.

To be able to observe single molesulith scanning confocal fluorescence
microscopy during a certain time somenfioof immobilization is required (see
also chapter 3). To achieve optimal irrap results it is important to use an
immobilization method that maximally gserves the fluorescence properties of
the fluorophores. A convenient method fmmobilization of proteins, like GFP
molecules, is trapping in the pores ofj@ matrix (6,14-17). In our search for
proper immobilization methods we comedrthe fluorescence characteristics of
GFP(S65T), EGFP and EGFP-XPA molecules in polyacrylamide and agarose
matrices.

2.1.1 Materials and Methods

GFP(S65T) and EGFP
The recombinant proteins GFP(S65d EGFP were purchased from Clontech
(Palo Alto, CA, USA).

EGFP-XPA and ECFP-XPA

EGFP-XPA and ECFP-XPA were produced and purified as described in
paragraph 4.2 at the Department @Il Biology & Genetics, Erasmus MC,
Rotterdam, the Netherlands (18). Brjeffecombinant protein expression kn

coli was induced by IPTG, after whichethcollected cells were lysed. For
purification of the clarified cell extract successively a Heparin-Sepharose, a
Phosphocellulose and a Ni-NTA columwere used. Protein fractions at each



stage during production and purification were analyzedtagdard SDS-PAGE,
followed by Coommassie brilliant blugaining and immunoblotting.

ERCC1-EYFP/XPF

ERCC1-EYFP/XPF complex was producedd purified at the Department of
Cell Biology & Genetics, Erasmus MC, Rotterdam, the Netherlands.
ERCC1-EYFP/XPF was produced after co-infection of Sf21 insect cells with
ERCC1-EYFP-HigHA- and XPF-containing bacoNirus expression constructs.
The cDNA coding for ERCC1-EYFP-HIJA and XPF were each cloned in
separate pFastbacl vectors (BAC-to-BAC Baculovirus Expression System,
GIBCO BRL). The resulting pFastbacl- ERCC-EYFPH& and pFastbacl-
XPF plasmids were transfected separately into DH10Bac cells to allow
transposition with the bacmid. The redoinant bacmids were transfected into
Sf21 insect cells to produce the primary virus. The primary virus was amplified
according to the instruction manual (BAC-to-BAC system, GIBCO BRL) after
which a large amount of Sf21 insectlsavere co-infected with virBac-ERCC1-
EYFP-HigHA and virBAC-XPF. During expression the produced ERCC1-EYFP-
HissHA and XPF reconstitute to ERCCI1-EYFP-§H&/XPF complexes.
Isolation and purification of expressed ERCCI1-EYFPsMWSXPF protein
implied lysis of the insect cells, NiTM purification, size exclusion via gel
filtration on Superdex 200 and contetiion on a Heparin column (19).

Sample preparation for confocal microscopy

For single molecule confocal measorents, GFP(S65T) and EGFP molecules
were diluted to concentrations of typically 5% in 15 % (w/v) acrylamide/
0.75 % (wl/v) bis-acrylamide gels or 1 @&/v) low melting point agarose gels in
PBS, pH 7.35 at 30° C. The EGFP-XPA, ECFP-XPA and ERCC1-EYFRtAis
IXPF were diluted to about 5x1OM in 1 % agarose only. Three microliters of
the gel mixtures were sandwichedveén two extensively cleaned glass cover
slips, diameter 24 mm.

Scanning confocal fluorescence microscopy

For single molecule characterizationetltonfocal microscope was used as
described in paragraph 1.4. The measw@nt configuration was as shown in
Figure 2.1.1.

2.1.2 Results
Production and purification of EGFP-XPA and ECFP-XPA

In paragraph 4.3 the results are shdi@n the production and purification of
EGFP-XPA protein. For ECFP-XPA similar results were obtained.



Production and purification of ERCC1-EYFP/XPF
ERCC1-EYFP/XPF was purified from Sf21 insect cells harboring virBac-
ERCC1-EYFP/XPF and virBAC-XPF. Ashown in Figure 2.1.2 a protein
migrating at the expected positiornr fine EYFP-tagged ERCCL1 in SDS-PAGE
was visible (arrow 1). Also a protein rh appeared at the position of the XPF
protein (arrow 2).
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Fig. 2.1.2. Coomassie stain of ERCC1-EYFP-HissHA/XPF purification. Purification of
the protein complexes is determined after loading fractions of the final purification step
on SDS-PAGE and staining with Coomassie brilliant blue. A, Standard molecular weight
pre-stained markers (Gibco BRL), molecular size is indicated in kDa. B, elution fraction
of final Heparin column. Arrow 1 indicates the ERCC1-EYFP-HissHA fusion protein,
running at about 69 kDa, arrow 2 points at the position of the XPF protein, running at
about 115 kDa.

Immunoblot analysis, using ERCC1 an®X specific antibodies, confirmed that
indeed the desired products were obtaifdsda not shown). The elution fractions
of the last purification step contathgredominantly intact ERCC1-EYFP and
XPF polypeptides. The final concerttom of pure protein was about Qu#.

Confocal single molecule detection of GFP fluorescence

Imaging

In Figure 2.1.3 sequentiabnfocal images are shown from GFP(S65T) molecules
immobilized in a 15% polyacrylamide mnix. In Fig. 2.1.3A six individual
molecules can be observedoFrthis image it is clear th&FP(S65T) molecules
are not very stable emitters, the singlelenole spots show an inhomogeneous
distribution of intensities. \thin one spot dark periods can be observed, which is
a representation of thelinking of a GFP moleculg14,16,17,20,21). Two
molecules can be seen that switchdffing the first scan demonstrating the one-
step bleaching behavior, characteristicdmingle molecule. From the second (B)
and third image (C) we conclude thatvem molecules bleach much faster than
others. FronEGFP and EGFP-XPA molecules similar images were obtained.
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Fig. 2.1.3. Sequential images of single molecules of GFP(S65T) immobilized at a
concentration of 5x 10°M in PAA gel. Image size is 5x 5 un?, 128x 128 pixels, dwell time
is 0.5 ms/pixel. Average excitation intensity was 12 KW.cm2. All images have been scaled
on a maximum intensity of 45 counts.

Time traces

The characteristic blinking of GFP moldes is even more evident from time
traces representing the fluorescence beharitime. In this procedure one single
molecule is positioned in the centertioé focus and upon continuous illumination
the emitted photons are recorded duranglefined time. Because of Gaussian
intensity distribution the actual power exigaced by a molecule in the center of
the focus is about 2.5 times higher than the measured average power.

In Figure 2.1.4 examples of GFP(S65T) ¢itnaces are shown with a data bin of
20 ms. Time trace A has been recorded withaverage excitation intensity of 6
kW.cm?, time trace B with an averageaitation intensity of 0.75 kW.cth These
time traces are representative for theedular fluorescence behavior that we
generally observed from GFP molecules.
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Fig. 2.1.4. Time traces of individual GFP(S65T) molecules immobilized in PAA gel.
A, average excitation intensity of 6 kW.cm? B, average excitation intensity of
0.75 kW. cmi®. Data bin is 20 ms.



In both time traces the one-step bleachiepavior typical for a single molecule
can be observed. It is clear that GFP mdksgtay longer in an emissive state at
lower excitation intensities. Obviouslydtiluorescence count rate decreases with
decreasing excitation intensity. The iptated fluorescence intensity in the low
intensity measurement is 4.4XIthotons, while the total intensity is only 1.9%10
photons in the higher intensity measment. To visualize the position of
molecules a time trace measurement is gbyareceded by a scan to produce an
image. At higher excitation intensitieslatively a larger part of the available
photons will be emitted during scanning. e able to record the fluorescence
from individual GFP molecules as long pessible it is favorable to use low
intensities for excitation.

The strong fluctuations in fluorescenc#ensity from one single molecule are
demonstrated more clearly in Figure 3.1n Figure 2.1.5.A a time trace of an
EGFP molecule is shown after datandihg with 20 ms intervals. Upon
continuous illumination the molecule wasitting during about 0.2 s, then it
suddenly stopped fluorescing. In ki@ 2.1.5.B, the same time trace is
represented with a smaller bin time of 2 ms. Much shorter emission events are
disclosed now. From the analysis oftite traces of individual EGFP molecules
immobilized in a 15 % PAA gel we obtained an average on-time of 170 £ 17 ms
when an integration time of 20 ms wagsplied. If we however analyzed the same
set of 46 time traces with a data binoofy 2 ms, we obtained an average on-time
of only 14.4 + 1.7 ms. This means thhe high time-resolution acquisition and
analysis of data available in our confosgtem, offers the possibility to reveal
photodynamics of single fluorescent lexules on a very small timescale.
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Fig. 2.1.5. Representation of one time trace of an individual EGFP molecule immobilized
in 15% PAA analyzed with different integration times. A. Data bin 20 ms. B. Data bin
2 ms. Average excitation intensity was 6 kW.cm2.



From Poisson statistics only we would esipless fluctuations than observed for
EGFP in Figure 2.1.5.B. From Figurel® it follows that the probability to
measure events below 20 counts (corresimontd 10,000 counts/s during one 20
ms bin) is 0.006 for an average sigmdl40 counts (cwesponding to 20,000
counts/s during one 20 ms bin). For theFEGn-time of about 200 ms containing
100 data points, this would be equabtdy 1 event at most. The EGFP time trace
however shows about 20% of low-level etgerFrom this we can conclude that
the irregular EGFP fluorescence as obselivethe time trace is not in the first
place a result of statistical fluctuationsdditional off-events are caused by the

well-known blinking of EGFP.
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Fig. 2.1.6. Poisson distribution for an average signal of 40 counts. The cumulative
probability to observe events below 20 counts is 3.6x10™. Relative to the probability at

the average of 40 counts thisis 0.6%.

Comparison of GFP fluorescence within different matrices

On-times
In view of single molecule applicatioivs which biological processes are studied,

it is important to know what observatidgime is offered by the GFP label. To
investigate if on-times are influenced tine immobilization procedure and type of
matrix, we decided to compare GFP(S65T) and EGFP molecules within
polyacrylamide and agarose gels. The Itesare shown in Table 2.1.2. In the
previous paragraph we have shown thatrémilt of on-time analysis is highly
dependent on the applied data binnifigperefore the on-time data mentioned
should be interpreted as apparent oreinas obtained with the indicated data

binning.

Table 2.1.2 shows that there is no figant difference in on-times of GFP
molecules upon immobilization in eitheratrix. Also the mutants GFP(S65T) and
EGFP behave in a similar way, with an average excitation intensity of 6 Ki.cm
the average on-times are below 100 ms. A teancrease the observation time is



by lowering the excitation intensity. An average intensity of 0.75 kW .érthe
molecules stay 2 to 3 times longer in an emitting state.

av. exc. GFP (S65T) EGFP EGFP-XPA
matrix int. on-time N on-time N on-time N
kW.cm™ (s) (s) ()
0,
1% 0.75 - 0.182+0.018 22 0.176+0.014 B1
agarose
6 0.051+£0.006| 22 0.086+0.004 24 -
15%
PAA 0.75 - 0.266 +0.007| 21 -

6 0.091+£0.010| 28 0.069+0.008 22 -

Table 2.1.2. Comparison of on-times of GFP(S65T), EGFP and EGFP-XPA molecules
after immobilization in 1% agarose or 15% PAA at an excitation intensity of 0.75 kKW.cm™
and 6 kW.cm®. Result of analysis of time traces of individual GFP molecules with a 10 ms
data bin. N is the number of molecules analyzed. Analysis was performed only on time
traces of molecules that were in an emitting state at t,.. Time interval analyzed was from
0-5 s. On-time distributions were plotted in histograms. By fitting each histogram with a
mono-exponential decay function the average on-times were extracted.

In literature also longer GFP on-times weeported at lower excitation intensities
(14). From our results we may concluthat the on-times of GFP molecules are
not affected by the immobilization methaothis is in agreement with literature
data (14). Apparently immobilizam in polyacrylamide, where the GFP
molecules are present in the acrylamiwiéxture during the quite aggressive
polymerization reaction, is not harmfultlvirespect to the fluorescence properties
of the GFP molecules.

We also determined on-times from EGREBeled XPA molecules, to investigate
if fusion to another protein influencesetlluration of the on-times. It appeared
that there is no effect on average on-timEEGFP because of the presence of the
XPA protein. Upon excitation with 0.75 kW.¢at 488 nm and immobilization
of EGFP-XPA molecules in 1% agarosm-times are determined of 176 ms,
similar as found for free EGFP under the same conditions.

Blinking

The on-time data were further analyzed ttoee number of times that a molecule
switches on and off during the 5 s measwentime interval, a representation of
the so-called blinking behaviaf molecules. The results are listed in Table 2.1.3.
These results show that individualFB molecules display a strong blinking
behavior, indicated by the high numberooftimes per time trace, which is rather
independent of excitation intensignd matrix. The fraction of GFP(S65T)



molecules showing multiple blinkingppears to be lower than for EGFP and
EGFP-XPA. The amount of data is however sgfficient to conclude that this is
a real difference between the GFP(S65T) and EGFP mutant.

. GFP (S65T) EGFP EGFP-XPA
Matrix Average

exc. power| Nop Frys1 Non Frys1 Non Frys1
(kw.cm?) (%) (%) (%)

1% agaross 0.75 - - 3.3 73 4.2 81
6 4.0 50 3.7 87 - -
15% PAA 0.75 - - 2.1 70 - -
6 3.0 64 3.2 77 - -

Table 2.1.3. Comparison of blinking behavior of GFP(S65T), EGFP and EGFP-XPA
molecules after immobilization in 1% agarose or 15% PAA at 0.75 kW.cm®and 6 kW.cmi®
488 nm excitation. The average number of on-times per 5 s time trace (N,,) and the
fraction of molecules with multiple blinking (Fr 1) are presented. Data bin was 10 ms.
The number of molecules analyzed isthe same asin Table 2.1.2.

Fluorescence intensity
Also the fluorescence intensities and tb&al number of photons collected from
an individual GFP(S65T), EGFP or EGKIPA molecule were not significantly
different in either matrix.

The number of photons that we coledtfrom a single GFP molecule was
typically between 6x10and 5x16 with a count rate of 1-5x¥@hotons/s and a
signal to background ratio between 5 dfid From equation 1.5 (paragraph 1.4)

an expected count rate of 1.5%hotons/s is obtained for GFP at 6 kWnith

peak power excitation. The lower measuagdrage count rates may be attributed

to the strong blinking behavior of GFRolecules during emission. Moreover we

did not observe a stronger fluorescence from EGFP than from GFP(S65T) on the
single molecule level.

These results do not provide a reasonexpress a preference for either gel
material. However for biological applicatis agarose gels are preferred, because
the preparation involves more mild catehs in which the protein molecules are
not exposed to unnatural conditions.



Confocal single molecule detection of ECFP fluorescence

In Figure 2.1.7, a confocal image is shown from ECFP-XPA molecules
immobilized in a 1% agarose matrix.

counts/piel >

o

Fig. 2.1.7. Scanning confocal image of ECFP-XPA molecules immobilized in 1%
agarose. Image size is 6.2x 6.2 un¥, 128x 128 pixels, dwell time is 0.5 ms/pixel. Average
excitation intensity was 1.2 KW.cm™.

The ECFP-XPA preparation was not suffitlg pure to fully characterize the
single molecule fluorescence of indivallECFP molecules. Protein aggregation
resulted in spots with much higherténsities than expected from single
molecules. Time traces measured from aggtes rather showed a gradual than a
stepwise decrease in intensity, as shdw Figure 2.1.8.A. The time trace in
Figure 2.1.8.B shows a stejse bleaching behavior.
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Fig. 2.1.8. Time traces of ECFP-XPA molecules immobilized in a 1% agarose matrix.
The average excitation intensity was 1.2 kW.cm®. A and B: data bin is 10 ms. C: same
time trace as B with data bin of 2 ms.

The average count rate that theordiiycaan be expected from a single ECFP
molecule was calculated at an average excitation intensity of 1.2 KiW.cm
(according to equation 1.5-paragrapld)l.From a single ECFP molecule we
would expect a count rate of 6.5%Jhotons/s at peak power excitation. In the
ECFP measurement configuration we have a detecfiaieacy of 2.0% and
hence 1.3x1¥counts/s can be expected per singléE@nolecule.



The average count rate during the onetin Figure 2.1.8.B is about 2.5X1s/s.

The measured count rate in this particulare trace is higher than expected for
one molecule. In the interpretation however of one individual time trace the
influence of dipole orientation should be considered. In time trace measurement
there may be a bias towards selectioordf bright spots, representing molecules
with a more favorable dipole orientatioFrom a molecule with an optimally
oriented dipole we may observe aethrtimes higher count rate than from a
population of molecules with random dipoorientation. To determine if the
particular time trace of Figure 2.1.8.B repents the fluorescence behavior of one
or more molecules we applied a smaltgegration time of only 2 ms. Then the
successive bleaching of two molecules wasaled, as shown in Figure 2.1.8.C.

Confocal single molecule detection of EYFP fluorescence
In Figure 2.1.9, a confocal image shown from ERCC1-EYFP/XPF molecules
immobilized in a 1% agarose matrix.
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Fig. 2.1.9. Confocal fluorescence detection of ERCC1-EYFP/XPF. A. Scanning confocal
image of ERCCI1-EYFP/XPF molecules immobilized in 1% agarose. Image size is
6.2x6.2 unt, 128x128 pixels, dwell time is 0.5 mg/pixel. B. Example of an ERCCI1-
EYFP/XPF time trace represented with a data bin of 10 ms. The average excitation
intensity was 5 kW.cm.

The confocal image of Figure 2.1.9d&@monstrates that we can image the EYFP
label present as ERCC1-EYFP/XPF. Figurk 2B shows an example of a single
molecule time trace of ERCC1-EYFH?K with one step bleaching.

The theoretically expected count rafom a single EYFP molecule was
calculated at an average excitation intensity of 5 kW.¢aacording to equation

1.5-paragraph 1.4). From a single Y molecule a count rate of 8.0%10
photons/s is expected at peak povexcitation. In the EYFP measurement
configuration the detection efficiendy 2.3%. Therefore we may detect 1.8%10
counts/s per single EYFP molecule. Théenmsity in the time trace of Figure



2.1.9.B is about half of the expectedeinsity. An unfavorable dipole orientation

may result in a lower count rate froan individual EYFP molecule. Upon

application of smaller integration timemly one bleaching step was observed,
indicating that this time trace represeiite fluorescence behavior of a single
EYFP molecule.

2.1.3 Discussion and Conclusions

Our results demonstrate that it is wptissible to apply GFP mutants in single
molecule investigations with confocfilorescence microscopy. It is however
important to realize that GFP moleculds not behave as stable emitters. In
confocal images and time traces from indiual GFP molecules both blinking
and bleaching is observed. In genenad can conclude that the fluorescence
behavior of individual GFP(S65T)nd EGFP is similar. From the EGFP-XPA
results we conclude that recombinant fusion to the XPA protein does not
influence the fluorescence properties BGFP. Considering single molecule
studies on the NER system tigsa relevant observation.

We did not observe a difference in-ttimes, blinking behavior and fluorescence
intensities of GFP molecules after immaidliion in different matrices. This is in
agreement with literature data (14). Thetiones measured at different excitation
intensities are smaller than those répdrfrom TIRFM experiments at similar
conditions (14). The higher time-resolution in our analysis reveals photodynamics
of single GFP molecules on a smaller timescale. Our confocal results are in good
correspondence with single molecule GFguhes that were obtained with NSOM
(21).

The emission count rates observed for GFP molecules were lower than expected
from their photophysical properties. Haagain the strong blinking plays a role.
Fast blinking, occurring during the integion time of the measurement, will
result in lower average count ratddnlike the name suggests, the EGFP,
enhanced green fluorescent proteing diot show stronger fluorescence than
GFP(S65T) on the single molecule level. Y@t is in agreement with the almost
equal photophysical propertiksown for both mutants.

The ECFP results are in agreement withleak photophysical properties of this
mutant. The fluorescence detectionE®2FP can be improved by about 20% by
using a He-Cd laser with a wavelength of44n for excitation. So far our results
on ECFP should be considered as prelanyn The issue of protein purification

and impurity requires further study.



Like the other GFP mutants also EYBRows single molecule blinking and
bleaching features. The emission couwate observed from individual EYFP
molecules is shown to be in the rangetlod expected count rate. Selection of
514.5 nm excitation will result in&times higher fluorescence intensity.

In general, low excitation intensities rétsm a longer time span of emission and
higher total numbers of photons fronFB& molecules. We conclude, because of
the strong blinking beléor, that GFP mutants arsuitable but not ideal
fluorophores for single molecule studies loiological systems. With respect to
application in our single molecule RE study, still GFP labeling offers
considerable advantages.deneral NER proteins, beingryedifferent in size and
amino acid composition, are not easilpdéed with chemical methods without
interference with their biological functio®ingle molecule labeling with methods
other than GFP will usually require mutagsis to generate proteins with only
one cysteine residue.
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2.2 Cyanine dyes
Cy3.5and Cy5

In paragraph 1.2 we described general aspects of cyanine labels. Here we
characterized the single molecule flascence properties of the cyanine dyes
Cy3.5 and Cy5, because of their apgalion as DNA labels in our NER-
protein/DNA binding studies (chapterafhd 5). The combination of Cy3.5 and
Cy5 was selected for future use as a FRET pair. Single Cy3.5 and Cy5
fluorophores were covalently bound to DNA oligomers.

The chemical structure of Cy3.5 and Gg5shown in Figure 2.2.1 (1,2). Cy3.5

and Cy5 both are represented as monotfanal succinimidyl (NHS) esters. The

presence of the NHS-group is convemnigfor conjugation to biomolecules

containing aliphatic amino groups. The legular mass of the Cy3.5-NHS ester is
1102.4 and of the Cy5-NHS ester 791.99.

[s] O@ o] OV\Q
Cy35 Cy5

Fig. 2.2.1. Chemical structure of monofunctional Cy3.5- and Cy5-succinimidyl ester.

In Table 2.2.1 the photophysical projpes of Cy3.5 and Cy5 are summarized
(1,2). The product ofe and Q is given as an indication for their relative
fluorescence brightness. At identicalciésation conditions we may expect from
Cy5 a 3 times higher fluorescenogensity than from Cy3.5.



Cy35 Cy5
Ao’ (nm) 581 649
A (nm) 596 670
gat Ay (Mtem®) | 150,000 250,000
Q 0.15 0.27
£XxQ 22,500 67,500

Table 2.2.1. Photophysical properties of Cy3.5 and Cy5 as determined in bulk. ¢ is the
extinction coefficient, Q is the quantumyield.

In paragraph 1.4-Table 1.4.1 the modévant parameters in our Cy3.5 and Cy5
measurements have been summariZz€de expected count rates for each
fluorophore are indicated too. Purely om thasis of bulk data we may expect to
detect a more than 4 times higheunt rate from Cy5 than from Cy3.5.

The measured absorption and emissicecsp of Cy3.5 and Cy5 dye are shown
in Figure 2.2.2.

Cy3.5 Cy5

intensity

500 600 700 800 500 600 700 800

wavelength (nm) wavelength (nm)

Fig. 2.2.2. Absorption and emission spectra of Cy3.5 and Cy5. The arrows indicate the
wavelengths of the 568 nm and 647 nm laser lines that will be used for excitation. The
shaded areas show the wavelength regions that are detected with different emission filters
applied in our confocal microscope. For detection of Cy3.5 the D605/55 band pass filter
is shown in gray, the 565EFLP long pass filter in dotted gray. For Cy5 detection the
HQ665LP emission filter isindicated in gray.

From the absorption spectrum it candmmcluded that the 568 nm line produced
by an Ar-Kr laser has the proper wavelenfgthexcitation of Cy3.5. Compared to
excitation in the maximum the excitati@fficiency at 568nm is 72%. The



excitation spectrum of Cy5 shows thae tB847 nm Ar-Kr line excites Cy5 in the
excitation maximum.

The fluorescence of individual Cy3.5 a@y5 molecules, covalently attached to
DNA molecules by a carbon linker, wasachcterized with respect to on-times,
blinking behavior and fluorescence interesitat different excitation powers. The
dye molecules are supposed to be fraelating over the carbon-linker on a
timescale smaller than our measurement integration time. Because of the
dependence on data binning (see pardgfap.2), unless otherwise indicated, all
time trace analysis was performada 10 ms data bin.

2.2.1 Materials and Methods

Cy3.5 and Cy5 labeled DNA oligomers

5-Cy3.5 and 5-Cy5 labeled 90 nedtide oligomers were purchased (DNA
Technology A/S, Aarhus, Denmark). The ciyas are coupled to the 5’0OH of the
last nucleotide via a 3-carbon linker.

Sample preparation for confocal microscopy

Immobilization of Cy-labeled DNA oligmers was achieved by adsorption on
quartz. A 10ul volume of 1 M MgC} solution in water was applied to a carefully
cleaned 25 mm diameter cover slip. After about 30 s the slide was rinsed with
water and dried. For immobilization of Cy3.5-oligomers (ll0of a 2x10° M
solution of Cy3.5 labeled DNA in water wapplied to the cover slip. Another 25
mm diameter quartz cover slip was placedt@m During confocal scanning the
sample was oriented with the Mg-treatgdle at the top, such that molecules
adhered to this slide will be measured.

For immobilization of Cy5-oligomers 10l of a 1.3x1¢ M solution of Cy5
labeled DNA in water was used.

Sample preparation for confocal noscopy in the presence of an oxygen
scavenging system was performedthie same way, only the Cy-labeled DNA
was in 25 mM Hepes, 100 mM NacCl, pH9. After adsorption for about 30 s
about 0.3 ml of oxygen scavenginglwmn was added. Excess solution was
drained off before another 25 mm diamejeartz cover slip was placed on top.
The composition of the oxygen scavemgimixture was: 216 pg/ml glucose
oxidase, 4.5 mg/ml glucosg@é pg/ml catalase and 0.5%mercapto-ethanol in 25
mM Hepes, 100 mM NacCl, pH 7.9 (3).

Scanning confocal fluorescence microscopy
The confocal microscope, described imgagaaph 1.4, was used. The measurement
configuration was as shown in Figure 2.2.2.



2.2.2 Results

Confocal single molecule detection of Cy3.5 and Cy5 fluorescence
In Figure 2.2.3 confocal images are shdwm the fluorescence of Cy3.5-labeled
90-mers and Cy5-labeled 90-rmemmobilized on quartz.
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counts/pixe

Fig. 2.2.3. Scanning confocal image of Cy-labeled -90mers adhered to quartz. A. Cy3.5;
B Cy5. Image sizeis 3.1x 3.1 un, 128x 128 pixels, dwell time is 0.5 ms/pixel. The average
excitation intensity was 5 KW.cm?for Cy3.5 and 4 KW.cm®for Cy5.

A number of typical single molecule featsrare observed in both images. In the
Cy3.5 image an incomplete spot is prasanthe circled position, while the Cy5
image only contains incomplete spots. Tisien indication of sudden bleaching
of individual molecules during scannint.is unlikely that several molecules
within a cluster bleach at exactlihe same moment. From the different
appearance of both images we can conclhdeCy5 molecules bleach faster than
Cy3.5 molecules at almost equal excdatiintensities. Also the number of
molecules per image is much lower 1Gy5 than for Cy3.5, although the Cy5
samples are prepared by applying evéntitnes more molecutecompared to the
Cy3.5 samples. We must assume thaigaificant fraction of the Cy5 molecules
have bleached before they can be recoghas a single molecule in the images.
The intensity of the fluorescence spotstlie images is not homogeneous. The
alternating bright and dark periods areegresentation of blinking. Blinking is
characterized by frequent short-lived pedand which the fluorescence appears to
be photobleached but rapidly recovers.

In Figure 2.2.4 some typical time traces are shown of single Cy3.5 and Cy5
molecules excited with different averaggcitation intensities. Both Cy3.5 and
Cyb5 display longer on-times and lower cotates at low excitation intensity. It is
remarkable that the on-times of Cy5 aterter than those of Cy3.5 at similar
excitation conditions.
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Fig. 2.2.4. Time traces of individual Cy dye molecules excited with different average
excitation intensities. Upper panel: Cy3.5. A. 0.4; B. 1.2; C. 2.5; D. 5 kW.cm. Lower
panel Cy5. A. 0.35; B. 1; C. 2 kW.cm2.

Analysis of Cy3.5 and Cy5 single molecule fluorescence

The single molecule fluorescence behawb€Cy3.5 and Cy5 was characterized at
different average excitation powers by analyzing images and time traces. In Table
2.2.2 the on-times and collected photges molecule have been summarized.
On-time data should be interpreted asparent on-times at the indicated data
binning.



Cy3.5

Exc. N on-time Image Timetrace Total
intensity () ph/molecule | ph/molecule | ph/molecule
(kW.cm™) (x10%) (x10% (x10%

0.4 56| 0.816+0.066 19 + 11 114 + 185 116 * {136

1.2 57| 0.337+0.014§ 49 + 34 58 4.6 6.3 + 4.7

2.5 61| 0.211+0.010 40 *+ 1.5 79 79 74 + 79

5 74| 0.166+0.0100 8.0 + 2.2 55 54 6.3 + 55%

Cy5
0.35 40| 0.218 +0.028 19 +1.1 22 23 24 + 23
1 64| 0.102+0.007 3.2 + 2.4 13 1.8 16 + 19
2 43| 0.099+0.0060 35 * 1.7 16 25 19 + 2.4

Table 2.2.2. On-times and collected photons for individual Cy3.5and Cy5 molecules at
different average excitation intensities. On-time analysis was performed on time traces
with a data bin of 10 ms. Time interval analyzed was from 0-5 s. On-time distributions
were plotted in histograms. By fitting each histogram with a mono-exponential decay
function the average on-times were extracted. The photons collected from individual
molecules in images were obtained by integration of the intensities per spot. Background
intensity was subtracted. Images were scanned with an integration time of 0.5 ms/pixel,
128x 128 pixels, 6.2x6.2 un?. The number of photons collected in time traces was
obtained by integration of the total intensity during on-times. The average background
intensity was subtracted. The applied data bin in time traces during analysis was 10 ms.
By adding the number of photons of a spot in an image and the number of photons in the
corresponding time trace the total intensity per molecule was cal cul ated.

Total number of photons
For obvious reasons Table 2.2.2 shows thatnumber of photons per Cy3.5 and
Cy5 molecule collected in an image deages at lower excitation intensities.

Conclusions from Table 2.2.2 for Cy3.5:

The number of photons per molecule collected in a time trace is for Cy3.5 not
significantly different at excitatiointensities between 1.2 and 5 kW:&min
average 10 times more photons are collettgtie time traces than in the images.
Because of the rather low intensity iretimages also the total number of photons
does not change a lot with excitation power. Oumlly very low powers,

0.4 kW.cn?, the total number of photons than be obtained is higher.

Conclusions from Table 2.2.2 for Cy5:

The number of photons per molecule eoted in a time trace does not depend
significantly for average excitatn intensities of 1 and 2 kW.¢mAbout 4 times
more photons are collected in the timacts than in the images. Consequently
also the total number of photons doeschange a lot with excitation intensity.



Characterization of fluorophores

Only at the lowest intensity of 0.35 kW.&pnthe total number of photons that can
be obtained is somewhat higher. Proladtl low excitation power, the emission
of Cy5 is more stable.

On-times

Table 2.2.2 shows that a decrease of ékeitation intensity can significantly
increase the duration of the time-period thaholecule stays in an emissive state.
It is clear however that the averagetomes of Cy5 molecules are much shorter
than those of Cy3.5 molecules at congide excitation intensities. The on-time
results are also represented igraphical way in Figure 2.2.5.
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Fig. 2.2.5. Average on-times of individual Cy dye molecules at different average
excitation intensities. A. Cy3.5. B. Cy5.
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Fig. 2.2.6. Sgnal/background ratio of individual Cy dye spots in images at different
excitation intensities. A. Cy3.5. B. Cy5. The ratio was calculated by dividing the total
intensity in a fluorescence spot by the total intensity in a background area with the same
size as the fluorescence spot.

In imaging it is evident that longer dimes will result in more complete spots.
Therefore from Cy5 less frequently complete spots will be obtained than from
Cy3.5 at equal excitation conditions, whiis in agreement with the observation
in the images. Low intensity excitation witle advantageous for the purpose of
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Chapter 2

localization analysis, although the signabgckground ratios slightly decrease at
lower excitation intensities.

Blinking

The on-time data were further analyzed ttoee number of times that a molecule
switches on and off during the 5 s measwgeniime interval, a representation of
the so-called blinking behavior of molecsldn interpretation of the data it is

important to consider that the result igpdadent on the applied data bin. On-off
switching on a timescale smaller thare thpplied time resolution will not be

revealed. The results are represented in Figure 2.2.7 and 2.2.8.
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Fig. 2.2.7. Average number of on-periods per 5 s time trace at different excitation
intensities. A. Cy3.5. B. Cy5.

From Figure 2.2.7 it is clear thatdividual Cy3.5 molecules switch more
frequently on and off during emission, inrpeular at low excitation intensities.
Cy5 molecules are blinking only slightiyiore at lower excitation intensities.
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Fig. 2.2.8. Fraction of Cy dye molecules with one on-time. A. Cy3.5. B. Cy5.
From Figure 2.2.7 and 2.2.8 we can codeluhat at low excitation intensities,

although blinking is slightly increasethe majority of Cy3.5 and Cy5 molecules
emits during one relatively long period.
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Count rates

The average count rates that theoreticedlp be expected from single Cy3.5 and
Cy5 molecules at peak power excitatiwere calculated and compared with the
measured count rates (accordingetpuation 1.5-paragraph 1.4).

In Table 2.2.3 the results are shofer different excitation powers.

Cy35
Exc. N Theoretical M easur ed
intensity av. count rate av. count rate
(kW.cm™) (photons/sx10°) (photons/sx10°)
0.4 56 0.6 14 + 1.7
1.2 57 1.8 19 + 14
2.5 61 3.6 35 + 3.7
5 74 7.2 3.8 + 3.3
Cy5
0.35 40 2.45 11 + 1.1
1 64 7.0 1.6 =+ 19
2 43 14.0 19 + 26

Table 2.2.3. Comparison of measured count rates with theoretically expected count rates
of Cy3.5 and Cy5 molecules at peak power excitation.

Table 2.2.3 shows that the measured coatds and the theoretically expected
count rates for Cy3.5 are in quite gamgreement. For Cy5 however the measured
count rates are much lower than the te&oal values. It is likely that large
fluctuations in emission rate, oacimg on a time scale smaller than our
measurement integration time, are respuadior the lower measured count rates
for Cy5. These fluctuations have beshown to be caused by photoinduced
isomerization of Cy5, for Cy3.5 isomerikat has not been reported. The rate of
interchange between the emitting trans-state and non-emitting cis-state was found
to be in the sub-milliseconds range andpartional to the excitation rate (6,7). In
line with this observation our data show a larger difference between theoretical
and measured values with an inceeas excitation intensity. Fluorescence
intensity fluctuations may also be caudmdsinglet-triplet transitions. However,

at the excitation intensities that we used, the population of triplet states is
supposed to be negligible (6,7).

All together we can conclude that thagle molecule fluorescence characteristics
of Cy5 as observed with confocal flescence microscopy are much weaker than
expected from the photophysigabperties determined in bulk.



Influence of oxygen scavenging on single molecule
fluorescence properties of Cy dyes

In the previous paragraph we showed thatfluorescence duration of Cy3.5, and

in particular Cy5, is limited. However for application in single molecule
fluorescence studies on biological systemis itmportant to be able to follow a
process for a sufficient amount of time. literature the sensitivity of Cy5 to
photobleaching by oxygen radicals haseb reported (4,5) To increase the
observation time it was recommended use an oxygen scavenging system
together with Cy5. The purpose of oxygen scavenging is to remove oxygen from
the system and thereby prevent (excitedejtoxidation of the components. We
investigated if the use of an oxygeragenging system could prolong the single
molecule observation times of Cy3.5 and Cy5. Here we used the glucose
oxidase/catalase scavenging system (3).

Cy3.5 and Cy5

The single molecule fluorescence behawbrCy3.5 in the presence of oxygen
scavenger was characterized at an ayemexcitation intensity of 2.5 kW.cnby
analyzing images and tiniaces. For Cy5 the excitation intensity was 2 kWi.cm
In Figure 2.2.9 some typical examplesCy3.5 and Cy5 time traces are shown.
From these time traces it is evident thaich longer on-times are obtained when
oxygen is removed.
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Fig. 2.2.9. Time traces of individual Cy3.5 and Cy5 molecules in the presence of oxygen
scavenger. Cy3.5 was excited with 2.5 kW.cmi?, Cy5 with 2 KW.cm'2.

In Table 2.2.4 the on-times and collected photons per Cy3.5 molecule, with
oxygen scavenger present, are sumpegriand compared with data from Cy3.5
and Cy5 molecules in the absence ofgety scavenger (see Table 2.2.2.).



Cy3.5

N on-time Image Timetrace Total
(9 ph/molecule | ph/molecule | ph/molecule
(x10%) (x10% (x10%
TOXygen | 45| 2633+0320 33 + 1.1| 334 + 348 337 + 34.9
scavenger
—OXygen | 511 0.211+0.0100 40 + 15 78 79| 74 + 74
scavenger
Cy5
TOXYgeNn | 451 0338+0032 40 + 1.5 127 + 189 131 + 19.0
scavenger
—OXygen | 431 0.099+0.006 35 + 1.7 16 25| 19 + 246
scavenger

Table 2.2.4. Effect of oxygen scavenging on on-times and collected photons of individual
Cy3.5 and Cy5 molecules. For Cy3.5 the excitation intensity was 2.5 KW.cm?, for Cy5
2 kW.cm®. A time interval was analyzed from 0-5 s. On-time analysis was performed as
described in the legend of Table 2.2.2.

Conclusions from Table 2.2.4 for Cy3.5:

From the data in Table 2.2.4 it followhat Cy3.5 molecules remain in an
emissive state about 12 times lengvhen oxygen is scavenged.

The number of photons obtained per singi8.5 molecule in an image stays the
same. The amount of collected photongiime traces, and consequently also the
total number of photons per molecule,about 4.5 times higher with oxygen
scavenger present. For imaging this nsetirat higher excitation intensities will
be allowed without immediately bleachitige fluorescence, resulting in improved
signal to background ratios. For loaation studies this will definitely be
beneficial.

Conclusions from Table 2.2.4 for Cy5:

The data in Table 2.2.4 show that oxygeavenging has a positive effect on the
fluorescence properties of Cy5 molecul&ébe effect is not as dramatic as for
Cy3.5, but under otherwise identical cdiatis, Cy5 molecules stay about 4 times
longer in an emissive state when ogpgis removed. A 30-fold increase in
photostability was reportefdr Cy5 (4) and a smaller effect for Cy3. The effect of
oxygen on the emission properties 0of3@&/has not been reported previously. Our
measurements indicate a significant effectCy5, but an even stronger effect for
Cy3.5. The numbers of photons obtained per single Cy5 molecule in an image is
not much different under both conditioie total amount of photons collected
per molecule, is about 7 times higher wattygen scavenger present. At identical



scanning conditions, Cy5 images will caimt more complete single molecule
spots in the absence of oxygen than weidygen present. Longer observation of
single Cy5 molecules will be alleed at oxygen depleted conditions.

Comparison of Cy dye and GFP single molecule fluorescence
behavior

In general there is a striking difference fluorescence behavior of GFP single
molecules and Cy moleculds. paragraph 2.1.2 the venystable fluorescence of
GFP molecules was already notified. This observation was corroborated by
images and time traces (Fig.2.1.3-5) wasll as by the results from on-time
analysis (Table 2.1.3). In Fig.2.2.E3time trace of an EGFP molecule and a
Cy3.5 molecule are shown together.
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Fig. 2.2.13. Comparison of fluorescence behavior of an individual EGFP molecule (A)
immobilized in 15% PAA gel and an individual Cy3.5 molecule immobilized by adsorption
onto quartz. Average excitation power was 6 KW.cm? at 488 nm for EGFP and 5 kW.cm™
at 568 nmfor Cy3.5. Time traces are represented with a data bin of 2 ms.

Although in both profiles the on-periods are of almost equal length, it is evident
that the fluorescence of Cy3.5 is muchrenstable than from EGFP. This effect
has been reported before by in literat(®e9). From Poisson statistics only we
would expect less fluctuations thansebved for EGFP in Figure 2.2.13.A. The
probability to measure events below 1Qets (corresponding to 5,000 counts/s
during one 2 ms bin) is about 0.03rfan average signal of 30 counts
(corresponding to 15,000 counts/s dgrione 2 ms bin). The EGFP time trace
however shows about 10% of low-leveleets. In contrast, the Cy3.5 time trace

in Figure 2.2.13.B shows hardly anywdevel events, which may be expected
from Poisson statistics for an average ofc®@nts. From this it is concluded that
the fluctuations in time traces of GFP single molecules are dominated by
molecular dynamics and not by Poissornistias of the photon emission. In spite

of the very general use of GFP as helano definitive conclusions have been
drawn with respect to the natuséthe molecular dynamics.



2.2.3 Discussion and Conclusions

The photophysical properties determinedbulk from Cy3.5 and Cy5 indicate

that Cy5 is a stronger fluorophore than3@y In literature no reports are available
on single molecule characterization of @yes, although in particular Cy5 has
been used widely in single moleculepagations (10-17). Nevertheless, our
single molecule data demonstrate cleart tBy3.5 is more photostable than Cyb5.
At similar excitation powers on-timeseatonger for Cy3.5 than for Cy5. The

average number of photons collected per &yBolecule also is higher than for a
Cy5 molecule. The deviation of the measicount rates from theoretical values
is much larger for Cy5 than for Cy8.Because of photoisomerization Cy5
molecules are supposed to be in the-flworescent cis-state during 50% of the
time (6,7). This may explain the low mber of molecules visible. So far

isomerization has not been reported for Cy3.5.

From the results in the presence of cxygcavengers, we can conclude that not
only Cy5, but also Cy3.5 is sensitive foshotobleaching by oxygen radicals. The
photophysical properties of Cy5 aslas from Cy3.5 improved considerably
when oxygen was removed. In parteulon-times and number of collected
photons are important aspects in singlelecule fluorescence investigations. To
study dynamic aspects of a biological gess it is necessary to follow the process
during a certain time. At least during thené of observation the emission of the
applied fluorescent labels should not stop. In this respect the use of oxygen
scavengers will be useful. Nevertheldssis necessary to be aware of the
composition of the oxygen scavengingt®m. Here we used a combination of
two proteins, glucose oxidase and catalAsérawback of this system may be the
addition of extra proteins in a reactianixture. For example in the study of
specific protein-DNA interactions it may lmdesirable to include proteins in the
reaction other than the proteins of netgt. Another disadvantage may be that
glucose oxidase itself fluoresces when excited at 488 nm. At this wavelength we
observed single molecule glucose @dd fluorescence. For that reason we
concludethat the glucose oxidase/catalase exysts only useful in combination
with fluorescent dyes that are excitedtie yellow and red wavelength region.
Other oxygen scavengers should be usedombination with dyes that require
488 nm excitation. For GFP no effectamfygen removal has been observed.

In general we can conclude that both Cy3.5 and Cy5 are suitable fluorophores for
single molecule investigations. Remowal oxygen considerably improves the
photophysical properties d@foth fluorophores. With CyB.oxygen scavenging is
recommended, for Cy5 applications itabsolutely required. Another possibility

is to work in an oxygen-free environment.



In particular for simultaneous detectiafi biomolecules labeled with different
fluorophores, for example EGFP label¢BA together with Cy3.5 labeled DNA,
it is important to have sufficient notion tife fluorescence characteristics of both
fluorophores. Fluorescence intensities ghatostability differ a lot for different
types of fluorescent molecules upon éxtion with similar powers at their
optimal wavelengths. Upon excitation BIGFP with 488 nm and excitation of
Cy3.5 with 568 nm at equal powers the-times for Cy3.5 will be twice as long
as for EGFP with much less blinking.
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2.3 Alexadyes

In paragraph 1.2 we described genexadracteristics of Alexa dyes. Here we
investigated the single molecule fluoresce properties of Alexa 488 conjugated

to the XRCC4 protein, that is involvéi Double Strand Break repair (1). DNA
double strand breaks can be produced by ionizing radiation or oxidative agents.
The XRCC4 protein occurs in dimer foramd has been genetically modified in
such a way that there is only a singyestein residue per monomer. The molecular
mass is 39 kD per monomer. In Figure 2.3.1 the structure of an XRCC4 dimer is

shown.

Fig. 2.3.1. Ribbon diagram of the structure

g of an XRCC4 dimer. Each XRCC4

% monomer consists of a head domain,

¢ composed of an a-helix and f-sheet part,
s and a 12 nmlong a-helical stalk (2).

Alexa Fluor 488 maleimide is used to latiee cystein residues (Cys93) located in
the head parts of the XRCC4 protein (2).

Alexa 488

The chemical structure of Alexa 488 shown in Figure 2.3.2 as a maleimide
derivative. Thiol reactive maleimides ansed for labeling o€ystein sulfhydryl
groups of proteins. The molecular masstled Alexa 488-maleimide is 720.66

(3,4).

| N— (CH )gNH - C
o)

o]

Fig. 2.3.2. Chemical structure of Alexa 488-maleimide.



In Table 2.3.1 the photophysical propertigsilexa 488 in bulk are summarized
(3,4). The product of and Q gives an indication fehe effectiveness of Alexa
488 in fluorescence applications.

Alexa 488
A (nm) 495
A2 (nm) 519
gat A (Mt.em?) 78,000
Q 0.36-0.60
exQ 28,080-46,800

Table 2.3.1. Photophysical properties of Alexa 488. ¢ is the extinction coefficient and Q
is the quantumyield. * the quantum yield depends on the conjugation partner.

In paragraph 1.4-Table 1.4.1 the mostevant parameters in our Alexa 488
measurements have been summarized.ekpected count rates are indicated too.
Purely on the basis of bulk data we may expect to detect a count rate for Alexa
488 similar to (E)GFP.

The excitation and emission spectrumAdéxa 488 is shown in Figure 2.3.3 (3,4).

Absorbance
Fluorescence emission

v
350 400 450 500 550 600 650
Wavelength (nm)

Fig. 2.3.3. Excitation and emission spectrum of Alexa 488, pH 8. The arrow indicates the
wavelength of the 488 nm laser line that will be used for excitation. The shaded area
shows the wavel ength region that is detected with the HQ525/50 band pass filter.

From the excitation spectrum it can bencluded that the 488 nm line from an
Ar-Kr laser has the proper wavelength écitation of Alexa 488. Compared to
excitation in the maximum the excitati efficiency at 488 nm is 75%.



2.3.1 Materials and Methods

XRCC4 protein production and labeling with Alexa 488

The labeled protein was kindly provided M. Modesti (Genetics, Rotterdam, the
Netherlands) (2)The Alexa 488 labeled XRCC4 protein was stored in buffer
containing 20 mM Hepes, 300 mM KCI, 0.5 mM EDTA, 2 mM DTT, 10%
glycerol, pH 7.2. About 90% of the prmation was estimated to contain 1 Alexa
488 fluorophore per monomer.

Sample preparation for confocal microscopy

For single molecule confocal measuents, the Alexa 488-XRCC4 was diluted
to concentrations of abouk50°M in 1 % (w/v) low melting point agarose in 20
mM Hepes, 300 mM KCI, 0.5 mM EDTA, pA.2. at 30° C. 5 microliters of this
mixture was sandwiched between two esfeely cleaned quartz cover slips,
diameter 25 mm.

Scanning confocal fluorescence microscopy

For measurements on the Alexa 488-XRCC4 protein the confocal microscope,
described in section 1.4, was usededdurement configuration was as shown in
Figure 2.3.3.

2.3.2 Results

Confocal single molecule detection of Alexa 488 fluorescence
In Figure 2.3.4 a confocal image shown of single fluorescing Alexa 488-
XRCC4 protein molecules immobilized in 1% agarose.

=
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Fig. 2.3.4. Scanning confocal image of Alexa 488-XRCC4 protein immobilized in 1%
agarose. Image size is 3.1x 3.1 un?, 128x128 pixels, dwell time is 0.5 ms/pixel. Average
excitation intensity was 6 kW.cmi?.



In the Alexa 488-XRCC4 image typicalngie molecule bleaching and blinking
can be observed. At the applied age excitation intensity of 6 kW.chonly
fractions of single molecule spots areible in the images. Also the emission
intensity per molecule is rather lowOn the single molecule level the
photophysical properties of Alexa 488 ralles seem to be less favorable than
suggested by the specifications measured in bulk.

In Figure 2.3.5 some typical exarapl of Alexa 488-XRCC4 time traces are
shown. From these time traces it is appa that the on-times of Alexa 488
molecules are very short. At first gla: they are similar to the Cy5 on-times
(Figure 2.2.4). At low excitation inteityg Alexa 488 moleculg exhibit longer on-

times and lower count rates, a similar behavior as observed for Cy dyes and GFP
molecules. The time trace in Figure 2.3.5.A displays a two-step bleaching
behavior, probably because of succesdileaching of two Alexa 488 molecules
present on one XRCC4 dimer.
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Fig. 2.3.5. Time traces of individual Alexa 488-XRCC4 molecules excited with different
average excitation intensities. A. 0.45; B. 3; C. 6 KW.cm™.

Analysis of Alexa 488 single molecule fluorescence

The single molecule fluorescence behaviérAlexa 488 was characterized at

different excitation intensities by analygiimages and time traces. In Table 2.3.2
the on-times and collected photons per Alé88 molecule at different excitation

intensities are summarized. Becauseoaf fast bleaching only a limited number

of molecules could be measured wéih excitation intensity of 6 kW.cm



Exc. int. N on-time Total
(kW.cm?) (9 ph/molecule
(x10%
0.45 41| 0.335 + 0.022 3.7 + 39
3 40| 0.132 + 0.014 1.3 + 1.3
6 10| 0.033 * 0.02( 0.8 £ 0.9

Table 2.3.2. On-times and collected photons of individual Alexa 488 molecules at
different average excitation intensities. On-time analysis was performed as described in
the legend of Table 2.2.2. Only time traces were included with a single bleaching step. In
calculation of the total number of photons per molecule, photons emitted while imaging
were neglected, because these intensities do not contribute significantly to the total
intensity (see also Tables 2.2.2, 2.2.4, 2.2.6 and2.2.7). ®not extracted from fit, just
averaged because of low number of measurements.

The number of photons collected froAlexa 488 molecules is very low and
comparable to Cy5 molecules without ogygscavenging (Table 2.2.2) at similar
excitation intensities. As for the Cy ely also for imaging of Alexa 488 single
molecules lower excitation intensities are favorable.

On-times

Table 2.3.2 shows that the on-times okxd 488 are very short. This could be
due to an extreme sensitivity of Alex884for photobleaching by oxygen radicals.

In literature however only a small effeat oxygen removal ophotostability of
Alexa 488 was mentioned (5) and so far we did not check this. The on-times of
Alexa 488 are comparable to those ofbQyithout oxygen scavenging at similar
excitation intensities. The duration 8lexa 488 on-times can be significantly
increased by a decrease in excitatiotensity. The on-time results are also
represented in a graphical way in Figure 2.3.6 together with blinking data.
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Fig. 2.3.6. On-time analysis of single Alexa 488 labeled XRCC4 molecules at different
average excitation powers.



From Figure 2.3.6 we can conclude tbattimes of Alexa 488 are significantly
longer at low excitation intensities. Thergest part of the Alexa 488 molecules
emits during one on-period (Figure 2.3.6.C).

Count rates

The theoretically expected average caatés from Alexa 488 molecules at peak
power excitation were calculated (accoglito equation 1.5-paragraph 1.4) and
compared with the measured count rafém result is shown in Table 2.3.3.

Exc. N Theoretical M easur ed
intensity av. count rate av. count rate
(kW.cm™) (photons/sx10°) (photons/sx10®)
0.45 41 1.0 1.1 + 1.2
3 40 6.6 1.0 £+ 1.0
6 10 13.2 24 + 2.7

Table 2.3.3. Comparison of theoretically expected count rates of Alexa 488 molecules
with measured count rates. Only time traces were included with a single bleaching step.

The measured count rates are lower tharthieoretical values. Only at the lowest
excitation intensity of 0.45 kW.cfnthe measured count rate is equal to the
expected one.

Two-step bleaching

Besides longer emission periods, alvéo excitation power more frequently a
two-step bleaching feature can be observed (Fig. 2.3.5.A). As mentioned in
Materials and Methods Alexa 488 is conjteghto the XRCC4 protein that is in a
dimer configuration (2). From thosegpein molecules in which both monomers
are labeled, a two-step bleaching behawiay be expected. To get an impression
about the fraction of molecules thet double-labeled, the time traces were
analyzed for the presence of a two-sbdpaching characteristic. The results are
presented in Figure 2.3.7.
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Fig. 2.3.7. Fraction of Alexa 488-XRCC4 molecules showing two-step bleaching
behavior. Results obtained from time trace measurements at different average excitation
intensities.



Figure 2.3.7 shows that upon excitatioithwow intensity from about 25% of the
molecules a two-step bleaching candiserved. If 90% of the XRCC4 dimers
were provided with 2 fluorophores theropably during prior imaging from about
65% of the molecules one of the flophores bleached. Dependent on the
proximity of both fluorophores in doutllabeled XRCC4 dimers quenching also
may occur. Anyway low excitation interisi$ are required for the observation of
the two-step bleaching.

2.3.3 Discussion and Conclusions

The favorable bulk photophysical pexties together with the exciting

experiences of investigators with Alexa dyegell biological studies (6-13) gave

rise to optimistic expectations for singtelecule applications. Our conclusion so
far is that Alexa 488 behaves pooriy single molecule experiments. The
appearance of hardly any single moleadports on Alexa dyes in literature until

now is at least remarkable (14). Furtharestigations are required to determine if
proper conditions can be found for thiee of Alexa 488 in single molecule

experiments.
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One of our aims in this confocatudy is to determine the exact
position of a molecule within aonfocal image, and even within a
complex of molecules. Moreover @ interested in the dynamics of
interactions that take place betwedlifferent individual molecules.
For this purpose it is important tisnage single fluorescent molecules
at optimal scanning conditions. Thimplies that the molecule should
stay in focus at least during the time of observation. Therefore it is
important to immobilize the moleculesimterest in the proper way. In
this chapter we will show confocal single molecule results from
surface immobilized DNA molecules, from diffusing DNA molecules in
an agarose matrix and from DNA molecules immobilized in agarose
by protein binding. Finally resudt will be shown of a method to
determine accurately the position ioflividual fluorescent molecules
within confocal images.



3.1 General introduction

Immobilization of molecules with a homegeous distribution has been an issue
of interest ever since single molecule investigations were initiated. Surface
adsorption, although not very well cooitable with respect to the resulting
surface density, is a proper technidoeimmobilization of DNA molecules.

The advantages of immobilization igel matrices for single molecule
fluorescence detection, like the availability of a sample with a controlled,
homogeneous distribution of molecules, have been mentioned in paragraph 1.2.
With respect to the gel type, agarose @gets preferred over polyacrylamide gels.
When polyacrylamide gels are used, thdauoles of interest are already present
during polymerization of the gel. €h polymerization reaction is a quite
aggressive process that may be harmful wedpect to functionality. It is also not
excluded that, in particular with proteingpsslinking occurs to the matrix that
may affect the properties of the moleculémmobilization in agarose is a more
mild method, where molecules will be trapped during formation of a gel network
through cooling of the agarose mixtur€o what extent the mobility of the
molecules of interest is restricted withancertain type of gel depends largely on
their 3D-conformation. For instangerotein and DNA molecules with equal
molecular mass have a completely diffet 3D-structure. Protein molecules
usually have a more globular shape, whildA molecules are more elongated. In
paragraph 2.1 we already showed reststttm GFP mutants and GFP-XPA fusion
protein immobilized in polyacrylam@é and agarose gels. DNA molecules
however did not immobilize in these gel matrices.

When fluorescently labeled protein aBiNA molecules both are present in an
agarose matrix, we expect to obsermemobilized protein molecules in an

environment of diffusing DNA moleculel.however the protein molecules have
an affinity for binding to the DNA, imabilization of DNA in the agarose matrix

will occur. Together with the proteinsal the bound DNA will be trapped in the
pores of the gel. With our scanning cocdl microscope we can excite different
fluorophores simultaneously at theirachcteristic excitation wavelengths. In a
single scan multiple emission bands frdifferent fluorescent molecules can be
detected at the same time. If praoteand DNA molecules are labeled with
different fluorophores we can detecomin-DNA complexes within the gel from

the colocalization of the fluorescence gignwithin one diffraction-limited spot.

To localize individual fluorescent molecslgvithin a confocal image with higher
precision than the diffraction limited gelution, we used a method based on
Gaussian fitting and simulation of noise.



In paragraph 3.1.3 we show confocal fluorescence results from DNA molecules
immobilized by adsorption onto quartzsgiaying single molecule FRET (see
paragraph 1.2). In paragrapl?2 we demonstrate thafNA molecules, different in

size and conformation, only diffuse witheigarose gels. Because of the relevance
for later single molecule investigationa DNA binding by NIR proteins within
agarose gels (see paragraph 3.3 and chdmad 5), the diffusional properties of

the different DNA molecules were characterized. In paragraph 3.3 results are
shown of DNA immobilization in an agase gel as a result of binding by NER
proteins. In paragraph 3.4 we showsuks from localization analysis on
fluorescence spots in confocal imagetaoied with Gaussian fitting procedures.

3.1.1 Structure of 4-way junction DNA from single molecule
FRET

In Figure 3.1.1 the measured absorptom emission spectra of Cy3.5 and Cy5

are shown. From this figure it is clear that there is a considerable overlap between
the emission spectrum of @y and the absorption speatr of Cy5. The spectral
overlap suggests that Cy3.5 and Cy5 are good candidates as a FRET pair. Cy3.5
can function as the donor and Cy5 as the acceptor.

intensity

-
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Fig.3.1.1. Absorption and emission spectra measureth Cy3.5 and Cy5 labeled DNA.
The gray spectra are from Cy3.5, the blackatm are from Cy5. The arrow indicates the
excitation wavelength used for FRET. The ligisty area indicates the wavelength region
detected with the D605/55 band pass filterdetection of Cy3.5 emission, the dark gray
area indicates the wavelength region detectvith the HQ665LP emission filter for
detection of Cy5 emission.



4-Way junction DNA

The 4-way junction DNA, also known asetholliday junction, is supposed to be

an important intermediate DNA structureganetic recombination events. Earlier
studies have suggested that the conftioneaof the junction depends on the salt
concentration present. At low salt concentrations an extended unstacked
conformation has been proposed, whilehigh salt concentrations the junction
folds into a stacked X structure. Tlkesonclusions have been drawn from gel
electrophoresis experiments (6) as well as from ensemble FRET experiments
(7,8). It is highly dependent on the basguence at the junction, which two arms
move towards each other. From thecstled junction 3 (7,8) it has been
demonstrated that the X and R arms mtmegards each other upon addition of
magnesium ions. The positive chasgeare supposed to shield the high
concentration of negative charges présah the junction resulting in less
repulsion between the arms. In Figure 3the base sequence at the junction and

a schematic representation of the junction is shown.
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Fig. 3.1.2. Schematic representation of the base sequence and structure of 4-way
junction DNA. In the left panel the base seqeeatcthe junction is shown for junction 3.

In the right panel the effect of cation additiis represented. In the absence of extra
cations the junction is unable to fold andnains in an extended conformation (left). In
the presence of added cations the junctiofolided into an X-structure undergoing a 60°
rotation. If two successive arms that maowards each other have been labeled with a
proper FRET donor and acceptor pair, FRET is ljk&d occur. The dotted lines in the left
panel represent 11 base pairs in the particular 4-way junction DNA used in our study.

Not only enzymes involved in recomhion but also linker histones and the
XPA protein (9), involved in Nucleotid&xcision Repair, have been shown to
bind to 4-way junction DNA. For the purpe of single molecule investigations on
binding of XPA to DNA we prepared 4-way junction DNA, identical to



junction 3, labeled with Cy3.5 at the 5 of the X-arm and Cy5 at the 5'-end of
the R-arm. The presence of the fluees labels not only gives us the
opportunity to assess binding of the XB#otein to the 4-way junction DNA, but
also accompanying changes in DNA conformation can be determined by FRET
measurements. To this aim we first séadthe single molecule fluorescence
properties of Cy3.5 and Cy5 doubledddd 4-way junction DNA, immobilized

on quartz by adsorption, in the absence of protein.

The DNA was prepared from four oligomexs34 nucleotides length, resulting in
a junction with arms of 17 base pairs eathe arm length is equivalent to about
5.6 nm per arm. In a planar confortiva the distance between the ends of
successive arms will be about 8 nm.the presence of cations we expect to
observe FRET between the Cy8dnor and Cy5 acceptor molecule.

Expected single molecule observations

For the purpose of FRET measuremseon Cy3.5 and Cy5 labeled DNA,
excitation is performed with only 568 nnwhich is the wavelength for excitation
of the donor Cy3.5 molecule. In the domtiannel we expect to detect only Cy3.5
emission. If no FRET occurs we expectdetect in the acceptor channel some
emission from Cy5, which is excited at&6m with about 10% of the excitation
efficiency at 647 nm, together with ceosalk from Cy3.5 emission into this
channel. The emission spectrum of CyB8icates that 20% of Cy3.5 emission
will be detected in the acceptor chantlying wavelengths longer than 665 nm.

In a situation of only colocalizationf Cy3.5 and Cy5, without FRET, the
expected photon intensity in the Cy3.5eadtion channel upon 568 nm excitation
with power P will be equal ttequation 1.5-paragraph 1.4):

P
038 |]Tabs—Cy 35 D7abs—cy 35 |:qQ(ZyC%.S — Dé

Ephoton

With aps cys.dS 5.8.10°CNT, #abs cyasiS 0.7 andQeyasis 0.15 (see paragraph 1.4)
this results in:

0.16210 BL

photon

The total photon intensity in the Cy5 cinah from direct excitation of Cy5 plus
cross talk from Cy3.5 emission will be:

P P
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With Gaps.cysis 9.6.10'° T, #apscysis 0.10 andQeys is 0.27 (see paragraph 1.4)
this results in:

0.126M107 [L

photon

This means for a situation without ER that the ratio between the photon
intensities in the Cy3.5 channel and g5 channel is 0.162/0.126 = 1.28. The
total photon intensity in the Cy5 chanméll be composed for about 30% of cross
talk from Cy3.5 emission and fabout 70% of emission from Cy5.

To be able to detect donor and acceptoission separately the setup is equipped
with a 635 nm dichroic beam splitter. Tolger with the other optical components
present in the detection path this resuita detection efficiency of 3.3% in the
donor channel and of 5.5% in the accemiannel. Consequently the detected
counts in the donor channel will be ab@8 times the intensity in the acceptor
channel in a situation where no FRETcos upon excitation with only 568 nm.
In a FRET situation the intensity in the acceptor channel will increase at the
expense of the intensity in the dormdrannel. From DNA molecules labeled only
with Cy3.5 donor or from which the Cy5blal has bleached, the photon intensity
in the acceptor channel will be equal te #xpected 20% cross talk. The intensity
detected in counts will be about 2.5 tintegher in the donochannel than in the
acceptor channel. If only the acceptorSQyolecule is present a 10 times lower
count rate is expected in the acceptbiannel upon excitation with 568 nm
compared to excitation with the same power at 647 nm.

3.1.2 Materials and Methods

Construction of 4-way junction DNA

4-way DNA junctions were assembled frane 34-mer 5’-labeled with Cy3.5,
one 34-mer 5’-labeled with Cy5 and two unlabeled 34-mers (Isogen Bioscience
BV, Maarsen, the Netherlands). The l@pels have been connected to the DNA
by a 7-12 atom carbon-linker. The sequemf the unlabeled 34-mers was: 5'-
CCTCCGTCCTAGCAAGGGGCTGCTACGGAAGGG and 5-CCCTTCCGG
TAGCAGCCTGAGCGGTGGTTGAAGG. The Cy3.5-labeled oligo had a 5'-
CCGACTGCAGTTGAGTCCTTGCTAGGACGGAGG sequence and the Cyb-
labeled oligo a 5-CCTTCAACCACCGCTCAACTCAACTGCAGTCTGG
sequence (8). Equimolar amounts of re&@%-mer were hybridized in buffer
containing 25 mM Hepes, 100 mM NacCl, pH 7.5, with and without 2 mM MgClI
Hybridization was performed by heatingetheaction mixture to 70 °C for 3 min.
followed by slow cooling to room tempure over several hours. Formation of
4-way junctions was checked Islectrophoresis on a@% non-denaturing



polyacrylamide gel. The 4-way junction DNA was used without further
purification.

Visualization of PAA-gel electrophoresis result

Before staining with ethidium bromidihe gel was imaged with a home-built
fluorescence gel imager. As a lightusoe a NOVAFLEX fiber optic illuminator
(World Precision Instruments) producingpite light was used. For selection of a
certain wavelength region for excitatiofilters were placed in the light path.
Behind the excitation filter the light wred the darkroom attached to an
UVIKON transilluminator. The gel was ptisned on the transilluminator glass
plate during illumination. On top of trdarkroom emission filters were placed for
detection of fluorescence in a partmulwavelength region. For detection of
Cy3.5 an HQ560/55 excitation filter wased in combination with an HQ620/60
emission filter. For detection of Cy5 &fQ620/60 excitation filter was used in
combination with an HQ665LP emissiditter. Total DNA was detected after
ethidium bromide staining. For this gpose the standard transilluminator
configuration was used, with 302 nmcé#ation and emission detection around
590 nm. All filters were purchased from Chroma Technology Corporation,
Brattleboro, VT.

Sample preparation for confocal microscopy

Immobilization of Cy-labeled 4-way DNAunctions was achieved by adsorption.
A 10 pul volume of 1 M MgC]} solution in water was applied to a carefully cleaned
25 mm diameter quartz cover slip. Aftabout 30 s the slide was rinsed with
water and dried. For immobilization a {0 aliquot of a 1 M 4-way junction
DNA solution in 25 mM Hepes, pH 7.5, 100 mM NacCl, 2 mM Mgttlffer was
applied to the cover slip. After the DNA was allowed to settle for a few minutes
the cover slip with DNA was placed ugsi down on top of a special sample
chamber filled with about 1 ml buffee$ mM Hepes, pH 7.5, 100 mM NacCl, 2
mM MgCl,). Immobilization of 4-way juntion DNA in the absence of Mgions
was performed without pretreatmeoit the cover slip with MgGl The sample
chamber was equipped with an inlet and dutlbe to be able to exchange buffer.
By replacing the contents of the athber for buffer with a different Mg¢&l
concentration, measurement conditions could be changed.

Scanning confocal fluorescence microscopy

For confocal measurements on the Cy-labeled 4-way DNA junctions the
microscope, described in paragrapd,lwas used. For FRET measurements
excitation was performed with 568 nonly and emission from both fluorophores
was detected in two channels simulausy. For spectral separation of Cy3.5
and Cy5 fluorescence a Q635LP dichrbeam splitter was used. All filters and
dichroics were purchased (Chroma Technology Corporation, Brattleboro, VT).



3.1.3 Results

Preparation of 4-way junction DNA

In Figure 3.1.3. the result is shown of electrophoresis of the 4-way junction
preparation on an 8% polyacrylamide d&lom this gel we can conclude that the
preparation mainly consists of douitédeled 4-way junction DNA. A minor
fraction consists of other products that run faster in the gel. In Figure 3.1.3.B.
however there are similar bands presentopnof the main oligo band too (lanel).
The appearance is similar to the addigibbands in the 4-way junctions (lane 2
and 3). Perhaps some secondary structoecear within the Cy5-labeled 34-mers.
The additional bands seem ¢ontain only a Cy5 label (Figure 3.1.3.B), there is
no intensity present at the same position&igure 3.1.3.C. It is likely that the
4-way junction preparation containssaall excess of Cy5-labeled oligomers.
Because of these observations we neapect to observe not purely double-
labeled DNA molecules but also a smalidtion with only a Cy5 label. From a
comparison of the gels in Figure 3.1.3rBpresenting the Cy5 label, and Figure
3.1.3.C, representing the Cy3.5 labele may conclude that only the 4-way
junctions will contain both a Cy3.5 dna Cy5 label. There is hardly any
difference between the patterns in lanar@l 3, indicating that the presence or
absence of Mg ions does not influence the hybridization of the oligomers.
Probably the 100 mM NaCl concentration provides sufficient cations that there
no extra effect of the rather low MgQlonc.
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Fig. 3.1.3. Result of electrophoresis of 4-way jtion preparation. Samples are run on
an 8% non-denaturing polyacrylamide gel in TRE buffer (0.09 M Tris-borate, 2 mM
EDTA, pH 8.0). Panel A: ethidium bromid&ined gel visualizing total DNA; panel B:
unstained gel illuminated with red ligh690-650 nm) in combination with emission
detection at wavelengths longer than 665 wmimualizing the Cy5 label; panel C:
unstained gel illuminated with yellow ligf$33-588 nm) in combination with emission
detection at 590-650 nm visualizing the3®ylabel. Lane M: 100-bp ds-DNA marker;
lane 1: Cy5-labeled 34-mer; lane 2: 4-wainction preparation without 2 mM MgCand

3: 4-way junction preparation with 2 mM MgCl



From the electrophoresis result the 4-way junction preparation is considered to be
sufficiently pure for the intended purpgswhich is the observation of single
molecule fluorescence and in pewlar single molecule FRET.

Confocal single molecule detection of surface immobilized 4-way
junction DNA

In Figure 3.1.4.A simultaneously recedl scanning confocal fluorescence
microscopy images are shown from doaad acceptor emission detection upon
excitation of Cy3.5 and Cy5 labeledway junction DNA with only 568 nm,
which is the wavelength for excitati of the donor Cy3.5 molecule.

In both images spots of individual fluseent 4-way junction DNA molecules can
be recognized. The maximum fluorescenderisities of both images are similar,
nevertheless quite large differences inmsiges can be observed. At the positions

indicated by circles, numbered from 1 3p colocalization of intensities can be
seen.
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Fig. 3.1.4. Scanning confocal results from Cyabd Cy5 labeled DNA molecules in the
presence of 2 mM Mggimmobilized on quartz. A. Images recorded simultaneously from
emission detection of wavelengths longean 665 nm (acceptor channel-left) and from
detection in the 577-632 nm region (dormhrannel-right). Image size is 6.2x6.27,
128x128 pixels, dwell time 0.5 ms/pixel, excitation 19 kVW¥.atn568 nm. The circled
positions 1-3 indicate colocalized intensitids. Time trace measured at the position of
molecule 4. C. Time trace measured at thdtjposof molecule 2. The signal detected in
the Cy5 acceptor channel is indicated in rétk signal in the Cy3.5 donor channel is in
green. Data bin time in the time traces is 10 ms.



From one pair of images alone howeveisitquite difficult to draw a definite
conclusion concerning FRET. Successivelgasured images from the same area
may give more information regarding FRET. Still at the position of molecule 4,
the intensity in the acceptor channel is mbagher than in the donor channel. At
this position in the donor channel therenis intensity at all. This is a typical
feature that can be expected if enetggnsfer occurs. To explore the FRET
possibility in more detail a time trace wasasured at the position of molecule 4.
The time trace was registered simultarspin the donor and acceptor detection
channel. In the time trace representeéigure 3.1.4.B the fluorescence behavior
of molecule 4 can be observed. In Fg®.1.4.C a time trace is shown measured
at the position of molecule 2.

FRET time traces

The time trace in Figure 3.1.4.B cleadgmonstrates single molecule FRET as
already predicted from the images in Fig®:.1.4.A. In a situation without FRET
we would expect to detect in the donor channel about 7*3dlbits/s and in the
acceptor channel about 9.4%10 the applied 568 nm excitation power. The first
part of the time trace, a time period @226 s, shows emission from the Cy5
acceptor only. During the same period ¢héex hardly any intensity in the Cy3.5
donor channel. After 0.26 s there is aden drop in acceptor emission intensity
accompanied by an abrupt increase in damoission. It is highly probable that
the drop in acceptor emission intensitg#&ised by bleaching of the Cy5 acceptor
molecule. At the moment that the accegdteaches, no energy transfer occurs
anymore from the Cy3.5 donor to the Cyé&ceptor. Because the donor is not yet
bleached, normal emission of Cy3.5 rigstored. Apparently some intensity
remains in the acceptor channel indicating cross talk from Cy3.5 emission into
the red detection channel. The ratiavieen the fluorescence intensity in the
donor and acceptor channel is a factothwée, indicating that the signal in the
acceptor channel indeed comes from ctalis After about 0.45 s also the Cy3.5
donor bleaches. The appearance of gasticular time trace suggests that the
observed energy transfer emerges frostadically arranged donor and acceptor
pair. During the time of energy transfise intensity level is rather constant. In
case of dynamic changes within the molecule, different levels of energy transfer
are supposed to show up.

The time trace represented in Figure 8Q.is an example of the fluorescence
behavior of a DNA molecule containirgnly an emitting Cy3.5 molecule. The
intensity detected in the Cy3.5 channeRigo 3 times higher than in the Cy5
channel, indicating only signal from crosictin the Cy5 channel. The alternating
on and off periods are a representatiortha blinking of this particular Cy3.5
molecule.



The fluorescence behavior of the Cy8dnor and Cy5 acceptor pair represented

by the time trace of Figure 3.1.4.B wasamined in more detail by binning the
measured data with a smaller time bin. In Figure 3.1.5.A the same time trace as in
Figure 3.1.4.A is shown after binning the dafi¢gh a time bin of only 1 ms. It is
obvious that strong fluctuations in fluorescence intensity become visible now,
which were averaged out at a larger data bin.
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Fig. 3.1.5. Time trace of a single Cy3.5 and Cy5 double-labeled 4-way junction DNA
molecule adhered to quartz, in the presence of 2 mM Maofisplaying FRET,
represented with different data bin times. An&itraces represented with a data bin of 1
ms. B. Time interval from 0.13 to 0.18 s eg@nted with a data bin of 0.2 ms. The signal
detected in the Cy5 acceptor channel is id, the signal in the Cy3.5 donor channel is in
green. Excitation intensity was 19 kWtwith a wavelength of 568 nm.

During the period that energy transtarcurs, the first 0.255 s of the time trace,
several dark periods can be observed énatceptor fluorescence. It is remarkable
that these dark periods of the accepane not accompanied by an increased
emission of the donor molecule. Thghenomenon is even more clearly
demonstrated by Figure 3.1.5.B which givesiare detailed view of the 0.13 to
0.18 s time interval after binning of éhdata with a 0.2 ms time bin. If
conformational changes in the DNA molecweuld be the reason for a decrease

in acceptor fluorescence, then a simultargeincrease in donor emission would

be expected. The absence of increasigmhal in the donor detection channel
means that we have to do with anotipeocess here. It seems that the Cy5
molecules temporarily jump into a darla in which they still can function as
acceptor molecules. With respect to Gy processes are known that may result

in non-emitting molecules. These processes are singlet-triplet transition and trans-
cis isomerization (see also paragraph .12nglet-triplet state transitions are
unlikely, because they are supposed to occur at excitation intensities higher than
applied in our measurements (10). Pogsé#tlour excitation conditions Cy5 stays

in a non- emissive state because ofaagrcis isomerization process. Only in the
trans state Cy5 molecules are fluorescent, in the cis state fluorescence is hardly
detected (11). It has been reported thgh @olecules in their cis state still work

as acceptor dye molecules, owing to tlaseloverlap of the absorption spectra of



the trans and cis isomers (11). Practicalyfluorescence is however expected to

be generated following energy transfer to the cis-state of Cy5. The assumption
that Cy5 cis-states occur explains theaire of intensity from the donor during
dark periods of the acceptor as represkiriethe fluorescence profiles of Figure
3.1.5. Aand B.

Figure 3.1.5.A demonstrates that aldoring emission of Cy3.5 dark periods
occur. It is evident that dark periods of Cy3.5 will not be accompanied by
increased emission of Cy5, because @lyBady bleached at an earlier moment.

In contrast to the above mentioned fleseence behavior, where only one period
of energy transfer is shown, we alstserved molecules exhibiting several
periods of FRET of different duration (Figure 3.1.6).
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Fig. 3.1.6. Time traces of a single Cy3.5 andS3jouble-labeled DNA molecule adhered
to quartz, in the absence of MgCdlisplaying FRET, represented with different data bin
times. A. Time trace represented with a datadfi1l0 ms. B. Time interval from 0 to 0.25
s represented with a data bin of 1 ms. Thedaigletected in the Cy5 acceptor channel is
indicated in red, the signal in the Cy3®nor channel is in green. Excitation intensity
was 1.9 kW.cthwith a wavelength of 568 nm.

Figure 3.1.6.A shows a time trace wittpériods of fluctuating FRET intensities

measured on a DNA sample without Mg@Iresent. Here a drop in acceptor
emission is accompanied by an increasaldémor emission. In Figure 3.1.6.B,

where the same time trace is shown withnaaller data bin, this effect is even
more clearly demonstrated. Provideattthe surface adsorbed DNA molecules
still have some motional freedom, conhational changes within the DNA

molecule may be responsible for the changes in FRET efficiency.

It is not likely that differences in measurement conditions are responsible for the
difference in appearance of the time traces of Figure 3.1.5 and Figure 3.1.6. The
conditions were only different in Mggtoncentration and the applied excitation
intensity. In the absence of Mg the pabliity to observe energy transfer may be
lower than with Mg present. Howeveretbbservation of FRET in both situations



demonstrates that Mg is not absolutelguieed for energy transfer to occur. The
100 mM NaCl present in the DNA preption may already provide sufficient
cations to bring the DNA in such a conihation that FRET is possible. From a
single molecule FRET study on confmtional changes of immobilized RNA
molecules it was shown that NaCl, if present at a 2,500 times higher
concentration, can induce the same effect as M@Id). Presumably also the
difference in excitation power is not suthat big differences in fluorophore
characteristics should be expected.idtensities lower than 10 kW.¢mat 647

nm, mainly isomerization of Cy5 is supged to occur and hardly any triplet
formation (10). At excitation wavelengtlosher than 647 nm, where excitation is
less efficient, similar isomerizatioproperties were observed. Under FRET
mediated excitation, the population os-¢somers was found to be lower than
under direct excitation of the Cy5 apter molecules. Nevertheless the loss of
acceptor fluorescence due to non-fluorescent, but still FRET-active, cis-states was
considerable. If we take into account the logeitation efficiency of Cy5 at 568
nm, both the excitation powers usedtive measurements of Figure 3.1.5 and
Figure 3.1.6, correspond to 647 nmieation powers lower than 10 kW.émThe

time traces shown in Figure 3.1.5 and FgBrl.6 should only be considered as
examples of FRET, displaying diffamt features. Probably the applied DNA
deposition method results in a varietfy DNA conformations at the surface.
Differences in electrostatic interactionstween the negatiwecharged Cy dyes,

the DNA and the quartz surface within ataular buffer environment may result

in different dipole orientations and distances between donor and acceptor.
Because of the different conformatiotiee donor and acceptor molecules may
exhibit different FRET characteristics.

In Figure 3.1.7 several single molecuiene traces have been collected that
display different FRET characteristics different measurement conditions. The
purpose of this figure is to give an imps@n of the various observations that are
obtained with the particular DNA preparation that we used. The time traces
shown in the upper panel of Figure 3.aré examples of possible observations
within an environment of 2 mM MgglThe traces in Figure 3.1.7.A and B have
been measured on the same sample at exactly the same conditions. Still the
differences are remarkable. Where the ihitidensity in the acceptor channel is
higher in Figure 3.1.7.B, the accompamy intensity in the donor channel is
lower than in Figure 3.1.7.A. Probaliiy the DNA molecule measured in Figure
3.1.7.B, the orientation of the Cy3.5riy and Cy5 acceptor molecule as well as
their distance are in favor of more efficient FRET.
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Fig. 3.1.7. Collection of FRET displaying time traces of individual Cy3.5 and Cy5
labeled DNA molecules immobilized on duambtained at different measurement
conditions. Upper panel: with 2 mM MgCIA and B, 568 nm excitation intensity 1.9
kW.cr?; C, 3.6 kW.cr. Lower panel: 0.9 kW.cfn D, 2 mM MgCl; E, 5 mM MgC}; F,

10 mM MgC}. The inset in F is an enlarged view of the 1.45 to 1.62 s time interval. The
signal detected in the Cy5 acceptor channdahdicated in red, the signal in the Cy3.5
donor channel is in green. Data bin in all time traces is 10 ms.

After acceptor bleaching the donor intensityrigure 3.1.7.A is much higher than
in Figure 3.1.7.B. Again the dipole oriatiobn of Cy3.5 may determine the level
of the emission intensity. The fluorescerbehavior shown in Figure 3.1.7.C may
be a reflection of a fast conformatainchange within the measured DNA
molecule succeeded by a much slower chalidge.less probable that dark states
are responsible for the typical profitdoserved because of multiple steps with
coupled donor and acceptor behavior.

In the lower panel of Figure 3.1.7 examplare shown of measurements on DNA
molecules at one excitation power butddferent Mg concentrations. Here once
more a variety of fluorescence behasiaran be observed. Different intensity
levels for donor as well as for acceptioiorescence and diffemé photobleaching
times can be noticed. The inset in FigBré.7.F accentuates a short-lived coupled
intensity fluctuation in the donor and acceptbannel. Possibly this fluctuation is
caused by a conformational changi¢hin the DNA molecule.

In Figure 3.1.8 examples are shovnom other fluorescence characteristics
possible to observe from single molecules within this particular DNA sample.
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Fig. 3.1.8. Time traces of individual Cy labeld2NA molecules adhered to quartz in the
presence of 2 mM MgEIA. Time traces of a DNA riecule showing only fluorescence
from Cy5. B. Time trace from a DNA raolile showing fluorescence from colocalized

Cy3.5 and Cy5 without energy transfer. The signal detected in the Cy5 acceptor channel

is indicated in red, the signal in the &% donor channel is in green. Excitation was 19
kW.cn? with a wavelength of 568 nm. Data bin is 10 ms.

Figure 3.1.8.A shows the fluorescenceismion pattern of only a Cy5 molecule
upon excitation with a wavelength of 568 rifinere is no intensity present in the
Cy3.5 detection channel. In relationithv the gel electrophoresis result this
probably indicates the fluorescence detddrom a single Cy5 labeled oligomer.
There also is a small chance that the DiNdlecule contains an additional Cy3.5
labeled strand, from which the label svdbleached already. The expected
maximum fluorescence intensity of Cy5 at the applied 19 kV¥ exaitation at
568 nm, would be around 6.4X1®unts/s. Here we only measure around 1.5x10
counts/s. The lower intensity may be cadidy the instability of the fluorescence
of Cy5 molecules as already mentionegaragraph 2.2.2. Figure 3.1.8.B shows
intensity profiles for colocalized Cy8.and Cy5 molecules when no energy
transfer takes place. During the 0.18pesiod that both molecules are emitting,
the average intensity in the Cy3.5 eion channel is about 0.75 times the
intensity in the Cy5 channel. This is quitlose to the expected ratio of 0.8, as
mentioned before.

FRET images

FRET was also observed in successiveBasured images. The images in Figure
3.1.9 illustrate clearly the FRET effebetween a Cy3.5 donor molecule and a
Cy5 acceptor molecule. Although excitatiwas performed only with 568 nm for
excitation of Cy3.5, the first two setf images only show emission from Cy5
(panel A and B). In the third panel (&Guddenly quite high intensity appears in
the Cy3.5 detection channel while theeimsity in the Cy5 detection channel
almost disappeared. This indicates thatirdurregistration of the images in
panel A and B fluorescence resonancergy transfer occurred from Cy3.5 to
Cy5. Then apparently the fluorescencarfrihe Cy5 molecule stopped because of



bleaching, resulting in emission from Cy3Some low intensity remains in the
Cy5 detection channel because of crtak from Cy3.5 emission into this

channel. During scanning of the neixbage pair (panel D) also the Cy3.5
molecule bleaches. Only part of the flua®sce spot is visible. In both images of
panel D the intensity disappears at #ame moment, which confirms that the
intensity in the acceptor channel comes from cross talk.

Fig. 3.1.9. Scanning confocal images of Cy25d Cy5 labeled DNA molecules adhered
to quartz in the presence of 2 mM MgCtour image pairs measured successively from
the same area. Images are recorded #ameously from emission detection of
wavelengths longer than 665 nm (acceptoargiel-red) and from detection in the 577-
632 nm region (donor channel-green). Image size is 1.5x1’5 128x128 pixels, dwell
time 0.5 ms/pixel, excitation 1.9 kW:tat 568 nm. All images are scaled on a maximum
intensity of 17 counts.

Estimation of energy transfer efficiency

From the time traces observed at diigr Mg concentrations and without Mg
present it was not immediately clear if there is a relation between the observed
degree of energy transfer and Mgncentration. Therefore we estimated the
energy transfer efficiency (E) at differtemeasurement conditions. The estimation
method was according to Brasselet et al. (13):

_ 1
1+4Qp P 3.1)
QD IiA _ L
o
WhereD is the ratio between the detectidficgencies of the acceptor and donor
channels, which was estimated to be Jaé@ounting for the emission filters and
dichroic beam splitter used in the confocal experimégnand I, are the time

averages of the means of the acceptor and dsigoals before a bleaching event,
I being the intensity of the acceptor measwkedavelengths longer than 665 nm

E



andlp the intensity of the donor measured in the 577 to 632 nm relgienthe
proportion of the donor signdb (photons) leaking intahe acceptor channel
(0.20) as determined from donor only time trad@sand Qp are the quantum
yields of the donor and acceptor, 0.15 &2/ respectively. We analyzed several
time traces measured at Mg concentratioh, 5 and 10 mM and also without

Mg present.

The number of measurements was mffficiently high to draw definite
conclusions about a possible dependendabefnergy transfer efficiency on Mg
concentration. The average estimated energy transfer efficiencies at each Mg
concentration were between 0.7 and Ol8e overall distribution of observed
energy transfer efficiencigs given in Figure 3.1.10.
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Fig. 3.1.10. Histogram of estimated energy tidar efficiencies between Cy3.5 donor
and Cy5 acceptor present on surface immpnédi DNA molecules. Results were combined
from measurements in buffer containing 0, 2, 5 and 10 mM MuClotal 69 time traces
were analyzed resulting in an average energy transfer efficiency of 0.73 £0.19.

The average energy transfer efficiertgtermined was 0.73 + 0.19 (N = 69). The
reason that we did not observe a significdifference in energy transfer at
different Mg concentrations may lie ihe presence of 100 mM NaCl in each
sample. The NaCl concentration may bghhénough to provide sufficient cations

to bring the DNA in a FRET conformatio Even in the absence of Mg the
observed energy transfer efficiencies evavithin the same range as with Mg
present. This excludes an effect of the brief pretreatment of the quartz surface
with 1 M MgCl, which was omitted in the measurements without Mg.



If we ignore dipole orientations, then theeaygy transfer efficiency (E) is directly
related to the distance between the donor and acceptor (R). The relation, as
mentioned in paragraph2t.equation 1.1 is (14):

1

6
5
If we assume an§of 5.58 nm (is Rfor Cy3/Cy5 combination, for Cy3.5/Cy5R
has not been determined yet), then therage transfer efficiency of 0.73 would
correspond to a distance of 4.7 nmvilmgn Cy3.5 and Cy5. This would mean for
4-way junction DNA that the DNA is in stacked conformation with an angle of
about 50° between the Cy3.béded arm and Cy5 labeled arm.
With an R of 5.58 nm, an energy transfefieiency of 0.1 still can be expected
from a planar DNA conformation, where the maximum distance between Cy3.5
and Cy5 is about 8 nm. If howeveg B larger, which is likely because of the
larger overlap between the emissispectrum of Cy3.5 and the absorption
spectrum of Cy5 than in case of a C¢3d Cy5 combination, then in a planar
conformation an energy transfer efficiengil be expected of 0.22. With a larger
Ro also the distance corresponding to an gnéransfer efficiency of 0.73 will be
larger.

E=

3.1.4 Discussion and Conclusions

In paragraph 3.1.3 we have shownffaient observations with confocal
fluorescence microscopy from individual, surface immobilized, fluorescent DNA
molecules. Fluorescence from singlevesl as double-labeled DNA molecules
was detected with expected count ratesom molecules double labeled with
Cy3.5 and Cy5 the fluorescence was degdimultaneously resulting in images
containing colocalized fluorescence intéies. Besides colocalization we also
observed fluorescence resonance enemysfer between the Cy3.5 donor
molecule and Cy5 acceptor molecule. Fribra level of energy transfer observed

it appears that the 4-way junction DNA igher in a stacked than in a planar
conformation at our measurement conditions. We can conclude that the
Cy3.5/Cy5 donor-acceptor pair is very livsuited for FRET studies. The results
are promising in view of XPA protein binding to the 4-way junction DNA
substrate. By using the Cy3.5/Cy5irpandeed DNA conformational changes
caused by XPA binding may bevealed from FRET analysis.
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3.2 Diffusion of DNA in an agarose matrix

In this paragraph results are shodfrom confocal fluorescence microscopic
examination of the diffusional behaviof different types of 5-Cy3.5 labeled
DNA within a 1% resp. 4% agarose gel. Because of their involvement in DNA-
protein binding studies we included tfmlowing types of DNA in the diffusion
experiments: single strand 90-nt DNAw&y junction DNA with arms of 17-bp
(see paragraph 3.1.1), double stta90-bp DNA and 90-bp bubble-DNA,
containing a central 30-bp unpaired regidi get a more complete impression of
DNA diffusion within agarose we also irstiggated the diffusion of two longer
double strand types of DNA, a doulsigand 145-bp and a 1500-bp DNA.

3.2.1 Materials and Methods

DNA

5'-Cy3.5 labeled 90-nt single strda DNA oligomers were purchased (DNA
Technology A/S, Aarhus, Denmark). Cy3ds$coupled to the 5OH of the last
nucleotide via a 3-carbon linker.

Bubble DNA was prepared as described in paragraph 4.2.

Double-strand 90-bp DNA was prepared in the same way as the bubble-DNA
from a pair of complementary 90-nt géimers. One of the oligomers had a 5'-
Cy3.5 label (DNA Technology A/S, Aaus, Denmark). The sequence of the
unlabeled strand was the same as enlithbble-DNA. Formation of ds-DNA was
checked by electrophoresis in 8%A& gel. The ds-DNA was used without
further purification.

5'-Cy3.5 labeled double-strand 145-apd 1500-bp DNA were prepared by PCR
from pUC19 template DNA (New England Biolabs, Beverly, MA, USA) by using
a 5’-Cy3.5 labeled primer together wein unlabeled primer (Biozym, Landgraaf,
the Netherlands). The PCR products were purified from primers with a
Chromaspin-100 column (Clath, Palo Alto, CA, USA).

4-Way junction DNA was prepared described in paragraph 3.1.2.

Visualization of PAA-gel electrophoresis result

Before staining with ethidium bromidedlgel was imaged with a fluorescence gel
imager as described in paragraph &.For detection of Cy3.5 an HQ560/55
excitation filter was used in combination with an HQ620/60 emission filter. Total
DNA was detected after ethidium bromide staining.



Sample preparation for confocal microscopy

For confocal measurements the DNA was diluted to concentrations of
approximately 2x18M in molten low melt agarose, 1¢&/v) or 4% (w/v), in 25

mM Hepes, 40 mM KCI, 60 mM NaCl, 10 mM MgClpH 7.4 at 30° C. The
DNA-agarose mixture was sandwiched bexdw two 25 mm quartz cover slips.

Scanning confocal fluorescence microscopy

For measurements on the Cy3.5-labe DNA preparations the confocal
microscope, described in paragraph s used. For detgdon of Cy3.5 a
565EFLP emission filter (Onga Optical, Brattleboro, VTivas used.

Diffusion analysis from time traces
For the purpose of quantitative analysis diffusion, 60 s time traces were
recorded with an integration time of 1Q8 at 10 different positions within the
sample. Normalized autocorrelation rees of measured time traces were
determined with the MINITAB softwar package (MINITAB Ltd., Coventry,
UK). In this proceduréN observations are considergda time series at uniform
sampling timed,. Observation time, = k-4, and the total duration of the time
series idN'4;. Time lagr is defined asn'4;. The autocorrelation coefficient at lag
mis now defined as:

N-m

> (F) ~(F)){F (k+m)~(F))

G, =k (3.2)

m N-m 2

> (Fo-(F))

k=1

In equation 3.2F(k) is the fluorescence intensity & (F) is the average
fluorescence intensity oveX-4; time intervals,F(k + m) is the fluorescence
intensity at lagn with respect td.

Diffusion coefficients were determined pn-linear least squares fitting (Origin
software, Microcal Inc., Northampton, MA, USA) of the theoretical
autocorrelation function to the expmental data for one freely diffusing
fluorescent species in three dinséons, according to (1, 2):
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In equation 3.3/ is the probe volume described by a Gaussian distribution in
three dimensions, with a waist radiusrgfn the lateral direction arg the half
length in the axial direction at an intensity of“1/im this caseVy is equal to
m2.r¢’.25%. For our confocal setup we determimgtio be 0.2um andz, 1.34pum.

If only translational diffusion is assumetthe autocorrelation curve as calculated
from equation 3.2 can be fitted to equation 3.3 usirandz, as fixed parameters
and the average particle number in the focal volendz, as free parameters.
Sometimes the inclusion of a certain background valuags a free parameter,
improves the fitting results.

From the obtained value af the corresponding diffusion coefficiem is
calculated according to:

D=_o (3.4)

Expected observations

To illustrate the image acquisition procee and the predicted scanning confocal
result from a diffusing fluorescent moldeua schematic drawing is shown in
Figure 3.2.1. This figure demonstratéisat diffusing fluorescently labeled
molecules give rise to a stripy patterndonfocal images obtained by scanning.
During scanning, by moving the sampleough the focus, photons emitted by
molecules present in the confocal voluraes detected. As long as a diffusing
fluorescent molecule stays within the focus it will give rise to a row of bright
pixels. If a molecule, present in the fockegps on moving in the scan direction
with the same velocity as the speed adrstng, this will result in a long bright
stripe in the image. A molecule that sses the focus in a direction perpendicular
to the scan direction will result s smaller number of bright pixelShe intensity

of the stripe reflects the position ofetmolecule within the focus. In Figure
3.2.1.C expected images are represented for two different diffusion rates. It shows
that shorter stripes appear when theudithn is faster. Although only diffusion in
one plane is considered it gives a valigresentation also for three-dimensional
diffusion. If diffusion in the third dimesion is taken into account only the
intensity distribution along the lines as livas the length of the lines will be
different. Still the stripy pattern will remain.
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Fig.3.2.1. Schematic representation of predicted scanning confocal imaging result of
diffusing molecules. In A the position of the focus is shown within the sample. During
scanning of the sample diffusing fluorescent molecules pass through the focus. In B an
enlarged view is shown of the focus with one diffusing molecule. Arrow segments indicate
the path of the hypothetic diffusion track running from | to Il. For convenience only
diffusion in one plane is shown. The appearance of scanning confocal images depends on
the diffusion rate in combination with a certain scan speed. In C examples of possible
results are shown with 4 different scan speeds and two different diffusion rates. Left
panel: diffusion rate equal to one arrow distance per time unit (4,). Right panel: diffusion
rate equal to two arrow distances per 4;. Lane 1, scan speed 0.5 pixel/4;; lane 2, scan
speed 1 pixel/4;; lane 3, scan speed 2 pixels/4;; lane 4, scan speed 3 pixels/4,.

3.2.2 Results

Preparation of DNA samples

In Figure 3.2.2.A and B the result is shown of electrophoresis of the annealing
products for preparation of the 90-tpuble strand DNA and bubble-DNA on an
8% polyacrylamide gel.
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Fig.3.2.2. Result of electrophoresis of DNA preparations. Panel A and B: 90-bp double
strand and bubble DNA preparations. Samples are run on an 8% non-denaturing
polyacrylamide gel in 1X TBE buffer (0.09 M Tris-borate, 2 mM EDTA, pH 8.0). A:
ethidium bromide stained gel visualizing total DNA; B: unstained gel illuminated with
yellow light (533-588 nm) in combination with emission detection at 590-650 nm
visualizing the Cy3.5 label. Lane M: 100-bp ds-DNA marker; lane 1: unlabeled 90-mer;
lane 2: Cy3.5-bubble-DNA; lane 3: Cy3.5 labeled 90-mer used to prepare ds-90-bp DNA;
lane 4: Cy3.5-ds-90-bp DNA; lane 5: Cy3.5 labeled 90-mer used to prepare bubble-DNA.
Panel C: 145-bp and 1500-bp PCR products. Samples were run on a 1% agarose gel in
1X TAE buffer (0.04 M Tris-acetate, 1 mM EDTA, pH 8.0). Lane M: 100-bp ds-DNA
marker; lane 1: Cy3.5-145-bp-DNA,; lane 2: Cy3.5-1500-bp DNA.

From this gel we can conclude that thegarations mainly consist of the desired
products. In these figures we can clgasbserve a difference in mobility in the
gel during electrophoresis between thgbble-DNA (lane 2) and the ds-90-bp
analogue (lane 4). We may expect ttit bubble-DNA stays behind the ds-DNA
because of conformational differencedsltonceivable that the bubble-DNA has

a more kinked structure than the double strand DNA, resulting in a slower
migration rate in the gel. In Figure 3.2.2.C the electrophoresis result is shown of
the 145-bp and 1500-bp PCR products. Batbducts appear in the gel as one
band at their expected positions.offr the electrophoresis results the DNA
preparations are considered to be sidfitly pure for the purpose of studying
their diffusion within agarose gels.

Confocal imaging of diffusing DNA molecules within agarose gels

Figure 3.2.3 gives an impression of #ygpearance of confocal images scanned
from Cy3.5 labeled double-strand 90-bp AMithin a 1% agarose (A) and a 4%
agarose (B) environment. For comparisonFigure 3.2.3.C an image is shown
obtained from Cy3.5 labeled DNA molecsllanmobilized on quartz. The single
molecule spots with a two-dimensional USaian intensity distribution represent
the intensity profile of the diffraction-limited focus.
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Fig. 3.2.3. Scanning confocal images of Cy3.5 labeled DNA. A. Double-strand Cy3.5-90-
bp DNA in 1% agarose. B. Double-strand Cy3.5-90-bp DNA in 4% agarose. Image sizeis
1.5x1.5 un, 128x 128 pixels, dwell time 0.25 ms/pixel, excitation 19 kw.cm? at 568 nm.
Emission was detected at wavelengths longer than 565 nm by using a 565 nm long pass
filter. C. Single-strand Cy3.5-90-nt DNA adsorbed to quartz. Image size is 1.5x 1.5 un¥,
128x 128 pixels, dwell time 0.5 ms/pixel, excitation 5 kW.cm? at 568 nm. Emission was
detected at wavelengths from 577-632 nm by using a 605/55 nm band pass filter. All three
images are scaled on a maximum of 28 counts/pixel.

In Figure 3.2.3.A and B we indeed can observe that Cy3.5 labeled double-strand
DNA molecules, diffusing in agarose gels, giae to a stripy pattern in confocal
images during scanning. The shorter aversngth of the bright lines in the
image obtained from DNA in 1% agaeogA) than in 4% agarose (B) is in
correspondence with expected faster gitfn in a lower density medium. This
result is in agreement with Figure22.C where the right panel represents
diffusion twice as fast as in the left panere also faster diffusion results in
shorter stripes. Also in a 4% agarose gel the DNA molecules have not been
trapped within the pores of the gel.

Diffusion analysis from time traces

For the purpose of quantitative determioatof diffusion rates of different DNA
molecules within agarose gels time traces were measured at several positions
within a sample. In Figure 3.2.4.A as a representative example part of a time trace
is shown measured from diffusing bubble-DNA molecules within 1% agarose
with an integration time of 100s. Clearlythe bursts of photons can be observed
upon passage of a Cy3.5 labeled DNAlecale through the focus. In Figure
3.2.4.B 10 autocorrelation curves oftitnle-DNA molecules diffusing within 1%
agarose are shown from time traces mesbdior 60 s at 10 different positions
within the sample. The number of 18 time lags included in the calculation of

the autocorrelation curves was 1000. From flgure it is demonstrated that the
reproducibility within one sample is godeitting of this set of 10 autocorrelation
curves results in a diffusion time of 0.637 + 0.001 ms and a corresponding
diffusion coefficient of 1.57xI0cnf/s.
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Fig. 3.2.4. Analysis of diffusion of Cy3.5-labeled bubble-DNA molecules within a 1%
agarose matrix. A. First 1 s part of a 60 s time trace measured and represented with an
integration time of 100 us. B. Autocorrelation curves determined from 10 time traces
measured at different positions within the sample. Upon fitting the autocorrelation curves
(fit result is thick black line) according to equation 3.3, a diffusion time p was obtained of
0.637 + 0.001 ms.

Time traces were measured in 1% and in 4% agarose to determine the dependence
of the diffusion rate on the density cq. psize of the matrix. This was performed

for different types of DNA to investigatthe diffusional properties in relation

with later single molecule protelDNA binding studies (chapter 4, 5).

In the histogram of Figure 3.2.5 the ritswof the diffusion analysis have been
summarized for the different types BINA included in this investigationA
general conclusion from this figure is thkffusion is faster in 1% agarose than in

4% agarose for all types of DNA. This is in correspondence with the density of
the gels. The pore size is larger in a 1% gel (3,4) than in a 4% gel resulting in less
hindered diffusion within a more opentwerk. Apparently single strand 90-nt
DNA has a higher mobility than doulbdétrand DNA of the same size (ds-90-bp)

(5). The difference in diffusion coeffants reflects the difference in flexibility
between single strand and double strand DNA. The persistence length is about 50
nm for double strand DNA and only a feun for single strand DNA (6,7) at salt
conditions similar to the conditions iaur experiments. Because of a more
globular conformation the 90-nt single strand DNA may experience less
resistance during movement through an agarose matrix than the rod-like double
strand 90-bp DNA.
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Fig. 3.2.5. Analysis of diffusion of different types of Cy3.5 labeled DNA within 1% (light
gray bars) and 4% (dark gray bars) agarose. Time traces were measured for 60 s with an
integration time of 100 us. Autocorrelation curves were determined from 10 time traces
measured at different positions within the samples. The autocorrelation curves were fitted
according to equation 3.3. to obtain the diffusion times (zp). The corresponding diffusion
coefficients, calculated with equation 3.4, are plotted in this histogram.

4-Way junction DNA diffuses more slowly than single strand DNA, but has a
higher diffusion coefficient than the doeldtrand versions of DNA. The distance
between the ends of two opposite aimabout 11 nm, which is small compared
to the other double stranded DNA malées involved. Possibly 4-way junction
DNA experiences a little more friction in the gel than single strand DNA, but less
than double-strand DNA, because af rather compact three-dimensional
conformation.

In 1% agarose the diffusion rates tfe bubble-DNA and the double-strand
DNA'’s of 90-bp, 145-bp and 1500-bp lghgare similar, while in 4% agarose
some difference in diffusion rates candisserved. Probably the characteristics of
the denser medium are just suitable to distinguish differences in diffusional
behavior of the types of DNA included in this study. The constitution of a 1%
agarose gel may be such that only déferes in diffusion can be observed from
molecules that have a highly dissimilar conformation. This is illustrated by the
faster diffusion of single strand addway junction DNA compared to the DNA
molecules with a more double strand content.



In 4% agarose larger DNA molecules show faster diffusion than smaller
molecules. This is surprising becausering gel electrophoresis, even in 1%
agarose, 1500-bp DNA molecules shovioarer mobility than 90- and 145-bp
DNA molecules (Figure 3.2.1.C). Duringeetrophoresis larger molecules migrate
more slowly because of higher frictiamd because they find their way through
the pores of the gel less efficigntithan smaller molecules (8-10). In
electrophoresis molecules are forced to move in one direction because of the
applied electrical field. In our experimis however the DNA molecules are freely
diffusing without any external force. @uesults indicate that the movement of
DNA molecules within an agarose medium is different in the absence and
presence of a driving force.

In a recent paper (5) it was shown that the free solution mobility of DNA becomes
independent of molecular weight at lengths longer than 170-bp. Here it was
suggested that the approadftDNA mobilities to a constant value with increasing
molecular weights is associated witte ttransition from a rod-like to a coil-like
conformation in solution. Probably the faster diffusion of the 1500-bp DNA
molecules can be attributed to theigtnér flexibility. Perhaps longer double
strand DNA molecules are able to snak@tgh the matrix more efficiently than
shorter more rigid molecules.

The rather low number of reports that have been published for diffusion of
various types of DNA withimifferent environments show quite large variation.
For 280-nt single-strand DNA in solutiendiffusion coefficient of 1.9x10cnf/s
was determined with FRAP (6). Fobd-bp DNA within 2% agarose a diffusion
coefficient was measured of about’16nf/s by FRAP (fluorescence recovery
after photobleaching) (11). diffusion coefficient of 1.7x18cnf/s was obtained
for 1 kilobase DNA in 1% agarose fromeasurement of band spreading (12) as
well as in 2% agarose measured withAFR(11). The equal diffusion coefficients
measured for 1 kb DNA in media of differesnsity show that the results are not
very consistent. Probably this is caubgddifferences in measurement conditions,
like temperature and salt concentration.

3.2.3 Discussion and Conclusions

In this paragraph we have shown tltainfocal fluorescence microscopy is a
suitable technique to study not only imbilized but also diffusing fluorescent
molecules. In scanning mode the appeasinigy pattern is a representation of the
diffusion of fluorescent molecules withithe focal volume. The length of the
stripes reflects the residence time ir ttocus. Within a denser matrix of 4%
agarose we observe longer stripes thaa more open matrix of 1% agarose. In
general faster diffusion givesise to shorter stripe The analysis of



autocorrelation curves, calculated froreasured time traces, results in diffusion
coefficients that fit well within the ramgof diffusion coefficients obtained from
similar DNA molecules with other technicaieln general the more flexible the
DNA molecules, the faster their observed diffusion is.

In later confocal measurements theriobilization of 90-bp bubble-DNA and 90-
bp double strand DNA by protein binding witha 1% agarose matrix is utilized
to study NER protein-DNA complex formation (see paragraph 3.3 and chapter 4
and 5). From the diffusion results wenceonclude that the mobility of 90-bp
bubble-DNA and double strand 90-bp DNA 186 agarose is comparable. This
information is relevant for the interpréta of the protein-DNA binding results to
be discussed in chapter 5.
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3.3 Immobilization of DNA in an agarose matrix by protein
binding

In this paragraph results are showriromobilization in agarose of fluorescently
labeled DNA molecules as a result ohding by different NER-proteins. The
RPA protein, a single-strand DNA bindiqgotein involved in the NER process
and also in DNA replication (1-4), issed in unlabeled form. The ERCC1-XPF
protein complex, responsible for DNA in@si at the 5-side of a damage (5,6)
was fluorescently labeled by fusicm EYFP. The proteins mentioned were
combined with different DNA substratebke single strand DNA and bubble-
DNA. We show that our DNA immobi#ation method can be used for the
guantitative determination of protein-DN#nding even when the protein is non-
fluorescent.

3.3.1 Materials and Methods
DNA substrates

5'-Cy3.5 labeled 90-nt single strd DNA oligomers were purchased (DNA
Technology A/S, Aarhus, Denmark). Cy3dscoupled to the 5’'OH of the last
nucleotide via a 3-carbon linker.

Bubble DNA was prepared as described in paragraph 4.2.
Proteins

RPA

The recombinant human RPA complexilizeéd in our studies, purified from
E.coli cells was kindly provided by M. Modg and A. Janicijevic (Genetics,
Rotterdam)(7,8).

ERCC1-EYFP/XPF
ERCC1-EYFP/XPF was prepared at thepBement of Cell Biology & Genetics,
Erasmus MC, Rotterdam, the Netherlaadslescribed in paragraph 2.1.1.

The DNA-cutting activity of the purifié ERCC1-EYFP/XPF protein was tested

by means of a nuclease assay. Baclively labeled substrate DNA was
combined with the ERCC1-EYFP/XPF protein and the reaction products were
quantified after separation by electrophoresis. A comparison was made with the
nuclease activity of wild-type ERCC1/XPRKoreover the activity of the purified
ERCC1-EYFP/XPF protein was determirdmicroinjecting fractions into XPF



deficient cells and subsequently tegtithe DNA repair capacity, as described
previously (9) and analogous to ethprocedure described for EGFP-XPA
(paragraph 4.2).

DNA binding reactions

RPA binding to single-strand DNA

RPA was combined with single-strand DNA at a molar ratio of 1:20. During
incubation the RPA concentration was approximately 3x#i0and the DNA
concentration was 6xFfM in a 5.3ul volume of 25 mM Hepes, 40 mM KClI, 60
mM NaCl, 7 mM MgC}, 0.4 mM DTT, 0.02% NP-40, 2.6% glycerol, pH 7.5.
Incubation was performed for 30 min. at room temperature.

ERCC1-EYFP/XPF binding to bubble-DNA

ERCC1-EYFP/XPF was combined wity3.5-labeled bubble-DNA in a molar
ratio of 1:20. During incubation the ERCC1-EYFP/XPF concentration was®x10
M and the DNA concentration was 8% in a 5.3ul volume of 25 mM Hepes,
40 mM KCI, 60 mM NaCl, 5 mM Cagl 0.4 mM DTT, 0.02% NP-40, 2.6%
glycerol, pH 7.5. Incubation was perfoethfor 30 min. at room temperature.
Binding of ERCC1-EYFP/XPF to bulsDNA was also performed in the
presence of unlabeled RPA protein. Bus purpose Cy3.5-labeled bubble-DNA
and RPA were combined in a motlatio of 20:1 and incubated in autvolume

of 25 mM Hepes, 40 mM KCI, 60 mM NacCl, 5 mM Cg@.4 mM DTT, 0.02%
NP-40, 2.6% glycerol, pH 7.5. Duringpcubation the RPA concentration was
approximately 4x18M and DNA concentration was 8x¥®1. After 10 min. at
30° C a 1ul volume of ERCC1-EYFP/RF protein in 25 mM Hepes, 40 mM KCl,
60 mM NaCl, 5 mM CaG) 0.4 mM DTT, 0.02% NP-4®.6% glycerol pH 7.5
was added to a final concentration of 4%2. The resulting reaction mixture
contained a 1:1:20 molar ratio dRPA:ERCC1-EYFP/XPF:DNA and was
incubated for an extra 10 min. at 30° C.

Sample preparation for confocal fluorescence microscopy

For single molecule confocal measorents, reaction mixtures containing
RPA/ss-DNA complexes were diluted to concentragioof approximately
5x10'°M with respect to RPA at 30° C molten low melt agarose, 1% (w/v) in
25 mM Hepes, 40 mM KCI, 60 mM NacCl, 7 mM MgQObH 7.5.

Reaction mixtures containing ERCEYFP/XPF and bubble-DNA, in the
presence or absence of RPA, were diluted to approximately*8MO0with
respect to ERCC1-EYFP/XPF and RPA at 30° C in molten low melt agarose, 1%
(w/v) in 25 mM Hepes, 40 mM KCI, 60 mM NaCl, 5 mM CaQdH 7.5. The
agarose mixtures were sandwiched betwtem quartz cover slips, diameter 25
mm.



Scanning confocal fluorescence microscopy

The confocal microscope, described imgugaph 1.4, was used for measurements
on reaction mixtures containing complexes of NER proteins with Cy3.5 labeled
DNA substrates. For measurements on RPA/single-strand DNA complexes, the
568 nm line was selected from the Ar-Kr lagey3.5 emission was detected with

a D605/55 emission filter.

For measurements on ERCC1-EYFP/XPRptexes with Cy3.5 labeled bubble-
DNA the 488 nm and 568 nm excitation weéengths were selected. Reflected
excitation light was suppressed by a 488 nm and a 568 nm notch filter. For
spectral separation of Cy3.5 and H& or EYFP fluorescence a 565DCXR
dichroic beam splitter was used. The emission filter for EGFP and EYFP was an
HQ525/50m filter and for Cy3.5 it was a O&/55m filter. All filters and dichroics
were purchased from Chroma TechmgyldCorporation, Brattleboro, VT.

3.3.2 Results

Protein production and purification

Because the DNA binding properties tfe proteins will be utilized, it is
important to check that the produced pio$ are functional. The RPA preparation
used had been shown to be active from other applications (7,8). The ERCC1-
EYFP/XPF complex turned out to be alsh@s active as wild-type ERCC1/XPF

in the nuclease assay. After microirijen of XPF deficient cells with ERCC1-
EYFP/XPF protein and UV irradiation thepagr deficiency was corrected up to

the wild-type level. The number of autdiagraphic grains above injected cells
was comparable for XPF deficient lise injected with the EYFP labeled
ERCC1/XPF and injected with wild-tydeRCC1/XPF. From these observations,

a positive nuclease assay and restoration of repair deficiency, the ERCC1-
EYFP/XPF was considered to be a propeparation for the use in DNA binding
reactions.

Single molecule imaging of NER-protein/DNA complexes

RPA binding to single-strand DNA

In paragraph 3.2 we have shown thamfocal scanning of Cy3.5 labeled DNA
present in a 1% agarose matrix resultgdringes with a stripy intensity pattern. If
the unlabeled RPA protein and Cy3.bdéed single-strand DNA are present in
the sample as independent componentewgect to observe similar images. In
Figure 3.3.1.A an example is shownatonfocal fluorescence image measured
from a sample of RPA comhad with ss-90-nt-DNA.
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Fig.3.3.1. Scanning confocal images from unlabeled RPA protein together with Cy3.5-
labeled single-strand DNA (A) and from only Cy3.5-1abeled single-strand DNA (B) in 1%
agarose. Image size is 6.2x6.2 unt, 128x 128 pixels, dwell time 0.5 ms/pixel, excitation
6 kw.cmi?,

In Figure 3.3.1.A three discrete spots banobserved on top of some background
intensity from diffusing DNA. The conceatiion of DNA within the agarose is
about 10 times higher than used in thffusion experiments (see Figure 3.2.3).
This results in a more homogeneous distribution of intensities than at lower DNA
concentrations. For comparison in Fig@t8.1.B a confocal image is shown from
only Cy3.5-labeled DNA in 1% agarose with the same DNA concentration as in
Figure 3.3.1.A. The fluorescence intengityesent in the spots in Figure 3.3.1.A
only can come from Cy3.5-labeled DNAUNd by unlabeled RPA protein. The
DNA is immobilized in the pores of the gel together with the RPA protein. In 188
images of 6.2x6.2m we counted on average 5.0 $;ngrolecule spots. Because
the RPA protein is unlabeled it is nmdssible to accurately determine the DNA-
bound RPA fraction. For quantitative poges the RPA protein needs to be
fluorescently labeled too. These resul&snonstrate that immobilization of DNA

in an agarose matrix by peith binding is a useful math in the study of single
molecule protein-DNA interactions, eveif the protein of interest is non-
fluorescent.

ERCC1-EYFP/XPF binding to bubble-DNA

The incision activity of the ERCCAPF complex has been shown to be
absolutely dependent on the presencdiwdilent cations like Mg and Mn (6,10).
To achieve only binding of proteinitivout cutting of the DNA, the ERCC1-
EYFP/XPF complex was combined witly&5 labeled 90-bp bubble-DNA in the
presence of calcium. In the confocal irragpbtained from this binding reaction
we did not observe any immobilization of DNA. It means that no complex
formation occurs between ERCC1-EYFPHX and Cy3.5 labeled 90-bp bubble-
DNA at the applied conditions. This resultasnsistent with the result of a pull-
down assay in which only weak bindin§ ERCC1/XPF complex to an identical
90-bp-bubble-DNA substrate was observed (11). When however ERCC1/XPF
was incubated with the DNA substrate time presence of the RPA protein,
significantly more ERCC1/XPF lmd to the bubble-substrate.



To investigate the effect of RPA alsm the single molecule level we also
combined the ERCCI1-EYFP/XPF withethCy3.5-labeled bubble-DNA in the
presence of unlabeled RPA and calcium. As a control, we first imaged the
immobilized DNA by illuminating with only 568 nm. Then we only observed
fluorescence intensity in the Cy3.5 detection channel (Figure 3.3.2-upper panel),
which means that EYFP is notated by 568 nm light.
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Fig. 3.3.2. Scanning confocal images from complexes of ERCC1-EYFP/XPF, RPA and
Cy3.5-bubble-DNA (ratio 1:1:20) in a 1% agarose matrix. Upper pandl: excitation with
568 nm only. Lower panel: simultaneous excitation with 488 and 568 nm. Emission was
detected simultaneously in the Cy3.5 channel from 577-632 nm (images A and D) and in
the EYFP channel from 500-550 nm (images B, C and E). Image C is the same as image
B, but only scaled on its own intensity maximum. Image size is 6.2x6.2unv, 128x128
pixels, dwell time 0.5 ms/pixel, excitation 5 kW.cm? at 488 and 3 kW.cmi? 568 nm. Circled
positions 1,2 and 3 indicate colocalization of ERCC1-EYFP/XPF and Cy3.5-bubble-DNA.
Positions 4 and 5 indicate ERCC1-EYFP/XPF with cross talk. At position 6 Cy3.5-bubble-
DNA isimmobilized by only RPA.

The appearance of fluorescence spotsciatds the presence of complexes of
ERCC1-EYFP/XPF and bubble-DNA. To Mgriif indeed at the positions of
immobilized DNA also protein is preserwe next illuminated the same area
simultaneously with 488 nm and 568 mxcitation light. In the EYFP detection
channel now also single molecule spaggpeared (Figure 3.3.2-lower panel).
Some of these spots colocalize with smtiserved in the Cy3.5 detection channel
of the upper panel (molecules 1,2da3) as well as with spots in the
simultaneously measured Cy3.5 image@bviously it means that there are
complexes of ERCC1-EYFP and Cy3.5-labeled bubble-DNA at the positions
where colocalized Cy3.5 and EYRRiorescence intensities are detected



(molecules 1, 2 and 3). It is likely théte complexes also contain RPA protein,
because we did not observe any immohtian of DNA in the absence of RPA.

At position 4 and 5 probably there asly ERCC1-EYFP/XPF present, because
these spots were not present in the upper panel with only 568 nm excitation. The
accompanying spot at position 5 in the leftage of the lower panel is the result

of cross talk from EYFP emission into t8g3.5 detection channel. At position 6
there probably is a Cy3.5 labeled bubDIA molecule immobilized by binding

to RPA only that was not yet present dgrscanning of the upper panel images.

In total we analyzed 144 molecules fwsmplex formation by the detection of
colocalized Cy3.5 and EYFP intensitidstom these molecules 72 molecules
showed the presence of Cy3.5-labebedbble-DNA together with EYFP-labeled
ERCC1/XPF protein at the same positinrthe images. This means that 50% of
the ERCC1/XPF molecules formed comqae with the Cy3.5-labeled bubble-
DNA, probably together with RPA. Fromme total number of 83 spots in the
Cy3.5 detection channel 87% showed colocalized EYFP intensities. The
remaining 13% of immobilized Cy3.5Haled bubble-DNA molecules will be
associated with RPA only.

These results demonstrate that also asiingle molecule level a positive effect of
the presence of RPA on the DNA binding affinity of ERCC1-EYFP/XPF is
observed.

3.3.3 Discussion and Conclusions

The immobilization in agarose of Cy3&beled single-strand DNA because of
binding by RPA demonstrates that tlisa suitable methowb study protein-DNA
complex formation on the single molecule level.

The ERCC1-EYFP/XPF binding to Cy3.5-léé@ bubble-DNA is an example of

a single molecule protein-DNA bindingusly where colocalization of fluorescent
labels is indicative of complex formatioAlthough the total number of molecules
investigated is too low to assess bimgiaffinities quantitatively, these results
give a clear demonstration of the possibilities offered by single molecule
fluorescence methods. Only togethdth RPA the ERCC1-EYFP/XPF complex
was able to immobilize the bubble-DNA. i§heffect also has been observed in
bulk biochemical methods where the RPA and ERCCI1/XPF proteins were
incubated with bead-immobilized bubHDNA (11). In the absence of RPA
hardly any binding of ERCC1/XPF togtbubble-DNA was detected, while in the
presence of RPA ERCC1/XPF binding waaghanced. It was suggested that RPA
directs the ERCC1/XPF complex ontbe DNA through protein-protein
interaction or by creating an adequ&BlA structure for protein binding. In a
later report it was shown that the RPA piotbinds with defined polarity to the



undamaged DNA strand and positions thCE1/XPF complex at the 5’-side of
a damage to make an incision (8). Tgwential of single molecule fluorescence
imaging is indicated by the good comesdence of our results with results from
biochemical methods.
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3.4 Colocalization of NER proteins and DNA

Within each project on the mechanism of Nucleotide Excision Repair a highly
interesting issue is to determine the exact location of different molecular
components within intermediate NER complexes. From the present knowledge
about NER it can be foreseen that the required localization accuracy must be at
least 10 to 15 nm or better. In confocal fluorescence microscopy different
fluorescently labeled components within a NER complex will aways colocalize
within one spot on the detector, because of diffraction limited resolution. Mutual
distances between proteins, within a NER complex may then be determined by
FRET measurements. The required conjugates for FRET studies are under
development, and it is therefore presently not possible to use FRET for this
purpose. Therefore we started to apply an aternative method for high-resolution
localization of individual fluorescent molecules in images obtained with a
scanning confocal fluorescence microscope.

We determined the center of the emission intensity distribution of single
molecules in confocal images by fitting the observed distribution with a Gaussian
function. Using a chi-square minimization procedure the probability and a
confidence level is obtained of finding a molecule at some position.

With our confocal configuration, distance determination between individual
molecules, imaged simultaneously at different excitation wavelengths, requires a
perfect overlap of the excitation beams. Currently we are solving the issue of the
relatively large systematic error that may be introduced in the excitation path
using two wavelengths. Consequently we did not yet have the opportunity to
apply the localization method for real distance measurements between colocalized
GFP-NER proteins and Cy3.5-labeled DNA (as shown in chapter 4). So far we
determined the localization accuracy for single EGFP-XPA molecules embedded
in agarose and for Cy3.5 or Cy5 labeled DNA molecules adsorbed on quartz. The
results are promising in view of accurate distance measurements within NER
complexes and indicate that the agarose gels can be used for these purposes.

3.4.1 Localization of single molecules in confocal
fluorescence microscopy images

In the applied fitting procedure, based on chi-square minimization, 7 parameters
were included, being the average background level, the maximum amplitude, the
width of the intensity distribution in the x- and in the y-direction, the x- and y-
position of the intensity maximum, and the orientation of the spot. The accuracy
of the fit was expressed for al parametersin their variances. From the variances
localization accuracies were calculated for the position of the intensity maximum.



Localization results
In Figure 3.4.1 a scanning confocal image is shown measured from a Cy5 labeled
90-nt DNA molecule adsorbed on quartz.
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Spot specifications

Max. intensity of image 17cts

Max. intensity of fit 8.37 cts

Peak width (o) (9.8 £0.3) pixels

Average background 1.13cts

Total intensity in spot 6245 cts

Position of max. intensity (x;y) (65,69; 62,71) pixels

Pixel size 12.1 nm

RMS error in x-position 0.095 pixels

RMS error in y-position 0.101 pixels

Fig. 3.4.1. A. Scanning confocal image of a Cy5 labeled 90-nt DNA molecule adsorbed
on quartz. Image size is 1.55x1.55 un, 128x128 pixels. B. 3-D plot of the intensity
distribution of the spot shown in A.

The resulting localization accuracy for thisindividual Cy5 molecule was, for a 1o
confidence level, 0.095 pixels in the x-direction and 0.101 pixels in the y-
direction. For a2 ¢ confidence level and a pixel size of 12.1 nm, we find that the
molecule is located with 95% probability within an amost spherical spot
(ellipsoidal with aspect ratio 0.96) with aradius of 2.4 nm.

In the same way as shown in the example, we analyzed severa single molecule
spots in confocal images of both surface adsorbed molecules and molecules
embedded in agarose gel. Only fluorescence spots from non-blinking molecules
were included. At this point we did not take into account bleaching effects. The
result is shown in Figure 3.4.2.
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Fig. 3.4.2. Result of localization analysis with a 2o confidence level for different types of
single molecules. The black square data points are from Cy3.5 labeled 90-nt DNA
molecules adsorbed to quartz, the round gray data points from EGFP-XPA molecules
embedded in agarose. Molecules indicated with * were measured with 2.5 pixels within a
length corresponding to the size of d, where d is the standard deviation of the Gaussian
beam profile, all other molecules were measured with 5 pixels within d.

From Figure 3.4.2 we can conclude that the localization accuracy is mainly
determined by photon statistics. The higher the total number of counts collected,
the more accurate the position of a molecule can be determined. This holds not
only for surface immobilized molecules, but even for gel embedded molecules. So
far we could not determine the contribution from other errors. Repeated
measurements on one molecule are not well possible because of bleaching effects.
For this purpose we will have to analyze and compare molecules that are
measured under the same scanning conditions and that show similar intensities.
Also systematic errors were not considered yet. The localization accuracy of the
surface adhered Cy3.5 labeled DNA molecules shown in Figure 3.4.2 varies from
0.7 to 2.5 nm for a 2 ¢ confidence level and for the EGFP-XPA molecules from
3.8 to 12.4 nm. Although the signal to background ratio for the measured
molecules was different and varied between 38 and 5, we can conclude from
Figure 3.4.2 that these ratios are so high that they were not the determining factors
for the accuracy of localization.

Optimal scanning conditions The results shown in Figure 3.4.2 indicate that
we can localize individual molecules with accuracies of less than 20 nm. From
this figure it is not clear if during measurement the applied number of pixels (N)
that fit within alength corresponding to the size of d (the standard deviation of the
Gaussian beam profile), was optimal for localization purposes. To determineif we
still can improve the accuracy with which we can localize a molecule in an image
we determined the relation between the localization accuracy and the number of
pixels within d. Now we kept the volume under the Gaussian curve (= total
number of counts) constant for each value of N. In Figure 3.4.3 the resulting
graphs are shown for two different numbers of total counts and different signal to



background ratios. Figure 3.4.3 demonstrates that there is an optimum number of
pixelsin d in both curves. We can conclude that, at the applied number of counts
and signal to background ratios, the pixel size should be about equal to the size of

d for most accurate localization. It means that the localization accuracy of the
molecules indicated in Figure 3.4.2 still can be improved by measuring with only

1 pixel ind.
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Fig.3.4.3. Localization accuracy as a function of the number of pixelsin d at a constant
total number of counts for a 2 ¢ confidence level. A constant ratio between the amplitude
and the background was applied over the whole curve. The black square data points are
from a total number of counts of 6245 and a signal to background ratio of 7.4, the gray
data points are from a total number of counts of 566 and a signal to background ratio of
8.6.

3.4.2 Discussion and Conclusions

The results from our localization analysis show that we can localize individua
EGFP-XPA and Cy3.5 labeled DNA molecules with an accuracy much smaller
than the actual signal width (d) and even smaller than the size of one pixel. This
holds even though the measurements were done at room temperature and for
molecules embedded in agarose (EGFP-XPA). This is promising with respect to
distance determination between individual components within a NER complex.

Figure 3.4.3 shows that the localization accuracy of the molecules included in
Figure 3.4.2 will be improved by decreasing the number of pixels (N) ind. It is
most important to collect as many photons as possible during scanning with alow
number of pixels within d. The purpose of a measurement will determine the
alowed dwell time per pixel. If a molecule needs to be imaged only once, longer
dwell times will be allowed than for tracking of a single fluorescent molecule in
several sequential images.



By successively scanning a single molecule or a small scattering bead systematic
errors will be determined. The standard deviation of the resulting set of maximum
positions will indicate whether the applied methods give a good representation of
the practical situation. So far, in al analysis possible blinking and bleaching of
fluorescent molecules have not been taken into consideration. Determination of
the localization accuracy of strongly blinking or rapidly bleaching molecules will
require alternative methods.
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In this chapter results are shown from single molecule fluorescence
investigations on the Nucleotide Excision Repair system. We studied
complex formation between a model DNA bubble- substrate and the
XPA and RPA proteins. 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 fluorophores. On the single molecule level we
observed a low binding affinity of XPA for bubble-DNA. In the
presence of RPA, XPA-DNA binding was significantly enhanced.
Theseresults are in good correspondence with those obtained in bulk
experiments.

The content of this chapter is based on:

Segers-Nolten, G.M.J., Wyman, C., Wijgeid,, Vermeulen, W., Lenferink, A.T.M.,
Hoeijmakers, J.H.J., Greve, J. and Ofo (2002) Scanning confocal fluorescence
microscopy for single molecule analysis of Nucleotide Excision Repair comphu@s,
Acids Res., 30, 4720-4727



4.1 Introduction

We studied complex formation betweanmodel DNA substrate and proteins
involved in nucleotide excision repair @R). NER is one of the most important
mammalian DNA repair processes respomsifar removing a wide variety of
helix distorting lesions from genomic DNA (see paragraph 1.5 for details about
NER and 1-4). To see whether scannounfocal fluorescence microscopy of
single molecules embedded in gel ritats provides valid information on the
dynamics of protein/DNA complexsaembly we used a relatively simple
DNA/(NER) protein complex that has rehddy been characterized in bulk
biochemical experiments. We first anagzthe interaction of human XPA protein
with a  90-bp double stranded DNA mulée that has a central 30-nt unpaired
region, subsequently referred to asltible DNA'. XPA plays a crucial role in
NER and binds to bubble-DNA (5,6). &ddition, RPA is known to enhance the
binding of XPA to DNA (5-12). This tein/DNA complex is suggested to be
important for damage verification andoper orientation of excision activities
(13). To visualize individual componentgith scanning confocal fluorescence
microscopy, both DNA and XPA wereufirescently labeled. One DNA strand
was 5'-labeled with a single Cy3.5 mclle. EGFP was fused in frame to XPA,
which was then overproduced kcoli and purified to ear homogeneity. For
illustration in Figure 4.1.1 the possiblegition of the XPA and RPA proteins is
accentuated within a proposed intediate NER complex including Cy3.5-
labeled damaged DNA and the EGFP label on XPA.

EGFP

Fig. 4.1.1 Schematic representation of the position of the XPA/RPA protein in a possible
NER complex. A 90-‘bp’ damaged DNA molecule is drawn (damage indicated as a
triangle), which length is equal to about 30 nm. EGFP is a cylinder with a diameter of 2
nm and a length of 4 nm. As far as possible the drawing is to scale, the dimensions of the
NER proteins are estimated on the basis of their molecular mass.



The measured affinity of XPA for thaibble-DNA substrate and the influence of
RPA on this affinity, as determined harsing single molecule scanning confocal
fluorescence microscopy, are in goodesmgnent with results obtained from bulk
biochemical methods. Moreover, we shdtlvat the appliegprocedure of DNA
immobilization by protein bindg in a gel is very well suited for single molecule
protein-DNA binding studies in generaDur results demonstrate that single
molecule spectroscopic imaging is a pisimg new technique that will allow us
to identify and study the dynamic tamactions of even more complex
intermediates in NER. This method alsas the potential to provide new insights
into the mechanism of otheomplex DNA transactions.

4.2 Materials and methods

Production and Purification of HisgHA-EGFP tagged XPA

The procedure for productioand purification of HHA-EGFP-XPA has been
published (14). Here we will give only brief description. EGFP-tagged XPA
was generated by fusing the cDNA codiftg the enhanced green fluorescent
protein (EGFP) toXPA cDNA. An extra sequence encoding for both a nine
histidine (Hig) stretch and a HA-epitope were added to the N-terminal coding
part of EGFP. Protein overexpression was induceé.ooli BL21(DE3)LysS
with 2 mM IPTG. To isolate the recombinant protein cells were lysed by
sonication. The whole cell extract wadeared from insoluble particles by
centrifugation. The supernatant was subeedly purified on a Heparin-sepharose
column, a Phosphocellulose column anMiaNTA column. Protein fractions at
each stage during production and purificatwere analyzed by standard SDS-
PAGE and immunoblotting. The recomairt human RPA complex, utilized in
our studies, purified frori.coli cells was kindly provided by M. Modesti and A.
Janicijevic (Genetics, Rotterdam)(15,16).

Microinjection and DNA repair synthesis

The activity of the purified EGFP-XPArotein was assayed by microinjecting
fractions into XPA deficient human fibrtasts and subsequently testing the DNA
repair capacity, as described previoudly). After fluorescent image recording,
DNA repair capacity was determined measuring unscheduled DNA synthesis
(UDS) (17). Human fibroblasts were UNtadiated, labeled with*H]thymidine

and fixed for autoradiography. Autoradiographic grains above the nuclei of
injected polykaryons were counted and compared with the number of grains
above nuclei of wild-type fibroblasts assayed in parallel.



DNA substrate

DNA substrates that model NER intermediates were prepared from a pair of 90
nucleotide oligomers, one of which ha&’eCy3.5 label (Biozym, Landgraaf, the
Netherlands). The sequence of the oligomers was the same as described in
Matsunaga et al (18). Upon annealing equimolar amounts of 90-mers in 25 mM
Hepes, pH 7.5, 100 mM NaCl, 10 mM Mg@h a final concentration of 10M,
double stranded DNA with a cenltr@0-bp unpaired region, bubble-DNA
substrates, was produced. Formati of bubble-DNA was checked by
electrophoresis in 8% non-denaturing PAA @ed determined to be in the bubble
configuration for about 91% (shown inrpgraph 3.2-Figure 3.2.2). From the gel
we can conclude that the preparation doatscontain free Cy3.5-oligomers. The
9% impurities are only on the higher maldar mass side of the gel. Probably a
small amount of higher order structurepliesent, containing 4, 6, etc. oligomers,
which are supposed not to be of significemportance in the interpretation of our
results. The bubble-DNA was usetithout further purification.

Binding reactions

EGFP-XPA/DNA complexes were prepatag combining DNA bubble-substrate
and EGFP-XPA at a molar ratio of 20:1. During incubation EGFP-XPA
concentration was approximately 31 and DNA concentration was 6x1®/

in a 5.3ul volume of 25 mM Hepes, 40 mM KCI, 60 mM NaCl, 7 mM Mg@.4

mM DTT, 0.02% NP-40, 2.6% glyoelf pH 7.5. For preparation of
XPA/RPA/DNA complexes DNA, EGFP-XPAnd RPA were combined as above
in a molar ratio of 20:1:1. Binding re&ms were incubated for 30 minutes at
room temperature.

Sample preparation for confocal microscopy

For single molecule confocal measuretsemproteins and reactions containing
complexes of protein and DNA were diluted to concentrations of approximately
5x10*° M with respect to EGFP-XPA at 30° C in molten low melt agarose, 1%
(w/v) in 25 mM Hepes, 40 mNKCIl, 60 mM NaCl, 7 mM MgG, pH 7.5. The
agarose mixture was sandwiched betwega quartz cover slips, diameter 25
mm. Adsorption of bubble-DNA on) was achieved by applying 10of a 10°M
solution of Cy3.5-labeled DNA in buffebetween two 25 mm diameter quartz
cover slips.

Scanning confocal fluorescence microscopy

The measurements on DNA/NER-protesomplexes were performed with our
home-built confocal microscope, descdbén paragraph 1.4. For spectral
separation of EGFP and Cy3.5 fluoresceac@65DCXR dichroic beam splitter
was used (Chroma Technology Corporation, Brattleboro, VT).



4.3. Results

Preparation of EGFP-XPA

As shown in Figure 4.3.1, a protein magng 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 HH&-EGFP-XPA fusion
protein appears as a protein with highdw than the calculated 62.5 kDa.
Immunoblot analysis, using XPA specifimtibodies, confirmed that indeed the
desired fusion product was induced (dabé shown). For each of the subsequent
steps of purification, respectively, Hepasepharose, Phosphocellulose and Ni-
NTA agarose, purity and yield of éhfusion protein were monitored by gel-
staining (Figure 4.3.1) and immuno-bloginThe elution fractions of the last
purification step contained predominignintact EGFP-XPA polypeptide with
some proteolytic degradation products.
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Fig.4.3.1. Protein profile of EGFP-XPA purification. Purification of EGFP-XPA was
followed by loading samples of fractions from the purification steps on SDS-PAGE and
staining with Coomassie brilliant blue. A. Sandard prestained molecular weight markers,
molecular sizeisindicated in kDa. B. Crude extract. C. Fractions eluted from the Heparin
column and loaded onto the Phosphocellulose column. D. Fractions eluted from the
Phosphocellulose column and loaded onto the Ni-NTA column. E. Fraction eluted from
the Ni-NTA column with 200 mM imidazole. The arrow indicates the fusion protein of
HissHA-EGFP-XPA, running at ~70 kDa. A minority of the fusion protein is degraded as
shown by the asterisk, likely free XPA (without EGFP-tag), since it cross reacts with anti-
XPA in Western blotting (not shown).

The isolated recombinant polypeptide95% purity) was tested for its biological
activity. To that aim the protein wastioduced, via microneedle injection into
XPA-deficient cells. NER activity of the injected cells was measured by
determining DNA repair synthesis aftelV-irradiation (UDS). Within 15 min.



after microinjection, a bright fluorescengsal was observed in the nuclei of the
majority of injected cells. After fluorescem image recording, cells were assayed
for their repair activity. The cells witlgreen fluorescent nuclei were also
corrected (up to wild type levels) faine severe UDS-defect, present in XP-A
cells. The number of autoradiographi@igs above the injected cell nuclei was
significantly higher than above theominjected neighboring cells (data not
shown) and comparable to results frontminjection with non-tagged XPA (19).
Both nuclear targeting and the complegstoration of UDS, indicate that the
HisgHA-EGFP tag does not interfere with theoper function of XPA, and that
the purified protein is biologically actv In conclusion, both the purity and the
biological activity indicate that this ptein is a bonafide NER reagent to be
applied in single molecule studies.

Imaging single EGFP-XPA proteins

To image single fluorescent molecsildby scanning confocal fluorescence
microscopy it is necessary to immobdi these molecules during the scanning
interval. For this purpose we used agarose gel matrix, which offers the
advantage of working in buffer and theildyp to control the concentration of
molecules in the sample.

Figure 4.3.2.C is a scanning confocal image of EGFP-XPA molecules
immobilized in a 1% agarose gel, exsibn was detecteldetween 500-550 nm.

The bright spots in this image repres#ére emission profiles from immobilized
EGFP-XPA molecules that can easily bsetidiguished from background signal.
The observed one-step bleaching and bfigkicharacteristic for GFP) behavior
(20-22), as detected by acquiring timaces (figure 4.3.2.D), strongly suggest
that fluorescent spots are derived from single molecule emission. This behavior,
together with the expected fluorescendeinsity level, confirms that we observe
individual EGFP-XPA molecules.

Simultaneously with the image in figure32.C, an image was recorded from the
EGFP sample with the detection wavegjth in the 577-632 nm region, the
detection window for Cy3.5 emissiondtire 4.3.2.A and B). Thlow intensity of
this image and the absence of localizedtsghow that there is virtually no cross
talk from EGFP emission into the Cy3.5 detection channel.
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Fig.4.3.2. Confocal results of individual EGFP-XPA molecules immobilized in 1%
agarose gel. A. Confocal image recorded from EGFP emission detected in the Cy3.5
detection channel, 577-632 nm region; scaling is on the maximum intensity of the image.
Image A is also shown in B, but now the scaling is the same as in the other images
recorded from signal in the Cy3.5 channel shown in this chapter. C. Confocal image
recorded from EGFP emission detected in the EGFP detection channel, 500-550 nm
region. Image size is 6.2x6.2 unv?, 128x128 pixels, dwell time is 0.5 mg/pixel. D.
Representative time traces of individual EGFP-XPA molecules measured simultaneously
in both detection channels, data bin time 10 ms. The left time traces have been measured
at the lower-left circled position, the right time traces at the upper-right circled position
in image C. The fluorescence behavior in the Cy3.5 detection channel isindicated in red,
the fluorescence behavior in the EGFP detection channel is in green. Excitation was
4 KW.cm? at 488 nm.

Imaging bubble DNA

In contrast to EGFP-XPA molecules, 90-bp bubble DNA molecules are not
immobilized in a 1% agarose matrix. @himages obtained after scanning of
Cy3.5-labeled bubble-DNA molecules alone in a 1% agarose matrix (figure
4.3.3.A), showed only diffusing DNA metules. For comparison figure 4.3.3.B

is a confocal image of Cy3.5 labdldoubble-DNA molecules immobilized on
quartz.
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Fig. 4.3.3. 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 6.2x6.2 unv, 128x128 pixels, dwell time 0.5
ms/pixel. Images A and B are both scaled on a maximum of 21 counts/pixel. C. Typical
time trace of an individual Cy3.5-bubble-DNA molecule measured at the circled position

in image B with data bin time of 10 ms and emission detection from 577-632 nm.
Excitation was 4 kW.cmi? at 568 nm.

Again, the time trace of a representatfiteorescent spot (figure 4.3.3.C) shows
signal intensity and sudden bleaching eletaristic of a single Cy3.5 molecule.
Because we know from the image in figure 4.3.2.C that EGFP-XPA is
immobilized in 1% agarose, we presuthat 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 concentration of approximafel§0'°M EGFP-XPA in

1% agarose and prepared for scanmioigfocal fluorescence microscopy.
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Fig. 4.3.4. 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 EGFP and Cy3.5 labels. A, Cy3.5 emission 577-632 nm; B, EGFP emission 500-550
nm. Image size is 6.2x6.2 pn¥, 128x128 pixels, dwell time 0.5 ms/pixel; excitation 4
KW.cm? at both 488 nm and 568 nm. The circled position indicates the presence of a
complex between EGFP-XPA and Cy3.5-bubble-DNA.



Images were recorded simultaneously fiee Cy3.5 and the EGFP fluorescent
labels (Figure 4.3.4.A and B respectively). The apparent colocalization of Cy3.5
and EGFP signals within the same difftion limited spot, indicates that a DNA
molecule is trapped by EGFP-XPA, ggesting the presence of a complex
between XPA and the bubble DNA. DNé&nbound by protein is still freely
diffusing in the agarose matrix. A contetperiment in which we combined pure
EGFP with bubble DNA did not result eny immobilizationof DNA (data not
shown).

Complex formation was assessed quantiédyi by determining the percentage of
EGFP-XPA spots that colocalized with Cy3In all analysis only molecules with
single molecule fluorescence intensity wémcluded. From analysis of 361 pairs
of images containing in total 4340 EGKPA molecules, we observed that a
(10.1 £ 0.5)% fraction of EGFP-XPA nesfules colocalizes with Cy3.5-bubble-
DNA, indicating XPA-DNA complexes. This fraction of EGFP-XPA/bubble-
DNA complexes corresponds to anu#idprium dissociation constant K of
89 + 14 nM, taking into account the adteancentrations in the sample during
measurement, 5x M for EGFP-XPA and 18 M for DNA. Recently,
fluorescence anisotropy5) has been used to tdemine the equilibrium
dissociation constant for XPA binding BINA. With that method, an equilibrium
dissociation constant of 380 £ 45 nias determined. However, the applied
experimental conditions were significandifferent from ours. They used 36-bp
DNA with a 6-nt bubble in reaction ffer without KCI containing 2 mM MgGJ
where we used 40 mM KCI together with 7 mM MgQlevertheless the binding
constant for XPA-DNA interaction, that waetermined here, is well within the
large range of Kvalues obtained by moestablished bulk methods, varying from
several nanomolar to even micromotoncentrations (5,10-12).

RPA stabilizes the EGFP-XPA/bubble DNA complexes

Although we were able to detect binginf XPA to a bubble DNA substrate, it
does so with a relatively weak asstiola constant. Several studies employing
standard biochemical measurements hdemonstrated that RPA enhances the
binding of XPA to various DNA substrat¢s-9,11,12,23). We tested the ability

of our single molecule scanning confoflalorescence microscope to detect this
RPA-induced stabilization of XPA-DNA complexes. EGFP-XPA, RPA and DNA
were combined in binding reactions asd&ed in Materials and Methods before
immobilization in agarose dnconfocal imaging. Imageggistering fluorescence
simultaneously from EGFP-XPA an@€y3.5-DNA were collected and the
percentage of XPA-DNA complexes detergdnfrom the colocalizing spots. As
shown in two representative image pairs in Figure 4.3.5, the number of
complexes, indicated by the number of colocalized spots, is higher with RPA than
in the presence of XPA aloneofopare with Figure 4.3.4).
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Fig. 4.3.5. 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 EGFP and Cy3.5 label. A, Cy3.5 emission 577-632 nm; B, EGFP
emission 500-550 nm. Image size is 6.2x6.2 unv¥, 128x128 pixels, dwell time 0.5 ms/pixel,
excitation 4 kw.cm? at both 488 and 568 nm. Circled positions indicate colocalization of
EGFP-XPA and Cy3.5-bubble-DNA.

In Figure 4.3.6 representative time tracdsthe fluorescence emission in two

channels are shown in which colocaliaat of EGFP and Cy3.5 signhal can be
observed.
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Fig.4.3.6. Representative time traces measured simultaneously in both detection
channels at positions of colocalized EGFP and Cy3.5 signal with a data bin time of 10 ms.
The fluorescence behavior in the Cy3.5 detection channel is indicated in red, the
fluorescence behavior in the EGFP detection channel is in green. Excitation was
4 KW.cmi? at both 488 and 568 nm.



From analysis of 351 pairs of imagéawluding 4352 EGFP-XPA molecules, we
observed (31.8 £ 0.8)% of the XPAlbe bound to DNA in the presence of RPA.
This confirms the previously reporteshhancement of RPA on the binding of
XPA to different DNA substrates (5-9,11,12,23). The correspondipgfdk
binding of XPA in the presence of RPA to biBNA is calculated to be

21 £ 3.4 nM. There is however no pubksl data available from equilibrium
binding experiments to compare this number. In other studies different DNA
substrates and salt conditions are usedell as affinity tagged and untagged
versions of proteins (24,25).

We also observe immobilized bubble-DNnAolecules in figure 4.3.5.A that do
not colocalize with EGFP-XPA fluorescence. From the fact that these DNA-
molecules are not freely diffusing we camte that they are likely in complex
with RPA only. Analysis of the image®veals that on average 71.9% of the
immobilized protein-bound DNA moletas 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 fluescent protein and are 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 (figure 4.3.1). The unlabeled XPAepent might still be able to bind to
DNA and in this way contribute to the immobilized DNA fraction without
showing an accompanying EGFP signal. Alse fluorescence capacity of part of
the EGFP-labeled XPA molecules may haeen lost. In the absence however of
RPA, the EGFP-XPA binding experimentstkiobble-DNA resulted in only a low
number of immobilized DNA molecules, non-colocalizing with EGFRjure
4.3.4). This means that the fraction of XFpresent either as unlabeled or non-
fluorescent, does not have a significant contribution in the binding experiments.
Also the chance that EGFP-XPA accidentally colocalizes with RPA-bound DNA
is very small. The EGFP-XPA concentration #16'°M and equal to the RPA
concentration. At this concentration there are in average only 0.06 EGFP-XPA
molecules per measurement volume.eled specific binding of RPA to DNA-
bubble substrates has been repofi&), with a 30nt-bubble being the minimum
size for high affinity RPA binding(26). Our results show that DNA
immobilization can be used for the titative determination of protein-DNA
binding even when the protein is ndoefrescent, like the RPA protein used.

4.4 Discussion

Here we show that we have established a single molecule monitoring procedure
using scanning confocal fluorescence msoopy on agarose gel-based samples,
to visualize and quantify biomoleculdanteractions under physiological and
equilibrium conditions. As a model stgm we used a well-defined reaction



intermediate from the NER pathwaye. the binding of the damage verifiers XPA
and RPA to a ds-DNA duplex containiag30 nt bubble. We used a 5’ Cy3.5
fluorescently labeled DNA substrate and GFP-tagged XPA, which was
overproduced inE.coli, purified to near homogeneity and shown to be fully
functional inin vivo NER.

The properties of the gel are such thattein-bound DNA can be distinguished
easily from unbound DNA. UncomplexdéaNA bubble-substrates diffuse freely
within the agarose matrix. Binding togteins results in DNA immobilization,
which can be quantified. After assbly of protein-DNA complexes,
colocalization of the GFP-label (attachtal the XPA-protein) with the Cy3.5-
label on the DNA is observed by simuleusly exciting both fluorophores and
detecting the emission in two spedly separated channels. Because the
concentration of the components carcbatrolled and their interaction quantified
this method should be widely applicalbbethe study of pr&in-DNA interactions

at the single molecule level in equilibrium conditions.

The observed low affinity of XPA fobubble-DNA, as determined here on the
single molecule level, is in agreenenith already reported binding affinities
from biochemical methods (5,10-12). Although the EGFP label has a similar size
as the XPA protein, no interference witlie XPA binding affinity is expected,
because of the positive result in the fiimality test. Also the enhancement of
XPA binding by the RPA protein is imogd correspondence with results reported
from ensemble measurements (5-9,113R,2So far only one single molecule
fluorescence study has been publishen NER proteins. In this study
autocorrelation methods were applied to reveal conformational dynamics of
individual XPA-DNA complexes on two different time sca{%). A 55-bp ds-
DNA substrate was used with a 5'-fluocegh 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 diffitito compare with our results. From
biochemical methods it has been denmiated that the bubble-DNA substrate
used is a relevant model substraiesome steps of the NER mechan{d®). The
XPA-DNA binding reaction studied here @bviously only a starting point for
single molecule analysis of the NERaction. We expect to obtain new
information on the NER mechanism studlyiauthentic NER-specific damages
and additional protein components.

We can conclude from our results so faat aspects of complicated biological
processes, like NER, can be analyzedaasingle molecule level using confocal
fluorescence microscopy and GFP fusioat@ins. We will extend our studies to
describe the dynamics of interactionstween NER-components and DNA. In
addition, our home-built microscope setup is able to measure dynamics and
properties of single macromoleculatteiractions, using fluorescence resonance



energy transfer between proper specataiants of GFP (such as CFP and YFP)
fused to different NER protein®8). The time resolution of data acquisition in
our setup allows us to determine imtetion dynamics on a time-scale of 1€
Our results so far and the planned expan$o dynamic studies clearly indicate
an exciting future role for single moldeuconfocal fluorescence microscopy to
provide new insight into the moleculaeshanisms of vital biological reactions.
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In this chapter we extend our single molecule confocal study on
Nucleotide Excision Repair complexes to a more detailed
investigation of the DNA binding specificity of the XPA, RPA and XPC
protein. The binding affinity of XPA/RPA for bubble-DNA, ds-DNA
and ss-DNA was determined. XPC binding to cholesterol damaged
and undamaged bubble-DNA and ds-DNA was studied.



51 Introduction

In the previous chapter we showed #irgle molecule results for binding of
EGFP-XPA to Cy3.5 labeled 90-bp buetDNA, containing a 30-bp unpaired
central region, in the presence and absasfahe RPA protein (1). In agreement
with bulk data we found a substantial iease in DNA binding affinity of XPA in

combination with RPA. In literature regse the XPA protein alone was shown to
display only a slight preference for bindito damaged or partly unpaired DNA
over unmodified double-strand DNA (2-@Ylore specific binding to damaged
DNA was observed for the combination ¥PA and RPA, indicating a possible
role for XPA together with RPA in theitfal, damage recognizing stage of NER
(4,5,7,8). The reported results with respto single-strand DNA binding of XPA
are contradictory. In some papers a kiglaffinity for single-strand than for

double-strand DNA is mentioned (4,5,9),iletothers (6,10) report the opposite.

Another NER protein supposed to be ilwadl in damage recognition is the XPC
protein. The human XPC protein hasnalecular mass of 125 kD and occiums

vivo always associated with tf8 kD hHR23B protein. Iin vitro repair assays

the XPC/hHR23B was found to be the first damage-sensing factor (11). This
suggestion is supported by the observatath various methods of specific
binding with high affinity of XFEC/hHR23B to damaged DNA (12-14).
Nevertheless there are indications ttaimage recognition by the XPC/hHR23B
complex is not sufficient to initiatthe NER reaction. Probably other NER
proteins are needed to verify the praseonf a damage before the NER reaction
proceeds. As possible candidates for damage verification the XPA/RPA
combination has been proposed (15,16).

Here we want to study on the single molecule level the specificity for binding of
the XPA and RPA proteins to oth&NA substrates than bubble-DNA (see
chapter 4). We determined and compatteel XPA binding affinity for bubble-
DNA, ds-DNA, ss-DNA and four-way juncih DNA in the presence and absence
of the RPA protein. A four-way junctio DNA substrate was included in this
study because a strong interactiontted XPA protein with DNA junctions was
reported recently (10). It was not obsahthat RPA had an enhancing effect on
the affinity of XPA binding to DNA junctions.

Because of the possible involvement of both the XPA/RPA proteins and the
XPC/hHR23B complex in the damage rguoiion part of NERwe also studied

the DNA binding specificity of the X€/hHR23B complex. The XPC/hHR23B
protein complex was combined witmdamaged ds-DNA and bubble-DNA as
well as with a damaged version of bayipes of DNA. The damage in the DNA
substrate was a cholesterol moleculattheplaced a thymine nucleotide. The



substitution used was a cholesterol typ€¢iX), known to be recognized by NER
proteins as a damage. In Figure ®.lschematically the position of the
XPC/hHR23B is indicated in a possible NER complex together with Cy3.5-
labeled damaged DNA and the EGFP label on XPC.

AT Dy J_I_IJJ.UM DDAy,

Cy3.5

Fig.5.1.1. Position of XPC/hHR23B protein (indicated as XPC) in a possible NER
complex built up on a 90-'bp’ damaged DNA molecule. In this case the damage (triangle)
is a cholesterol modification.

5.2 Materials and Methods
Proteins

EGFP-XPA
EGFP-XPA was prepared, purified and éestfor functionality as described in
paragraph 4.2.

RPA

The recombinant human RPA complexilizd in our studies, purified from
E.coli cells was kindly provided by M. Modeg and A. Janicijevic (Genetics,
Rotterdam)(18,19).

EGFP-XPC/hHR23B

The EGFP-XPC/hHR23B protein complex wasdly provided by K. Sugasawa,
RIKEN, Institute of Physical and Chetal Research, Saitama 351-0198, Japan.
The protein was produced as FLAG-EGFP-XPC/hHR23RB-Histein. Briefly,
insect cells were infected with FBArus containing FLAG-EGFP-XPC cDNA.
The cell extract was purified on Hepaf@epharose and anti-FLAG agarose. Then
the FLAG-EGFP-XPC protein was combined with recombinantly produced
hHR23B-Hisg protein to reconstitute FLAG-EGFP-XPC/hHR23B-Hismplexes



(20). For further purification of the FLAG-EGFP-XPC/hHR23B-4Hi®mplexes
a second Heparin column was used and a Ni-chelating column.

DNA substrates

In binding experiments with the XPA and RPA protein the following Cy3.5
labeled DNA substrates were used: single-strand 90-nt DNA (purchased from
DNA Technology A/S, Aarhus, Derark) and double-strand 90-bp DNA
(prepared as described in paragrépB.1). The four-way junction DNA was
labeled with Cy3.5 and Cy5. (prepareddescribed in paragraph 3.1.2). For the
experiments described in this chapteryathle Cy3.5 label was relevant, the Cy5
label was present to enable single molecule FRET experiments as described in
paragraph 3.1.1.

In binding reactions with the EGFP-XREIR23B protein a double-strand 90-bp
DNA substrate was used containingtelesterol (CHO) modification (17). The
double-strand 90-bp CHO-DNA was preparfrom a 90 nucleotide oligomer
containing a cholesterol molecule instezda thymine nucleotide at position 60
from the 5’-end (Eurogentec, Maastrictite Netherlands) and the same 5’-Cy3.5
labeled oligomer as used for theuble-strand DNA preparation without a
modification.

It means that the cholesterol modificatignlocated at position 31 from the 5'-
Cy3.5 labeled end. A Cy3.labeled 90-bp bubble-DNA containing a cholesterol
damage was prepared by combining saene cholesterol containing oligomer as
used for preparation of the double-strand DNA with a partly complementary
Cy3.5 labeled 90 nucleotide oligomdtihe resulting bubble-DNA contains a 30-
nt central unpaired region with the césierol modification inside the bubble
region at the position of the fifth nuckabe from the junction to double-strand
DNA.

Also a Cy3.5 labeled double-stra®@-bp DNA substrate and a 90-bp bubble-
DNA without a modification was used in combination with EGFP-XPC/hHR23B.
Preparation of both DNA substrates wassdescribed for Cy3.5 labeled double-
strand DNA in paragraph 3.2.1.

EGFP-XPA binding to different DNA substrates
Binding reactions were performed as described in paragraph 4.2.

EGFP-XPC/hHR23B binding to different DNA substrates
EGFP-XPC/hHR23B was combined wity3.5-labeled double-strand 90-bp
DNA or bubble-DNA, with or without a chesterol modification in a molar ratio
of 1:20. During incubation the H®-XPC/hHR23B concentration was
approximately 3x1®M and DNA concentration was 6xiB1 in a 5ul volume



of 25 mM Hepes, 0.2 mM EDTA, 120 mM NacCl, 20 mM KCI, 7 mM Mg@®H
7.5. Incubation was performéadr 30 min. at 30° C.

Sample preparation for confocal microscopy

Samples from binding reactions between EGFP-XPA and DNA in the presence
and absence of RPA were prepaasdiescribed in paragraph 4.2.

Samples from binding reactions between EGFP-XPC/hHR23B and DNA were
diluted to concentrations of approximately 5%iM with respect to EGFP-XPC

at 30° C in molten low melt agarose, 1%/v) in 25 mM Hepes, 0.2 mM EDTA,

120 mM NacCl, 20 mM KCI, 7 mM MgGJ pH 7.5.

Scanning confocal fluorescence microscopy
Confocal measurements were perforrasdiescribed in paragraph 4.2.

53 Results

Preparation of cholesterol containing DNA substrates

In Figure 5.3.1 the electrophoresis ressilshown of the annealing products for
preparation of 90-bp double strandNA and bubble-DNA containing a
cholesterol modification on &8%b6 polyacrylamide gel.

M 12 3 45

Fig.5.3.1. Result of electrophoresis of cholesterol containing DNA preparations. Samples
were run on an 8% non-denaturing polyacrylamide gel in 1X TBE buffer (0.09 M Tris-
borate, 2 mM EDTA, pH 8.0) and ethidium bromide stained. Lane M: 100-bp ds-DNA
marker; lane 1: cholesterol 90-nt oligomer; lane 2: Cy3.5-ds-90bp-cholesterol-DNA;
lane 3: Cy3.5-90-nt-oligomer used to prepare ds-90-bp-cholesterol-DNA; lane 4: Cy3.5-
90-bp-bubble-cholesterol-DNA; lane 5: Cy3.5-90-nt-oligomer used to prepare 90-bp-
bubble-cholesterol-DNA.

From the gel we can conclude that the prafions mainly consist of the desired
products. In this figure we can obseraesimilar difference in electrophoretic
mobility between CHO-bubble-DNA (lan4) and the CHO-ds-90-bp analogue
(lane 2) as observed for the non-chaesitcontaining DNA preparations, shown



already in paragraph 3.2.2. There is notamination visible with single strand

DNA, only a fraction of less than 10%f the DNA is located in the higher

molecular mass side of the gel, probaliysisting of combinations of more than
two strands of DNA. On the basis of thea&rophoresis results the quality of the
DNA preparations was considered to bafficient for use without further

purification.

Single molecule analysis of XPA/RPA/DNA complexes

The results for XPA binding to doublérand and single-strand DNA in the
presence and absence of RPA are sunmedrin Table 5.3.1 and Figure 5.3.2,
together with the results from bindingttee 90-bp bubble-DNA already described

in paragraph 4.3 (1). Results concerning EGFP-XPA interaction with four-way
junction DNA have been omittedebause no complex formation could be
detected from this combination.

90-bp 90-bp 90-nt
bubble-DNA ds-DNA <DNA
TRPA | -RPA | +RPA| -RPA| +RPA| -RPA
0, -
%o EGFP-XPA | 21 8108 10120 265+1.0 7.740p 21.441.1 5.5:0.5
colocalized
(m) 21434 | 89+14 | 27+46| 119+2B 36+6l6 17135
#EGFPXPA | jacs | 4340 2928 995 1819 1770
molec. analyzed
# Image pairs | - a5 361 304 114 206 202
analyzed

Table 5.3.1. Results from analysis of scanning confocal images from complexes of
EGFP-XPA and Cy3.5-labeled DNA substrates (ratio 1:20) in a 1% agarose matrix with
simultaneous excitation and emission detection of EGFP and Cy3.5 label in the presence
and absence of RPA protein. In the presence of RPA the ratio between EGFP-XPA, RPA
and DNA was 1:1:20. Satistical errors are indicated.

From these results it appears that the ayfiof the XPA protein is only slightly
higher for bubble-DNA (I¢ 89 + 14 nM) than for completely double-strand DNA
(Kp 119 + 28 nM). The lowest affinitwas observed for the reaction of EGFP-
XPA with single-strand DNA (K 171 + 35 nM). Our equilibrium dissociation
constants for binding of only XPA to double-strand and single-strand DNA
correspond most closely to literature datdained from gel mobility assays (6).
With this non-equilibrium method aKvalue was reported of 83 nM for XPA
binding to double-strand 49-bp DNA and 2if7 nM for binding to single-strand
49-mers. In another report, with only ajiiative data obtained with the same
technique, a slightly higher affinity ofPA for bubble-DNAthan for single-



strand DNA was mentioned (10). From this result they concluded that probably
not only the single-strand character dieaion determines XPA binding. Helical
deformations like bending and/or kinkiraccompanying a bubble-DNA structure,
may be recognized too.

Our data indicate that the XPA protein adrinds with low affinity and without a
clear preference for binding to any of the DNA substrates used.
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Figure 5.3.2. Results from analysis of scanning confocal images from complexes of
EGFP-XPA and Cy3.5-labeled DNA substrates (ratio 1:20) in a 1% agarose matrix with
simultaneous excitation and emission detection of EGFP and Cy3.5 label in the presence
(dark gray bars) and absence of RPA protein (light gray bars). In the presence of RPA the
ratio between EGFP-XPA, RPA and DNA was 1:1:20.

Literature data on XPA/DNA binding Not all literature reports on XPA binding
to different DNA substrates are in agment. An equilibrium method based on
detection of fluorescence quenching remiilin a dissociation constant of 24.4 +
2.5 nM for binding of XPA to 50-bpalible-strand DNA (21). Upon interaction of
XPA with single-strand DNA the fluorescemintensity changes were too small to
calculate an accurate pK The combination of X& with 50-bp double-
strand DNA containing a 4-bp bubble resulted in g &€ 158 + 4.1 nM,
indicating weaker binding to mismatchBdNA than to single-strand and double-
strand DNA.

From an equilibrium anisotropy study on complex formation of XPA with 36-bp
double-strand DNA a significantly highepkKappeared of 1150 + 84 nM and for
the single-strand equivalent & I&f 355 + 38 nM (4). Here the affinity of XPA is
even 3-4 times higher for single-strand than for double-strand DNA. With the
same technique ag<of 380 + 45 nM was obtained for binding of XPA to a 36-bp
DNA substrate containing a 6-bp bubblee$h data indicate that methods as well
as types of DNA substrates used are qditerse. Also salt concentrations and
reaction temperatures were different, asylin data that are not directly



comparable. In Table 5.3.2 an overviasngiven of our XPA/DNA binding data
together with the available literature data.

single Kp EMSA Kp fluor. Kp fluor. Kp
molecule | (nM) (6) (nM) | quenching | (nM) | anisotropy | (nM)
(21) 4)
bubble- bubble- bubble-
30/90 89 i j 4/50 158 6/36 380

ds-90-bp 119 ds-49bp 83 ds-50-bp 24.4 ds-36-bp 1150

s$s-90-nt 171 ss-49-nt 21y ss-50-n : S$s-36-t B55

Table 5.3.2. Comparison of our single molecule XPA/DNA binding results with
literature data. The bubble-DNA substrates are named bubble-x/y, where x is the number
of unpaired base pairs forming the bubble, and y is the total length of the DNA in base
pairs. EMSA means Electrophoretic Mobility Shift Assay.

In the presence of RPA we observed a similar tendency for XPA-DNA binding
than without RPA. In general we can clute that RPA enhances the binding of
XPA to DNA. Several other investigatorsalobserved this effect with different
methods. Although hardly any quantitatidata are presented, apparently these
reports show a larger difference in bindspgcificity between helix-distorted and
non-distorted DNA substrates (5,8,10,22-##gn measured with our equilibrium
single molecule method.

RPA/DNA binding In the confocal images measured from XPA/RPA/DNA
binding reactions we also determineé fractions of immobilized Cy3.5-labeled
DNA colocalized and non-colocalized twiEGFP-XPA. The colocalized DNA
fraction consists of complexes of EGFP-XPA = RPA and DNA, while the non-
colocalized fraction consists of RPA-DNodmplexes. In chapter 4 (1) we already
mentioned for bubble-DNA that 71.9% ioimobilized bubble-DNA is present in
complex with EGFP-XPA or EGFP-XPA and RPA. Then a 28.1% fraction of
immobilized bubble-DNA was present &PA/bubble-DNA complexes. For
double-strand 90-bp DNA we determinadraction of 37.5% of bound DNA in
complex with only RPA. Binding to thgingle-strand 90-nt oligomer resulted in a
27.5% fraction of bound-DNA complexeid RPA. The resulting ratio’s for
DNA/XPA/RPA to DNA/RPA complexes fdoubble-DNA, ds-DNA and ss-DNA
are respectively 2.6, 1.7 and 2.7. Thigaither surprising because the RPA protein
is known to bind preferentially to sitggstrand DNA. Preassembly of XPA/RPA
complexes may explain the relativelgpw fraction of RPA/DNA complexes
observed. Binding of the XPA/RPA compés to single-strand or partly single-
strand DNA may be more stable thandtmble-strand DNA. Faster dissociation



of XPA from the instable XPA/RPA complexes on double-strand DNA may result
in a relatively larger fraction of RPA/DNA complexes.

Single molecule analysis of XPC/hHR23B/DNA complexes

The image pairs obtained from scanningfocal microscopy were analyzed for
the presence of colocalized interestfrom emission of EGFP-XPC and Cy3.5-
DNA. The results for EGFP-XPC/hHR23fnding to double-strand DNA with
and without a cholesterol modificati and bubble-DNA with a cholesterol
modification are summarized in Table 5.&/8 Figure 5.3.3. The combination of
EGFP-XPC/hHR23B with unmodified bubble-DNA did not result in images
suitable for analysis. In the imageslot of EGFP-XPC/hHR23B aggregation
occurred, such that analys$@ colocalization of fluorescence was not possible.

90-bp ds-DNA 90-bp-bubble-DNA
+ CHO - CHO + CHO — CHO
0,
/% EGFPXPC 422+3.4| 263+28 41.1+28 -
colocalized

Ko (NM) 13+3.8 | 28%75 14 £35 -

# EGFPXPC 360 323 530 -
molecules analyzed

# image pairs 45 43 40 _

analyzed

Table 5.3.3. Results from analysis of scanning confocal images from complexes of
Cy3.5-labeled DNA substrates with and without a cholesterol modification and EGFP-
XPC/HR23B in a 1% agarose matrix with simultaneous excitation and emission detection
of EGFP and Cy3.5 label. The ratio between EGFP-XPC/hHR23B and DNA was 1:20.
Satistical errors areindicated.

From the single molecule results db&d from the reaction between the EGFP-
XPC/hHR23B complex and different DNA substrates we can conclude that
EGFP-XPC/hHR23B binds more specifically to double-strand DNA containing a
cholesterol damage than to unmodifiedouble-strand DNA. The equilibrium
dissociation constant for binding to umgiaged DNA (28 + 7.5 nM) is twice the

Kp for cholesterol damaged DNA (13 = $i®1). If the main function of the XPC
protein indeed is recognition of damagbBtNA sites then it is likely that the
protein displays a stronger affin for damaged over undamaged DNA.
Obviously the structuratlistortion produced by the cholesterol damage, even



within a double-strand environment, is sufficient for specific binding of EGFP-
XPC/hHR23B (16). On the other hand thés no difference in affinity between
complex formation with cholesterol adified double-strand and bubble-DNA.
From investigations with DNA coaihing only a small 5-bp bubble,
XPC/hHR23B binding was shown to bel@pendent of the presence of a damage
(16). Possibly our results for compléarmation of EGFP-XPC/hHR23B with
bubble-DNA containing a cholesterol dageaindicate more the recognition of
unpaired bases than specific bindingthe cholesterol modification. Our results
may also be influenced by DNA etihding of EGFP-XPC/hHR23B. Other
researchers reported this phenomenon too (13,16).
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Figure 5.3.3. Results from analysis of scanning confocal images from complexes of
Cy3.5-labeled double-strand and bubble-DNA substrates with (dark gray bars) and
without (light gray bar) a cholesterol (CHO) damage and EGFP-XPC/hHR23B in a 1%
agarose matrix with simultaneous excitation and emission detection of EGFP and Cy3.5
label. The ratio between EGFP-XPC/hHR23B and DNA was 1: 20.

Literature data on XPC/DNA binding The absolute K values obtained with
our single molecule method are somewhigther than those obtained by other
investigators. With electrophoretic gel-shift assaysvidlues for XPC/hHR23B
binding to undamaged 49-bp (7) a®® bp (14) double-strand DNA were
determined to be 5 nM. Binding tdV-damaged DNA resulted in dissociation
constants of 0.12 nM (7) for 49-bp DNA,nM (14) for 60-bp DNA, and 7 nM
(12) for 136-bp DNA. With fluorescen@isotropy measurements at equilibrium
conditions K values of 10 + 3 nM were olteed for binding to undamaged DNA
and 1.1 + 0.3 nM for binding to alfp unpaired region within 36-bp double-
strand DNA (13). They also showedathUV-induced 6,4-photoproducts were
bound with a 30x higher affinity (0.5 + 0.2 nM) than cyclobutane dimersy(K
16 + 2 nM). Like mentioned for XPA bindlj, also the literature data available
for XPC binding are hard to compare, besmof application of different methods
and various DNA substrates. Trable 5.3.4 our single molecule results are shown
together with literature data.



single K K fluor. K
D D H D

molecule (nM) EMSA (nM) anls(lit?:)opy (nM)

ds-90- 13 UV-damaged (7) ds-49p | 0.12 | Bubble 6/36| 1.1

bp+CHO (14) ds-60bp| 4 6,4-PP 36p | 0.5

(12) ds-136-bp 7 CPD 36-bp 16

ds-90-bp— 28 (7) ds49bp ds-36bp| 10

CHO (14) ds-60bg °

bubble-30/90 14

+CHO

Table 5.3.4. Comparison of our single molecule results with literature data. All
measurements were performed at 30 °C. The bubble-DNA substrates are named
bubble-x/y, where x is the number of unpaired base pairs forming the bubble, and y is the
total length of the DNA in base pairs. EMSA means Electrophoretic Mobility Shift
Assay. 6,4-PP is a pyrimidine(6,4)pyrimidone photoproduct, CPD is cyclobutane
pyrimidine dimer.

54 Discussion and Conclusions

XPA/RPA The combination of XPA +/- RPA with four-way junction DNA
did not result in any colocalization of DNA and protein. Because the
conformation of the four-way jution depends largely on the Mg-ion
concentration (25-27), we performed bimglireactions in the presence of 0-10
mM MgCl,. Still no complexes could be detectedt with XPA alone, nor with
RPA or with a combination of XPA and RPA. That our results do not correspond
to published data (10) mdye because of a difference in buffer composition, base
composition and length of the arms o&tBNA junction. To verify XPA/RPA
binding to four-way junction DNA withour single molecule method it is
recommended to use identical DNA andaton conditions as in literature.

Considering the bubble-DNA as a model for damaged DNA (28), it is surprising
that we detect only a small differenicebinding specificity between bubble-DNA
and double-strand DNA even in the mese of RPA. If the XPA/RPA couple
indeed plays a role early in NER, ®&ie damage recognition and verification
takes place (15), a higher selectivity wiab be conceivable. Possibly our results
are influenced by binding of proteins not only to the non-hybridized bubble
region but also non-specific binding to the ends of the DNA may occur. In
contrast to our equilibrium methodin non-equilibrium methods, like
electrophoretic mobility shift assays,18,22,23) and surface immobilization
methods (5,24), non-specifically formedmplexes may dissociate before they
can be visualized. For tiPA protein preferential end-binding to single-strand



oligomers has been suggested (29). ssisent of the extent of non-specific
DNA end-binding is feasible by performing competition experiments with an
excess of unlabeled DNA. Saturationtleé non-specific binding sites may result
in more pronounced specific binding.

In the binding reactions of XPA/RPA wittifferent DNA substrates the ratio of
DNA/XPA/RPA to DNA/RPA complexes wasot equal. Possibly the RPA and
XPA protein preassemble before they bind to DNA. Upon DNA binding, a
conformational change in the XFRAPA/DNA complex may disrupt the XPA
interaction, resulting in remaining RADNA complexes (30). The interaction of
XPA/RPA with ds-DNA may be weaker than with bubble-DNA and ss-DNA,
resulting in a faster dissociation oetlXPA protein. Also free RPA may bind to
the DNA. From our data so far it is haaddraw definite conclusions on the exact
mechanism of binding of XPA and/or RRo these particular DNA substrates.

The literature data mentioned illuseahat XPA/RPA/DNA complex formation
has not yet been completely characterized. No published data from single
molecule methods are available on DNdbstrate specificity of NER proteins.

EGFP-XPC/hHR23B If the XPC protein is involved in primary recognition of
damaged DNA sites then a strong damdigerimination capacity is expected.
Considering this role somewhat lower dissociation constants may be expected
than obtained from our single molecwdaperiments. Probably by eliminating
non-specific DNA binding, more specific XPbinding may be revealed resulting

in lower Ky values. Like suggested for a more precise determinatiéy edlues

for XPA/RPA binding to DNA, also for EGFP-XPC/hHR23B binding,
competition experiments in the preserafean excess unlabeled DNA may be
useful. Specific binding to cholesterabntaining bubble-DNA may be revealed
from competition experimentsith unlabeled bubble-DNA.

Comparison of XPA/RPA and XPC/hHR23B binding to DNA Comparison of
the equilibrium dissociation constants for binding of EGFP-XPC/hHR23B to
cholesterol damaged DNA (K13 + 3.8 nM) and for binding of the XPA/RPA
combination to bubble-DNA (K21 + 3.4 nM) reveals a somewhat higher DNA-
binding affinity for EGFP-XPC/hHR23BThe affinity for undamaged double-
strand DNA is equal for EGFP-XPC/hHR23B (K8 + 7.5 nM) and for
XPA/RPA (Kp 27 £ 4.6 nM). Unfortunately it is not possible to compare directly
the binding of EGFP-XPC/hHR23B artie XPA/RPA couple to undamaged
bubble-DNA. Analysis for colocalization @fotein and DNA was bothered by a
strong aggregation of EGFP-XPC/hHR23B setved in recorded images.
There may be a relation between the aggtion and the presence of the There
may be a relation between the aggregadiod the presence of the unmodified



bubble-DNA. This phenomenon however Imas yet been sufficiently studied to
draw definite conclusions.

In our single molecule experimentetEGFP-XPC/hHR23B complex appears to
be more selective for DNA damages ththa XPA/RPA combination. The EGFP-
XPC/hHR23B has a two times higher affinity for damaged DNA {8 + 3.8

nM) than for undamaged DNA 28 + 7.5 nM). For binding of the XPA/RPA
proteins to bubble-DNA we determined @ &f 21 + 3.4 nM, while binding to
double-strand DNA resulted in only a slightly highes & 27 £+ 4.6 nM. This
indicates that the XPC/hHR23B complex has a higher damage discriminating
capacity than the XPA/RPA couple. It medhat our results are in line with the
proposed mechanism that damage recognition is performed by XPC/hHR23B
complex and damage verification the XPA/RPA combination (15,16,31).

The confocal fluorescence microscomesults described in this chapter
corroborate the results and conclusioinom chapter 4. The extension from
protein-DNA binding (1, and chapter 4) to assessment of DNA binding specificity
(chapter 5) resulted in a confirmation thfe potential of our single molecule
method. In paragraph 3.2 we compareel diffusion rates of the different DNA
substrates within the same 1% agaroseium as used in the protein binding
experiments. From the diffusion results it appeared that there is no significant
difference in diffusion rate betwedhe bubble-DNA and double-strand DNA.
Diffusion of single-strand DNA in the galas only 1.5 times faster. The observed
diffusion properties indicate that the conditions during our confocal
measurements are not significantly differémt the types of DNA used. It is an
extra verification of the reliability of our method.

Even from a biological process as corogted as Nucleotide Excision Repair
relevant information can be gained on the single molecule level. In future
experiments the influence of XPA/RPon XPC/hHR23B binding to damaged
DNA may be studied, fromvhich conflicting data have been published from
biochemical methods (7,13). Physicakiraction of XPA with XPC/hHR23B was
recently demonstrated (31). In a single molecule AFM study the XPC/hHR23B
appeared to bind DNA preferentially at the site of damage and to induce a bend in
the DNA whether or not the protein is mmlto a site of damage (32). In this
study no evidence was found for direetognition of bent DNA complex bound

by XPC/hHR23B. Soon single molecule methods may provide important
information additional to the knowledgeiged so far from ensemble methods.
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GENERAL DISCUSSION
and
FUTURE PROSPECTS

In this chapter our single molecule fluorescence results will be
discussed in view of future applications in the study of NER.
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6.1 Confocal fluorescence microscope

The results presented in this thesis demonstrate that it is well possible to obtain
relevant information from complicated biological systems with single molecule
confocal fluorescence microscopy. The particular confocal microscope used in
this study satisfies the requirements with respect to optical sensitivity and
resolution to enable good quality single molecule detection.

To accomplish simultaneous multi-color excitation a prism setup was included,
consisting of two identical prisms and a retroreflector. Due to the particular
design of the prism setup convenient selection of combinations of excitation
wavelengths has been redlized. The orientation of the prisms can be precisely
tuned to achieve optimal overlap of selected wavelengths, which is essential in the
distance determination between individual molecules. A small misalignment will
cause a systematic error in the localization of molecules. The systematic error can
be calibrated accurately by simultaneous detection in two channels of photons
scattered by small gold particles upon illumination with two different
wavel engths during scanning.

So far we applied linearly polarized excitation, resulting in dipole orientation
related excitation efficiencies. To excite al molecules independent of their dipole
orientations with equal efficiencies circular polarized excitation is preferable.
With multi-color excitation this is however not simply achieved by including a
Ya\-plate. In our setup we have available for excitation wavelengths from 457 nm
to 647 nm. With one Ya\-plate it was not possible to obtain circularly polarized
light over the whole wavelength region. Possibly a Fresnel rhomb quarter wave
retarder is more suitable for this purpose, because it performs the conversion from
linear to circular polarization practically wavelength independent. However, if it
is positioned in the detection path the polarization of the emitted light will not be
maintained. So selective detection on polarization of the emission will not be
possible then.

In the existing configuration a dichroic beam splitter is used for spectral
separation of emitted wavelengths for detection with two APD’s. Consequently
only two different wavelength regions can be detected simultaneously. Currently
we are implementing in the setup a spectrograph in combination with a CCD
camera to enhance the flexibility in the selection of relevant spectral detection
regions. The result will be that every pixel of a measured image will contain a
complete fluorescence spectrum. Moreover, in the spectrograph-CCD
configuration only alignment on one pinhole is required, which is a simplification
compared to the situation with two pinholes and APD’s. The possibilities of the
setup will be even expanded more by implementation of a blue light source, like a
410 nm laser diode, in particular for more efficient excitation of ECFP.



6.2 Fluorophores

The single molecule fluorescence results presented in this thesis demonstrate that
every fluorescent label has its own typical fluorescence characteristics. All
fluorophores included, whether GFP mutants, Cy dyes or Alexa dye, display
intensity fluctuations during emission on different time scales. Still GFP mutants
are very attractive because of the unique possibility to fuse them to a partner
protein in a 1:1 ratio by mild recombinant techniques. Other 1:1 protein-labeling
techniques usually require mutagenesis too, to insert, delete or change certain
amino acid residues for creation of a single site for labeling. At present single
molecule labeled DNA can be purchased from many suppliers, who couple
fluorophores to DNA during routine DNA-synthesis. A continuously increasing
range of dyes is available for this purpose. The fluorescence on-times of the
individual fluorophores studied appeared to be very limited. In general low
excitation intensities result in longer on-periods and a higher recovery of photons.
In single molecule measurements with organic dyes removal of oxygen should be
considered to prolong the duration of emission.

In the search for fluorescent labels with most stable and long-living fluorescence
the development of nanocrystals or quantum dots (1,2) appeared to be very
promising. Nanocrystals or quantum dots are small semiconductor nanocrystalline
objects with diameters that can be fine-tuned from 2 to 10 nm. Their emission
wavelength can be tuned by means of material composition and size from UV to
infrared. By exciting quantum dots of different size with one wavelength,
emission will occur at different wavelengths. Therefore they are very attractive
for applications that need multi-color detection. Because one wavelength can be
used for excitation there are no effects of chromatic aberrations in the excitation
path. Quantum dots show similar or dightly lower quantum yields than organic
dyes, but they have larger absorption cross-sections and reduced photobleaching
rates. However they also suffer from blinking. They exhibit dark states that last
from microseconds to seconds. Still 1abeling of biomolecules with single quantum
dots is not easily achieved. The surface area of a single quantum dot is large
enough for linking to multiple biomolecules. Similar methods for coupling to
gquantum dots are used as for immobilization of biomolecules to surfaces, like
silanization and crosslinking (1,3). No biological applications of labeling with
single quantum dots have been reported yet.



6.3 Alternative optical single molecule methods to study
NER

Here we have shown the possibilities of confocal fluorescence microscopy to
study aspects of NER. As aready mentioned in paragraph 1.3 NSOM would
provide better spatial resolution than confocal fluorescence microscopy. This
would improve the localization accuracy of individual components within a NER
complex. Considering the size of proposed NER complexes the additional
resolution offered by NSOM will be desired. As soon as good quality NSOM
measurements can be performed in liquid environment the technique will become
more attractive for single molecule biological applications, including NER. Better
resolution as well as higher detection efficiency is aso offered by 4-pi
fluorescence microscopy.

Another possibility would be to study NER complexes with a combined confocal
and AFM setup equipped with ametal tip. After identification of alabeled protein
from the fluorescence signal, the metal tip may be used to quench or enhance the
fluorescence. For quenching or enhancement it is required that the probe and the
molecule are in close proximity. In this way it is possible to determine the
position of a molecule with much higher precision than the diffraction limit. If
proteins within a complex are labeled with different fluorophores, the dye
molecules may be quenched or enhanced separately, providing high-resolution
information about the distance between the molecules. Also dynamical
interactions within a complex, resulting in a change in distance between the tip
and a fluorophore, may be monitored from the quenching or enhancement of the
fluorescence. By using the metal AFM tip as a nano-tool, individual proteins
within complexes may be manipulated. This kind of experiments may provide
information about interaction forces between different NER proteins and between
proteins and DNA.

6.4 Confocal single molecule microscopy and NER

The applicability of confocal fluorescence microscopy in monitoring dynamic
changes of biomolecules is demonstrated from the single molecule FRET data
shown from surface immobilized DNA molecules labeled with a donor Cy3.5 and
acceptor Cy5 (paragraph 3.1.1) molecule. In view of planned FRET experiments
on ECFP-labeled XPA and EY FP-labeled ERCC1L/XPF thisis a promising resullt.

With higher excitation intensities than applied in the diffusion experiments in
paragraph 3.2 it may be possible to observe FRET from diffusing donor and
acceptor labeled molecules. Without any changes in the setup fluorescence
correlation spectroscopy (FCS) can be performed to detect fluorescence intensity



fluctuations as a result of dynamic processes on the molecular scale. Also protein-
DNA binding may be studied from diffusing complexes with FCS as an
alternative for the DNA-immobilization experiments performed in agarose. Upon
diffusion of complexes of EGFP-labeled NER proteins and Cy3.5-labeled DNA
through the confocal volume, fluorescence intensity will appear simultaneously in
the EGFP and the Cy3.5 detection channel.

Model for initial steps of NER as proposed from confocal single
molecule fluorescence results

Figure 6.3.1 gives an author’s impression of the initial steps of NER based on the
confocal single molecule results decribed in this thesis, taking into account
reported protein-protein interactions (4).
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Fig. 6.3.1. Proposed model for the first steps of the NER process. 1.A damage induces a
helix distortion. 2. The XPC/hHR23B complex recognizes the damage. 3. A preassembled
XPA/RPA complex is attracted to the damaged site together with TFIIH. 4. A fully opened
DNA complex(24-32 nt) is created by a combined action of RPA and TFIIH. Subsequently
XPG is positioned on the 3’ -side and ERCC1/XPF to the 5’ side of the damage.



The confocal single molecule fluorescence observations included in the model are

summarized below:

» in chapter 5 we concluded from equilibrium dissociation constants that the
XPC protein has a higher ‘damage’ discriminating ability than the XPA/RPA
combination.

» inthe XPA/RPA/DNA binding experiments we observed afraction of DNA in
complex with only RPA. This fraction seemed to be dependent on the type of
DNA present. We proposed that XPA and RPA may preassemble before
binding and that the resulting XPA/RPA/DNA complexes are more stable with
single-strand (containing) DNA.

* in the ERCC1/XPF binding experiments to bubble-DNA (paragraph 3.3) we
observed that ERCC1/XPF binding is accomplished only in the presence of
RPA. Therefore it is likely that there are contacts between ERCCL/XPF and
RPA after DNA binding.

So far we studied a limited number of NER proteins on the single molecule level.
For further single molecule research on NER complex formation additional
recombinant NER-GFP fusion proteins are in production.

Future investigations will include:

» jnvestigation of complex formation in the presence of both XPA/RPA and
XPC

= study of interaction between ERCCIL-EYFP/XPF and ECFP-XPA by
monitoring FRET. As a model FRET-compound the ERCC1-EY FP/ECFP-
XPFisin production.

= NER complex formation on DNA containing real damages, like T-T dimers or
(6-4)-photoproducts.

» to enable real-time observation of association and dissociation of proteins a
different sample preparation method needs to be developed. It is not practical
to introduce proteins or other components within agel environment.

Regardless of the complexity of the mechanism, apparently Nucleotide Excision
Repair proteins are able to search very efficiently through the huge genome for
damages with a high level of discrimination. To resolve completely the
mechanism gtill alot of investigations are required from single molecule as well
as from ensemble biochemical methods. If we consider NER to take place in vivo
within an environment of closely packed chromatin it is even more astonishing
that repair is accomplished in such a reliable way as it obvioudy does. Single
molecule studies on NER within a nucleosome environment will be extremely
chalenging. It may be feasible to study the interaction of fluorescently labeled
NER proteins with mononucleosomes, reconstituted from histone octamers and
damaged DNA.
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Summary

Confocal fluorescence microscopy is particularly well-known from the beautiful
images that have been obtained with this technique from cells. Several cellular
components could be nicely visualized ssimultaneously by staining them with
different fluorophores. Not only for ensemble applications but aso in single
molecule research confocal fluorescence microscopy became a popular technique.
In this thesis the possibilities are shown to study a complicated biological process,
which is Nucleotide Excision Repair (NER), on the single molecule level with
confocal fluorescence microscopy. In chapter one an introduction is given in
single molecule fluorescence, properties of fluorescent labels and immobilization
methods. Also the NER process is described and the configuration of the confocal
fluorescence microscope used.

In chapter 2 the single molecule characteristics of the fluorescent labels used in
the course of this thesis work are presented as observed with confocal
fluorescence microscopy. Typical single molecule fluorescence observations are
shown, like blinking and bleaching features. GFP mutants and chemical dyes, like
Cy dyes and Alexa dye, are compared for their single molecule applicability. It
appears that every fluorophore has its own typical characteristics. In general we
can conclude that it is favorable to excite fluorescent molecules with low intensity
to keep the molecules in an emissive state as long as possible and to collect the
maximum number of photons. For Cy dyes we demonstrate that removal of
oxygen is beneficial to prolong on-times. On the single molecule level Alexadyes
appear to be less attractive than expected from ensemble properties.

Chapter 3 is an illustration of the possihilities of single molecule fluorescence
measurements to study the structure, dynamics and interactions of molecules.
Results obtained from Cy3.5 and Cy5 double-labeled 4-way junction DNA
indicate the potential of single-pair FRET not only to study the configuration of
molecules, but also the dynamics of interactions between molecules. The results
on DNA diffusion show that not only from immobilized molecules interesting
information can be gained with confocal fluorescence microscopy. Our setup
offers the possihility for FCS measurements too. DNA immobilization in agarose
by protein binding is demonstrated by using fluorescently labeled (ERCCL1-
EYFP/XPF) as well as non-fluorescent proteins (RPA). In the last paragraph of
chapter 3 the accuracy to localize individual fluorescent molecules in confocal
images is investigated. It appears that fluorescent molecules can be localized
within a diffraction-limited spot with an accuracy of a few tens of nanometers,
dependent on the intensity, the signal to background ratio and the number of
pixelsin aspot.



In chapter 4 results are shown from the application of single molecule
fluorescence microcopy to the study of the vitally important NER system. The
correspondence of the results obtained from XPA and XPA/RPA binding to a
model bubble-DNA substrate with bulk results indicate that relevant information
can be obtained with single molecule fluorescence methods. In particular the
enhancement of XPA/DNA binding in the presence of RPA shows the
significance of our single molecule gel immobilization method.

In chapter 5 the experiments with XPA/RPA are extended to investigate the
specificity of binding to different DNA substrates. XPA binding was low with al
DNA substrates included, while RPA aways had an enhancing effect. The
XPC/hHR23B complex was shown to have a higher damage discriminating
capability than the XPA/RPA combination. In literature similar results have been
reported from ensembl e experiments.

Chapter 6 gives a genera discussion on single molecule fluorescence aspects in
relation with NER. Possibilities for future single molecule NER experiments are
suggested.



Samenvatting

Confocale fluorescentie microscopie is vooral bekend vanwege de schitterende
afbeeldingen van cellen, die met deze techniek verkregen zijn. Meerdere cellulaire
componenten kunnen tegelijkertijd zichtbaar gemaakt worden door te labelen met
verschillende fluoroforen. Niet alleen voor toepassingen in bulk, maar ook voor
de bestudering van individuele moleculen is confocale fluorescentie microscopie
een populaire techniek geworden. In dit proefschrift wordt getoond wat de
mogelijkheden zijn van confocale fluorescentie microscopie voor de bestudering
van een ingewikkeld biologisch proces, het nucleotide excisie herstel proces
(NER), op het niveau van één enkel molecuul. In hoofdstuk 1 wordt fluorescentie
van individuele moleculen geintroduceerd, evenals eigenschappen van
verschillende fluorescerende labels en methoden voor het immobiliseren van
moleculen. Ook het NER proces wordt beschreven en de bouw van de gebruikte
confocal e fluorescentie microscoop.

In hoofdstuk 2 worden de karakteristieke eigenschappen weergegeven van
individuele fluorescerende labels, die toegepast zijn in het onderzoek beschreven
in dit proefschrift, zoals ze waargenomen zijn met confocale fluorescentie
microscopie. Typische kenmerken van individuele fluorescerende moleculen
worden getoond, zoals het afwisselend aan en uitgaan (blinken) en het discrete
blekings gedrag. Mutanten van GFP zijn vergeleken met chemische Cy and Alexa
labels, wat betreft hun toepashaarheid in metingen aan individuele moleculen. Het
blijkt dat elk fluorofoor zijn eigen typische fluorescentie eigenschappen heseft. In
agemene zin kunnen we concluderen dat het gunstig is om fluorescerende
moleculen aan te slaan met lage intensiteit om zodoende de moleculen zo lang
mogelijk in een emitterende toestand te houden en zoveel mogelijk fotonen te
verzamelen. Voor Cy kleurstoffen laten we zien dat de aan-periodes aanzienlijk
verlengd kunnen worden as zuurstof verwijderd wordt. Op het niveau van
individuele moleculen blijken Alexa labels minder geschikt te zijn dan verwacht
was op grond van hun eigenschappen in bulk.

Hoofdstuk 3 illustreert de mogelijkheden van metingen aan individuele moleculen
voor de bestudering van de structuur en het dynamisch gedrag van moleculen,
alsook voor het vaststellen van interacties tussen moleculen. Resultaten verkregen
met Cy3.5 and Cy5 dubbel-gelabeled DNA geven niet alleen het vermogen aan
van FRET voor bestudering van de configuratie van individuele moleculen, maar
ook voor het observeren van dynamische interacties tussen moleculen. Resultaten
verkregen met diffunderend DNA geven aan dat niet alleen van geimmobiliseerde
moleculen interessante informatie verkregen kan worden met confocale
fluorescentie microscopie. Onze microscoop biedt tevens de mogelijkheid om
FCS metingen te doen. Immobilisatie van DNA in agarose door middel van eiwit



binding wordt aangetoond door fluorescerende (ERCC1-EY FP/XPF) alsook niet-
fluorescerende eiwitten (RPA) te gebruiken.

In de laatste paragraaf van hoofdstuk 3 wordt onderzocht wat de nauwkeurigheid
is, waarmee individuele fluorescerende moleculen in confocale afbeeldingen
gelokaliseerd kunnen worden. Het blijkt dat de positie van fluorescerende
moleculen binnen een diffractie gelimiteerde spot bepaald kan worden met een
nauwkeurigheid van enkele tientallen nanometers, afhankelijk van de intensiteit,
de signaal-achtergrond verhouding en het aantal pixelsin een spot.

In hoofdstuk 4 worden resultaten getoond van de toepassing van confocale
fluorescentie microscopie voor de bestudering van individuele moleculen die deel
uitmaken van het NER systeem, waarvan het goed functioneren voor ons van
levensbelang is. De resultaten vekregen van XPA en XPA/RPA binding aan een
model bubble-DNA substraat zijn vergelijkbaar met resultaten van bulk
experimenten. Dit geeft aan dat het mogelijk is om relevante informatie te
verkrijgen met methoden waarbij fluorescentie van individuele moleculen
gedetecteerd wordt. In het bijzonder de toename van XPA/DNA binding in
aanwezigheid van RPA geven de betekenis aan van onze gel immobilisatie
methode.

In hoofdstuk 5 worden de experimenten met XPA/RPA uitgebreid om de
specificiteit van de binding aan verschillende DNA substraten te onderzoeken. Er
bleek weinig binding van XPA te zijn aan alle gebruikte DNA substraten, terwijl
RPA steeds een toename van XPA binding tot gevolg had. Het XPC/hHR23B
complex bleek een hoger vermogen te hebben om schades in DNA vast te stellen
dan de XPA/RPA combinatie. In de literatuur zijn vergelijkbare resultaten
beschreven van experimenten gedaan in bulk.

In hoofdstuk 6 wordt een algemene beschouwing gegeven van aspecten van
fluorescentie van individuele moleculen met betrekking tot NER. Er worden
mogelijkheden aangegeven voor toekomstige experimenten aan individuele NER
complexen.
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APD
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CCD
cDNA
CHO
CPD
DNA
ds-DNA
DTT
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EGFP
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atomic force microscopy

avalanche photodiode

basepair

charge coupled device

complementary DNA

cholesterol

cyclobutane pyrimidine dimer
desoxyribonucleic acid

double-strand DNA

dithiothreitol

extinction coefficient

enhanced cyan fluorescent protein
enhanced green fluorescent protein
electrophoretic mobility shift assay
excision repair cross complentation group 1 protein
enhanced yellow fluorescent protein
fluorescence correlation spectroscopy
ASp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys epitope
fluorescence recovery after photobleaching
fluorescence resonance energy transfer

full width half maximum

green fluorescent protein
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
6 histidine stretch + heamaggl utine epitope
isopropyl p-D-1-thiogalactopyranoside
intersystem crossing

equilibrium dissociation constant

kilo Dalton

wavelength

refractive index

numerical aperture

nucleotide excision repair
N-hydroxy-succinimide
nickel-nitrilo-triacetate

nonionic detergent

near field scanning optical microscopy
nucleotide

pyrimidine(6,4)pyrimidone photoproduct,
polyacrylamide
polyacrylamide-gelelectrophoresis
phosphate buffered saline



PCR

RPA
SDS
ss-DNA
TAE
TBE
TFIIH
TIRFM
ubS
wt-GFP
XPA-G
XRCC4

polymerase chain reaction

quantum yield

replication protein A

sodiumdodecylsul phate

single-strand DNA

0.04 M Tris-acetate, 1 mM EDTA, pH 8.0
0.09 M Tris-borate, 2 mM EDTA, pH 8.0
transcription factor [1H

total internal reflection microscopy
unscheduled DNA synthesis

wild-type GFP

Xeroderma pigmentosum group A to G protein
X-ray cross complementation protein 4



Nawoord

In februari 1997 benaderde Jan (G.) mij met de vraag of ik interesse had om een
promotieonderzoek te gaan doen. Daarna heeft hij die vraag nog vaak herhaald, steevast
eindigend met; De druppel holt de steen uit, niet door geweld, maar door dikwijls te vallen
(Gutta cavat lapidem, non vi, sed saepe cadendo!). Na de nodige bedenktijd, kwam ik
uiteindelijk tot de conclusie dat het wel tijd werd voor een nieuwe uitdaging, na een geslaagd
triplo voortplantings-experiment. Het tot stand komen van dit proefschrift bewijst dan ook dat
het spreekwoord uiteindelijk bewaarheid is geworden. Jan, bedankt voor de gelegenheid die je
me geboden hebt om deze stap te zetten. Dankzij verschillende geldbronnen die je wist aan te
boren, zoals het fonds Vrouwen aan de UT, was het mogelijk om mij ‘vrij’ te maken voor het
promotieonderzoek.

Tijdens het onderzoek hebben we steeds nauw samengewerkt met de groep van Jan
Hoeijmakers, afdeling Genetica, Erasmus Universiteit Rotterdam. Een groot gedeelte van 1998
heb ik zelfs full-time mogen doorbrengen in het Rotterdamse lab om te proberen mijn eigen
GFP fusie-eiwitten te produceren. Jan (H.), bedankt voor de gastvrijheid. Ik kijk nog steeds
met veel plezier terug op deze intensieve, maar zeer leerzame periode. De hulp, inzet en het
enthousiasme van jou, Wim, Suzanne, Claire en Nils heb ik zeer gewaardeerd, ook in de tijd
daaropvolgend.

Binnen BFT werd ik opgenomen in de groep van Kees (O.), die mij toestond om de
Raman microscoop te ‘mis bruiken voor single molecule fluorescentie. Hij heeft de bouw van
een nieuwe confocale fluorescentie microscoop mogelijk gemaakt, waarmee ik vele ‘exciting’
metingen heb kunnen doen. Tijdens het promotieonderzoek is Kees steeds mijn aanspreekpunt
geweest. Kees, bedankt hiervoor en ik hoop dat hieraan met deze promotie geen einde komt.

Omdat ik met mezelf heb afgesproken maar één pagina uit te trekken voor het
nawoord, moet ik me beperken wat betreft het noemen van namen. Daarom wil ik graag tegen
ale aardige, behulpzame, leuke, geinteresseerde, poetische, handige, crestieve, zorgzame,
gezellige (ex)medewerkers en (ex)studenten van BFT, zeggen: BEDANKT!

Toch wil ik een paar mensen apart noemen: Aufried, zonder jou waren de confocale
metingen nooit tot stand gekomen. Je was onvermoeibaar in het aanhoren en beantwoorden
van a mijn ‘gezeur’ over alerlel details in de opstelling. Roel, ‘jouw’ prisma-gedeelte is voor
mij nog steeds de parel van de microscoop. De sample-houder en andere onderdelen
functioneerden erg goed, dankzij het precisie-werk van Hans (de B.) Als kamergenoot was
Natallia atijd de klos voor het beantwoorden van ale mogelijke fysische vragen (spasibo).
Tijdens de eindfase van het schrijven was het telkens weer Anthony die spontaan hielp alerlei
moeilijkheden met programma’s, figuren, kleuromzettingen, etc. op te lossen.

En alweer komen de mensen die verdienen als eerste genoemd te worden,
achteraan. Het zijn mijn ouders geweest die mij de kans hebben gegeven om ‘ door
te leren’. Pa en Ma, bedankt voor jullie steun en interesse. Ondanks de
ingrijpende, trieste gebeurtenis binnen de familiekring, heb ik steeds duiddlijk de
belangstelling van alle familieleden gemerkt, niet in het minst van Marian zelf.
Het staat buiten kijf dat een goed verzorgde thuissituatie onontbeerlijk is om
onbekommerd te kunnen werken. Jos, de vanzelfsprekendheid waamee jij allerlei
taken op je genomen hebt is bewonderenswaardig. Tim, Marijn en Lex, jullie
flexibele houding, meeleven en verrassende kijk op de zaak (denk je nou echt dat
iemand dat leest....?) heeft mij steeds goed gedaan.

Ine
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Ine Segers-Nolten werd geboren op 21 juli 1956 te Oldenzaal. In 1974 behaalde
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opleiding aan de Analistenschool te Groningen, die zij in 1978 met gunstig gevolg
afsloot. In het kader van deze opleiding werd een afstudeeronderzoek gedaan bij
de Afdeling Plantenfysiologie van de Rijks Universiteit Groningen. Aangluitend
kwam zij in 1978 in dienst bij het Academisch Ziekenhuis Groningen, afdeling
Nucleaire Geneeskunde, waar zij as biochemisch analist assisteerde in een
promotieonderzoek naar de toepashaarheid van hormoon-behandelingen in de
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