Universiteit

4 Leiden
The Netherlands

Nucleotide excision repair at the single-molecule level : analysis of the

E. coli UvrA protein
Wagner, K.

Citation
Wagner, K. (2011, February 17). Nucleotide excision repair at the single-molecule level :
analysis of the E. coli UvrA protein. Retrieved from https://hdl.handle.net/1887/16502

Version: Not Applicable (or Unknown)
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/16502

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/16502

I maging Uvr A with single-molecule Fluor escence Micr oscopy

Recognition of DNA damage

Chapter

in Real-Time:
Observing the interaction of UvrA
with DNA using single-molecule

Fluorescence Microscopy

Koen Wagner, Peter Gross Andreas Biebrichéy Erwin J.
Petermaf Gijs J. Wuité, John van Nootf Geri F.

Moolenaat and Nora Goosén

YL aboratory of Molecular Genetics, Leiden InstitafeChemistry,

Leiden University, Einsteinweg 55, 2333 CC, Leiddr, Netherlands
Department of Physics and Astronomy and Laser @entr

Vrije Universiteit, 1081 HV Amsterdam, The Netheds

3Physics of Life Processes, Leiden Institute of Risyd eiden University,
Niels Bohrweg 2, 2333 CA, Leiden, the Netherlands

ABSTRACT

UvrA is the initial DNA damage-sensing protein iackerial nucleotide excision repair and
detects a wide variety of lesions. To facilitatenowal of lesions from the bacterial genome,
UvrA needs to accurately discriminate between DNvnege lesions from undamaged DNA.
In this study, we investigated the damage discratiom mechanism of UvrA by observing
the interaction of single UvrA complexes with DNA iieal-time using two different single-

molecule fluorescence microscopy imaging technigUedal Internal Reflection Fluores-

cence (TIRF) and farfield fluorescence microscafith TIRF-microscopy we have observed
UvrA binding to surface-tethered DNA. With farfielluorescence microscopy we have
observed UvrA binding to DNA tethered between twatically trapped beads. Farfield
fluorescence microscopy had the advantage of olgpBNA sufficiently for away from a

surface which can cause complications.
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Imaging with TIRF-microscopy, which requires protto interact with DNA anchored close
to a flow cell surface, was greatly hampered by-specific surface adsorption. Initial results
however suggest that in the presence of ATP Uvrd haund to preferential sites along the
DNA substrate. Although in the presence of ATP marshing UvrA complexes were
detected, the results indicate that in this coadithe search for DNA damage should be a
very fast process. Under optimal conditions, Uvoiild find the present preferential sites in a
48 kb long DNA substrate within 20 seconds. WherP#], a non-hydrolyzable ATP analog,
is used UvrA is less specific for DNA damage; aesults suggest that in this condition UvrA

binds longer to non-specific sites.

INTRODUCTION

The UvrA protein is the initial sensor for DNA dageain bacterial NER. The unique
feature of UvrA is that it detects a wide variefystructurally and chemically unrelated DNA
lesions (reviewed in [1]). In order to find thesawflesions in the bacterial genome, which
essentially is a long chain of undamaged DNA, Utk to efficiently discriminate between
undamaged and damaged DNA. Therefore, the detecti@NA damage has to be both an
accurate (undamaged DNA should not be recognizedbaasmge) and a fast process (DNA
damage should be repaired before it can interfétfe eellular processes). Understanding the
mechanism by which proteins search for specific DHNiAding sites is a fundamental
guestion in biochemistry. Essentially all biolodifianctions of DNA are the result of proteins
interacting with target sites, such as specifiuseges or base modifications [2].

Pioneering work on a sequence specific DNA bindgingtein, theE. coli lac repressor,
proposed that site-specific DNA binding proteinsmad find their target sequence by binding
and dissociating from random sites alone (3D-diffn} but instead also by a process termed
‘facilitated diffusion’ [3-5]. The facilitated ditfsion model proposes, apart from binding and
dissociation on random DNA sites, two extra modasteraction, which greatly enhance the
efficiency of recognition of a specific binding esit1D-diffusion along DNA (sliding) and
relocation through simultaneously binding two ngedfic sites (intersegmental transfers).
Sliding along non-specific sites greatly increages search efficiency as this would allow a
protein to test multiple non-specific sites duromge binding event. An intersegmental transfer
increases the search efficiency by allowing famtgtocation of a protein between DNA sites

that are distant by sequence, but are not spatatgnt [2,6].
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With the emergence of single-molecule techniqués different modes of DNA
interaction can now be directly detected. Thus, dlfidsion along DNA has been
demonstrated for sequence specific DNA binding ginst [7,8] and for the DNA repair
protein hOggl, which recognizes oxidative lesianshie DNA[9], and the protein complex
Msh2-Msh6, which recognizes DNA mismatches [10]tHis study, we have explored the
search mechanism of UvrA. For this purpose we heesl two different, but complementary
strategies to directly UvrA binding to DNA: neattieTotal Internal Reflection Fluorescence
(TIRF) microscopy and farfield epi-fluorescence ragcopy.

TIRF-microscopy utilizes the features of an induesdnescent wavefield to selectively
illuminate fluorophores in a restricted area, thgreeducing the background signal from
fluorophores outside the evanescent field. An eseeat wavefield is created when the
incident laser beam is totally reflected at a glaager interface (the surface of a flow cell).
The evanescent wavefield decays exponentially envthter layer and penetrates the water
layer to a depth of approximately 100 nm [11]. Hfere, only fluorophores that are present
close to the flow cell surface can be excited. T@navisualization of UvrA binding to DNA
in real-time with TIRF-microscopy, DNA needs to te¢hered to the glass surface of a flow
cell. This was achieved through coupling both bigated ends of a DNA molecule to a
modified glass surface, which is sparsely coatetth weutravidin, finally creating a DNA
substrate that is coupled to the surface at ballk @rigure 1).

\V4 Modified Glass Surface
<> Biotin

O Neutravidin

7 Biotinylated DNA

'v
‘AVAVAVAVAVAVAVAVAVAVAVAVAVAVAV AV,

Figure 1: The DNA substrate used for TIRF-microscopy

Both ends of the DNA substrate are targeted to diffred glass surface, using biotin-neutravidin dingpand
flow stretching of DNA. The DNA is tethered to teerface at both ends. In this conformation, thietetd
DNA is still mobile not fully stretched along tharface.

With farfield epi-fluorescent microscopy we haveamed UvrA binding to DNA, which
was immobilized inside a flow cell. This was donedwoupling both biotinylated ends of a
DNA molecule to streptavidin coated beads. Theselbean be optically trapped, generating
a DNA molecule that is immobilized in solution. Bulling on one trapped bead, the tension

on the DNA can be varied (Figure 2).
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. Optically Trapped Bead
O Streptavidin
77— Biotinylated DNA
Figure 2: The DNA substrate used for surface-free imagigwoA binding DNA
DNA is tethered between two optically trapped beagisg biotin-streptavidin coupling.

Although both techniques were demonstrated to Iog well suited for imaging protein-
DNA interactions at single-molecule level in reahé [8-10,12], each of these two strategies
has its very specific advantages and disadvania@geigwed in [13]). In short, the advantage
of TIRF-microscopy is that multiple DNA moleculearcbe imaged simultaneously and that
relatively low concentrations of protein (pM contration) can be used.

The major disadvantage of using TIRF is, howeveat it requires surface modification,
which makes sample preparation more elaborate ame-donsuming. Furthermore,
adsorption of DNA, protein or fluorescent contanmitsato the surface can be a problem. The
advantage of imaging a protein binding to DNA ceadplo two optically trapped beads is that
the DNA can be immobilized in solution and therefatoes not require time-consuming
surface modifications. Furthermore, protein and Dbk be imaged sufficiently far away
from the flow-cell surface, which eliminates noresiic interactions with the flow-cell
surface. The disadvantages of the optical trapesyshowever, are that only one DNA
molecule can be imaged per incubation and that giehni protein concentration (nM
concentration) needs to be used. Also, in our exyats farfield fluorescence imaging was
done at a slower rate (500 ms/image) than whatdcbal achieved with TIRF-microscopy
(100 ms/image or faster).

In this chapter, we describe sample preparation @maging conditions for both
techniques in more detail as well as present Inmesults obtained with UvrA. In our
experiments, we were able to detect single UvrAqemnes binding DNA, both with TIRF-
and farfield-microscopy. These UvrA complexes warectional, as their activity clearly
changed when a different cofactor (ATP or ABPwas used.

Unexpectedly, we found that in the presence of ANBst of the observed UvrA
complexes did not display any sliding motion aladhg DNA, but instead remain stably
bound to their binding site. Likely, these UvrA colexes are bound to preferential binding

sites that are present in the DNA substrate.
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In the presence of AT#S, we have observed UvrA binding to non-speciftessiin this
experiment the majority of UvrA complexes boundbbteand did not slide along DNA. A
few events were observed, in which UvrA moved betwdifferent DNA sites. The number

of these events however was too small to dedudertievance to the repair mechanism.

MATERIALS AND METHODS

Labeling and purification of fluorescent UvrA and UvrB

UvrA and UvrB were purified in a buffer suitabler famino-specific labeling (0.2 M KPO
pH 8.0 in 20 % glycerol). Cy5-NHS (GE Life Sciencgswder was dissolved in anhydrous
DMSQO, in a final concentration of 10 mM. Amino-speclabeling of UvrA was performed
by addition of 100uM Cy5-NHS to 2uM UvrA in labeling buffer, followed by overnight
incubation in the dark, at 4 °C. UvrB was labelethwCy5-NHS in the same conditions,
using 40uM Cy5-NHS and 2QuM UvrB.

The attachment of Cy5 to UvrA was verified by SDSJE (an amount of ~10 pmol of Cy5
on a gel is visible with the naked eye). Unreactgel was removed from the solution using a
Blue-Agarose column. After elution of the Cy5-ladeblUvrA from the Blue-Agarose column,
Cy5-UvrA was dialyzed overnight (4 °C, in the dadg@ainst UvrA-storage buffer (50 mM
Tris-HCI, pH 7.5, 300 mM KCI, 1 mM EDTA, 10 mM-mercaptoethanol and 2 mM
benzamidine in 20 % glycerol). Subsequently, therceatration of the protein was
determined with SDS-PAGE.

A similar protocol was used to couple Cy5-NHS taBlvexcept that here unreacted dye was
separated from the fluorescent UvrB using a PD€égaliing column (Amersham).

The average degree of labeling of purified Cy5dedbeprotein was determined spectro-

photometrically.

Mass Spectrometry

Prior to mass spectrometry analysis, Cy5-UvrA waipitated in 20 % trichloroacetic acid
(2 h, 4 °C). The precipitated protein was resuspdnd 8 M urea + 0.4 M NMHHCO; and
subsequently treated with 45 mM DTT (15 min, 50 &@3 100 mM iodoacetamide (15 min,
room temperature). After treatment, Cy5-UvrA wagedited with trypsin (24 h, 37 °C). After
trypsin digestion, the fragmented protein was dedand purified with a ZipTias desalting
pipette tip (Millipore).
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Mass spectrometry was performed on a Finnigan LTiQiT@ap nanospray LC/MS mass
spectrometer (Thermo Scientific). Mass spectromdata were analyzed with the analysis
program SEQUEST (Thermo Finnigan).

DNA substrates and Biochemical assays

DNA oligomers were purchased from EuroGentec.

The 50 and 96 bp substrates, containing a Fluaresiée (6-Fluorescein, Glen Research)
lesion, were constructed and radioactively labaledescribed [14].

The 678 bp DNA fragment with a CPD lesion incorpedaat position 340 was prepared as
described [15].

For the TIRF-microscopy experiments, biotinylatephage DNA was made by filling up
both ss-DNA ends of-phage DNA (Roche) with Klenow polymerase as descti[16],
replacing dTTP with Biotin-11-dUTP (Fermentas). the optical trap-based experiments,
commercially available biotinylatédphage DNA (Invitrogen) was used.

Gel retardation assays [17] and Atomic Force Micopy [18] were performed as described.

Surface modification techniques

Prior to coating, cover slides were cleaned asriest [19,20]. In short, glass cover slides
(Assistant, Germany) were sonicated in 1 % RBS#b0rec detergent for 15 minutes, rinsed
with MilliQ water, sonicated for 1 hour in ethan@6 %), rinsed with MilliQ water, flame-
dried and placed for 1 hour in a UVO UV ozone ciegrdevice (Jelight, USA). After this
cleaning procedure, no background fluorescencedcbal detected on the glass slides. To
couple DNA to the flow cell surface, but also ta@uee surface adsorption of DNA and
proteins, three different surface modificationshtéques were tried.

1. Linear PEG

Prior to PEG coating, cleaned glass slides werenaufuinctionalized with either poly-D-
lysine (as described [19 and 20]) or aminopropgttioxysilane (APTES) (as described in
[8]). Amino-functionalized slides were subsequenilycubated (at least 4 h, room
temperature) with a mixture of amine reactive PEG&watives, consisting of 20 % mPEG-
succinimidyl prioponate 5.000 MW (Nektar Therapesiti+ 0.2 % biotin-PE®-hydroxy-
succinimide 3.400 MW (Nektar Therapeutics) in 0.1 9ddium carbonate (pH 8.2), as
described [19,20]. PEG coated coverslides weredtonder vacuum, in the dark, for up to a

month.
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2. Star-PEG

Star-PEG coating of cover slides was done exastlgescribed [20]. In short, six arm NCO
PEG stars (MW 12 kDa) (described in [21]) were al@sd in tetrahydrofuran at a
concentration of 20 mg/ml and diluted in MilliQ-veatto a concentration of 2 mg/ml.
Biocytin (Sigma) was added to a final concentratadnl pg/ml. Five minutes after the
mixing, the solution was filtered through a 0,28 syringe filter (MilliQ) and deposited onto
an amino-functionalized clean coverslide.

When the slide was fully covered with star-PEG 8oly the slide was spin coated for 45
seconds at 2500 rpm. Before use, the slides wexébated overnight at room temperature
(RT) in the dark to complete the cross-linking teac of star-PEG. Star-PEG coated
coverslides were stored at RT in the dark for uprte week.

3. BSA + Neutravidin coating

Coating of the glass slide surface with BSA andmaidin was accomplished inside the flow
cell (see below) by incubating (3 h, RT) the floall avith a solution of 50 mM Tris-HCI (pH
7.5), 100 mM KCI and 10 mM Mgglcontaining 2 % BSA (w/v) and 50 — 1Q@/ml
neutravidin. To reduce surface adsorption of pnstefurther surface blocking was done with
2 % acetylated BSA + 2 % casein (2 h, RT). Aftauimation with this buffer, the coated flow
cell was washed with 30@ 1x endo buffer (50 mM Tris-HCI, pH 7.5, 50 mM KO0 mM
MgCl, + 0.01 % (w/v) BSA).

Surface tethering of DNA

A flow cell was assembled by sealing a poly-dim&titgxane (PDMS) channel with a
functionalized glass slide. The size of the used tells was 50 x 2 x 0.15 mm. The flow cell
temperature was stabilized at 37 °C using a watenlating bath.

Before the addition of neutravidin, the flow celhsvwashed with 500 1x endo buffer. Prior
to use, this buffer was filtered through a 008 syringe filter (Whatman) and degassed.
Proteins and DNA were later added to the filtened degassed buffer.

On the linear PEG and starPEG coated surfacesanalih (Roche) was attached to biotin by
adding 300ul neutravidin solution (10 ng/ml neutravidin in &xdo buffer) to the flow cell.
The neutravidin solution was incubated for 10 n8absequently, the flow cell was washed
with 300 ul 1x endo, before 500l biotinylatedA-phage DNA (50 ng/ml in 1x endo buffer)
was flushed in. The DNA solution was incubated loa heutravidin coated surface for 10
min. On the BSA + neutravidin coated surface, bittedi-phage DNA was added to the
flow cell directly after the coating and blockintgss.
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After incubating DNA on the neutravidin surface, Bi attached to the surface on one end.
Coupling of the second biotinylated DNA end to sheface was done by stretching the DNA
along the surface using a buffer flow. For thisgmse, the flow cell was washed for 10 min

with 1x endo, using a continuous flow speed qf/8ec.

Binding of UvrA to surface-tethered DNA

300 ul 1x endo containing 25 pM Cy5-UvrA was added te flow cell, with a continuous
flow of 3 ul/sec. When indicated, ATP (Roche) was presentdorecentration of 1 mM.

To protect Cy5-UvrA from bleaching, an oxygen sceyieg system, consisting of glucose
oxidase (4ug/ml) (Sigma), catalase (0.8g/ml) (Fluka) andp-D glucose (0.08 w/v %)
(Sigma), was included and 0.4 mM Trolox (Sigma) wdded as a blinking suppressant.
Images of UvrA were recorded as soon as fluoresspnts were visible. Imaging was
continued for 10 min after buffer flow had stopped.

After recording images of Cy5-UvrA, the flow cellas washed with 300l low-Mg?* buffer
(50 mM Tris-HCI, pH 7.5, 50 mM KCI + 2 mM Mgg)l The same buffer plus 1 nM YOYO-1
(Invitrogen) was subsequently added to stain theADN buffer with a low magnesium
concentration was used, because a too high coatientrof Md" interferes with the
intercalation of YOYO-1 [22].

TIRF Microscopy

TIRF-microscopy single-molecule fluorescence experits were performed on a setup
described in [19]. In short, molecules were imagadca CCD camera (Cascade 512B, Roper
Scientific) through a home-built inverted total @mal reflection microscope with an oil
immersion objective (100X, 1.45 NA, NIKON). The Wacell surface was alternately excited
with 514 nm and 636 nm laser lines through an AQATA. Opto-Electronic). Fluorescence
(from either of both laser lines) was imaged siaméously on separate areas of the CCD chip
using a dichroic mirror wedge, as previously ddsmti(Cognet et al., 2000). Unless indicated
otherwise, images were recorded with an acquisiaa of 1 image per 100 ms. The freeware
program ImageJ [24] was used for image analysistangenerate screenshots and kymo-

graphs.
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Imaging of UvrA with wide-field fluorescence microscopy

A four channel flow cell (Figure 3) was constructgdmelting three parafilm slides together.
In our experiments, this flow cell was not temperatcontrolled; therefore our experiments
were performed at room temperature (20 °C).

Experiments were performed on a set-up combiningblo optical tweezers with epi-

fluorescence detection described in [12].

UvrA

Buffer ) Q

Beads m—)

Imaging Area

Figure 3: The flow cell used in the optical trap experingentnaging is done at the junction between thedyuff

and the UvrA channel (indicated with the red arroft)this position there is laminar buffer flow.

Streptavidin coated beads are flushed into the tbannel and, eventually, two of them will
be trapped by the two optical traps. The trappedibare transported to a new flow channel
where biotinylated.-phage DNA is flushed in, resulting in the couplmigDNA to a trapped
bead. Tethering of the biotinylated DNA to the setdrapped bead is accomplished by
applying buffer flow. The presence and integrityttid DNA tethered between both beads is
verified by recording the stretching force requitegull both beads apart.

To allow UvrA binding, the beads are transportedht® UvrA channel, which contains 2.5
nM UvrA in 1x endo. When indicated, ATP or AJ® (Roche) was present in a concentration
of 1 mM. The tethered DNA was incubated for thaaated amount of time, ranging between
1 and 200 sec. Incubation was done during contisibodfer flow.

Before imaging of the DNA bound UvrA, the beads #ansported back to the buffer
channel, containing 1x endo plus oxygen scavengéhss is done to minimize the
background signal of non-DNA bound fluorescent @ireg. This step however does introduce
a short delay time (approximately 5 sec) betweenbation and imaging. Imaging was done
during continuous buffer flow. Unless indicated ethise, images were recorded with an
acquisition rate of 1 image per 500 ms. The freewamogram ImageJ [24] was used for

image analysis and to generate screenshots andgksipits.
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RESULTS

Preparation of fluorescent UvrA and UvrB

The labeling of UvrA with Cy5 resulted in a Qub1 sample, with an average degree of
labeling of 1.2 Cy5 per monomer UvrA. An averaggrée of labeling of 1.2 indicates that
the majority of Cy5-UvrA used in this study likegontains 0, 1 or 2 Cy5-molecules per
monomer UvrA. With mass spectrometry, we trieddientify the residue Cy5 was coupled to.
Although conditions were chosen to favor labelirighe N-terminus of UvrA, we did not
find any Cy5 attached to the N-terminus of UvrA.vwwéwer, we did find evidence for Cy5-
labeling on amino acids K191 and K210, althoughrtbecurrence was too low to conclude
that Cy5-UvrA has exclusively coupled to thesessifeherefore, we assume that the Cy5 in
our Cy5-UvrA is randomly attached to exposed lysgmdues, of which Cy5-K191 and Cy5-
K210 form a large sub-population. K191 and K210laoth surface exposed amino acids that
are part of the UvrB binding domain of UvrA. Neithresidue is conserved between UvrA
proteins from different species. Cy5-UvrB was padfwith a concentration of 1M and an
average degree of labeling of 2.8 Cy5 per UvrB nmo@io The position of the label(s) on

UvrB was not determined.

Lane: 1 2 3 4 5 6
A/AB-DNA s S8 W5 -

B-DNA s . . ‘ -
o —

UvrA: Cy5-UvrA
UvrB: - + + / = + +
Competitor DNA: - = +/ - - +

Figure 4: DNA binding and UvrB-loading activity of Cy5-UvrA

1.25 nM UvrA was incubated with 0.36 nM DNA (50 lgmntaining a Menthol lesion). When indicated, UvrB
was used in a concentration of 100 nM.

200 ng pUC18 plasmid DNA was added to the sampleoagpetitor DNA. 200 ng DNA equals an 3000 times
excess (in basepairs) of competitor DNA over thédp®NA substrate.

All reactions were done in 1x endo buffer contagninmM ATP. The reaction mixtures were separated 8rb

% polyacrylamide native gel containing 10 mM Mg@hd 1 mM ATP. Arrows indicate the positions of Bvr
bound DNA, UvrB-bound DNA and free DNA.
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Characterization of Cy5-labeled UvrA and UvrB

The DNA binding activity of Cy5-labeled UvrA andsitbility to load UvrB on damaged
DNA were tested in a gel shift assay (Figure 4)e Tasults show that the DNA binding
activity of Cy5-UvrA alone and its ability to loddvrB were not significantly different from
non-labeled UvrA (Figure 4). The ability of Cy5-UWvito discriminate DNA damage was
further tested by determining the efficiency ofdoey UvrB to damaged DNA in the presence
of a large excess of undamaged competitor DNA.hla &ssay, both Cy5-UvrA and non-
labeled UvrA loaded a similar amount of UvrB to tiemaged DNA (Figure 4, lanes 3 and
6). Taken together, the purified Cy5-UvrA has atgisimilar to non-labeled UvrA and is
therefore of a sufficient quality for use in singi®lecule fluorescence imaging assays.
However, it should be noted that, although the kaflkhe Cy5-UvrA functions like non-
labeled UvrA, the purified Cy5-UvrA is a mixture dffferent UvrA molecules with Cy5-
labels at variable positions. Therefore, it coutthat a small population within the Cy5-
UvrA exists that has a different activity.

The DNA-binding activity of the Cy5-labeled UvrB walso tested with a gel retardation
assay. These results however revealed that Cy5-bwadB a significantly reduced activity
compared to non-labeled UvrB (data not shown). lyikéhe coupling of a fluorescent dye to
an exposed amine-group in UvrB affects activity &dthis reason Cy5-UvrB was not used

for fluorescence imaging experiments.

Activity of UvrA and UvrB in the presence of oxygen scavengers

Because single-molecules fluorescence imaging regjtine use of an oxygen scavenging
system to suppress bleaching and blinking of tlherfiphore, the effect of the oxygen
scavenging system on the DNA binding activity ofrRhand UvrB was tested in a gel shift
assay (Figure 5). First, we tested the effect & txygen scavenging system in the
concentration used by Koopmagtsal. [20]. With this concentration, only a slight inftibn
of DNA binding by UvrA was observed (Figures 5A &, lanes 5 and 6), but the loading
of UvrB was greatly reduced (Figure 5C, lanes 4¥8hen a 5-fold lower concentration of
oxygen scavengers was used, DNA binding of UvrA(Fés 5A and 5B, lanes 3 and 4) or
the loading of UvrB (Figure 5C, lanes 1-3) was sighificantly inhibited. With this lower
concentration of oxygen scavengers, no bleachingudface-adsorbed Cy5 was detected in
the first 10 sec of TIRF imaging (data not shown).
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A. UvrA + Damaged DNA B. UvrA + Undamaged DNA
Lane: 1 2 3 4 5 6 Lane: 1 2 3 4 5 6
5.1—. - “.u.-.
MM e e eeee M eSeese

Free DNA = . - . - FreeDNA—)‘...“

Ox.Scav.: - / 02x /  1Ix Ox.Scav.: - / 02x / 1Ix
UvrA (nM): 10 20/ 10 20/ 10 20 UvrA (nM): 10 20/ 10 20/ 10 20

C. UvrA + UvrB + Damaged DNA

Lane: 1 2 3 4 5 6
A/AB-DNA m— .

BDNA— 8 B B ‘.

Free DNA == .. . “

Ox.Scav.: - 10.2x/ - / 1x
Competitor DNA: - + +/ - + +

Figure5: Effect of oxygen scavenging system on DNA bindaagjvity of UvrA and UvrB

(A) UvrA binding to damaged DNA an®) undamaged DNA

UvrA (10 — 20 nM) was incubated with 2 nM undamagedamaged DNA (96 bp, Fluorescein-dR damage).
(C) Loading of UvrB to damaged DNA

1.25 nM UvrA and 100 nM UvrB were incubated witt8®.nM DNA (50 bp, containing a Menthol lesion).
When indicated, 200 ng plasmid DNA (pUC18) was aldate competitor DNA.

A 1x concentrated oxygen scavenging system consfstssmM Trolox, 0.4%B-D-glucose, 2Qug/ml glucose
oxidase and 4ig/ml catalase. All reactions were done in 1x endffeb containing 1 mM ATP. The reaction
mixtures were separated on a 3.5 % polyacrylamatésen gel containing 10 mM Mggland 1 mM ATP.
Arrows indicate the positions of UvrA-bound DNA, tBsbound DNA and free DNA.

Activity of UvrA and UvrB at room temperature

Because tethering of DNA between optically trappedds could only be performed at
room temperature, we determined the activities wiAand UvrB in this condition. First, we
tested the overall affinity of UvrA for DNA at roortemperature with a gel shift assay,
finding no obvious differences in DNA affinity bedé&n room temperature and 37 °C (Figure
6A and 6B). Next, we tested the effect of tempeetin damage specific binding of UvrA in
more detail, using AFM, by determining the spedyidor CPD lesions and DNA ends.
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At room temperature UvrA had the same specifiaity@PD-DNA as at 37 °C (Table 1)
and also its specificity UvrA for DNA ends was radtected (Table 2). The specificity of
Cy5-UvrA for DNA ends at room-temperature was alstermined. In the presence of ATP,
Cy5-UvrA had a similar specificity for DNA ends asn-labeled UvrA (Table 2). In the
presence of AT¥S however, Cy5-UvrA showed a lower specificity NA ends; about 10
% less Cy5-UvrA was found at a DNA end (Table 2)e3e results indicate that the presence
of a fluorescent label on UvrA can interfere wittN® binding, but only when UvrA has
bound ATRS. Possibly, the label could be attached to amaidsathat make contact with
DNA when ATH'S is bound to UvrA.

Table 1: Site-specific binding of UvrA on CPD-DNA at 37 “GQ&RT

Cofactor % on Damage % On End % On Non-specifie Sit

UvrA wildtype, 37 °C

ATP 46.3+4.8 28.4+0.6 25.3+5.3
UvrA wildtype, Room Temperature (20 °C)

ATP 442 +4.0 20.3+2.7 355+2.1

UvrA was incubated with a 678 bp DNA fragment camiteg a CPD lesion in the center and the compleve®
visualized by AFM. The percentage of complexes ldoatra specific site was calculated as describ@p [1

Table 2: Site-specific binding of UvrA and Cy5-UvrA on undaged DNA at 37 °C and RT

Cofactor % On End % On Non-specific Site

UvrA wildtype, 37 °C
ATP 50.5+4.5 495+45
ATPYyS 54.2 +6.9 458 +6.9
UvrA wildtype, Room Temperature (20 °C)
ATP 55.6+5.9 444 +5.9
ATPyS 495+7.0 50.5+7.0
Cy5-UvrA, Room Temperature (20 °C)
ATP 59.3+7.4 40.7+7.4
ATPyS 39.6+3.8 60.4 + 3.8

UvrA was incubated with a 678 bp undamaged DNArfragt and the complexes were visualized by AFM. The
percentage of complexes bound at a DNA end waslleadr] as described [18].
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A. UvrA + Damaged DNA B. UvrA + Undamaged DNA
Lane: 1 2 3 4 5 6 Lane: 1 2 3 4 S5 6
- .- B — - .
ADNA{TT o .: - - e ADNA{ D - - : !

Free DNA s ‘ . .. . Free DNA “ - ‘..

Temp.: 37°C / Temp.: 37°C
UvrA(mM): § 10 20/ § 10 20 UvrA(mM): 5 10 20/ 5 10 20

C. UvrA + UvrB + Damaged DNA

Lane: 1 2

A/AB-DNA sy

B-DNA s . -

Free DNA == .

T (°C): 37 / 25

Figure 6: Activity of UvrA and UvrB at reduced temperature

(A) UvrA binding to damaged DNA an®) undamaged DNA

UvrA (5 — 20 nM) was incubated with 2 nM undamageddamaged DNA (96 bp, Fluorescein-dR damage).
Room Temperature was 20 °C

(C) Binding of UvrA and UvrB to damaged DNA

UvrA (1.25 nM) and UvrB (100 nM) were incubated lwit nM damaged DNA (50bp, Fluorescein-dR damage).
All reactions were done in 1x endo buffer contagninmM ATP. The reaction mixtures were separated 8rb

% polyacrylamide native gel containing 10 mM Mg@hd 1 mM ATP. Arrows indicate the positions of Bvr
bound DNA, UvrB-bound DNA and free DNA.

In contrast to the damage specificity of UvrA, loedof UvrB onto damaged DNA was
compromised at room temperature. At 25 °C, theitgpaf UvrB to damaged DNA was
dramatically reduced compared to 37 °C (Figure @@)s is likely correlated to the reduced
ATPase activity of UvrB at room temperature (datd shown). Based on these results we
conclude that fluorescence imaging experiments WthA alone can be done at room
temperature, but the loading of UvrB to damaged DéWauld best be imaged at 37 °C. We
have however not tried this due to the reducediacof the labeled UvrB.
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Imaging UvrA binding DNA with TIRF microscopy

To observe DNA binding by UvrA with TIRF microscagpye added UvrA (25 pM) and
ATP to a flow cell containing surface tethered DNe addition of UvrA into the flow cell
(lasting about 100 seconds) created a buffer flamgathe DNA. Initial experiments with
YOYO-stained DNA indicated that buffer flow affedtehe conformation of the surface-
tethered DNA. In the absence of buffer flow, thefate-tethered DNA appeared to move in
and out the evanescent field, while during buffewfthe DNA is stretched along the surface
(after buffer flow stopped, the DNA reverted toatsginal ‘jump rope’ conformation (shown
in Figure 1)). The presence of buffer flow howedat not have a significant effect on the
binding of UvrA. Imaging of fluorescent complexessvcontinued for 10 minutes after all
UvrA had been added to the flow cell, then the floell was stained with DNA dye YOYO-
1. Figure 7A shows an example image of Cy5-UvrAthis field of view about 15 Cy5-UvrA
molecules are visible; the presence of DNA wasfiegriby staining the DNA with YOYO-1
directly after imaging (Figure 7B). On the mergathge (Figure 7C) it can be seen that three
Cy5-UvrA spots overlap with the position of YOYO-BINdemonstrating the interaction of
UvrA with DNA.

A. Cy5-UvrA B. YOYO-DNA C. Merge

Figure 7: Detection of UvrA binding to surface-tethered DNA
Images of A) Cy5-UvrA and B) YOYO-1 stained surface-tethered DNA taken frora #ame field of view
(size: 30 x 3um) and C) merged image of both panels (DNA = green, Uvréed).

Cy5-UvrA complexes that have bound to DNA (coloyetiow) are indicated with white circles.

To detect any changes in the position of the DNAAzb UvrA-complexes, kymographs
were made from all the images of Cy5-UvrA moleculelsich appeared to have bound DNA.
(a kymograph gives a graphical representation eitjpm over time, in which one spatial axis
represents time). Examples of these kymographstaen in Figure 8. The most commonly
observed behaviour of UvrA was a stationary anbistBNA binding. An example of such a
complex is shown in Figure 8A.
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Figure 8: Example kymographs of UvrA bound to surface-tettdeDNA

All shown kymographs were taken from images of Cy8A, incubated at 37 °C, in the presence of ATH an
1x concentrated oxygen scavenging system. Thecaitéthered DNA had a length of approximatelyh2,
which is the shorter than length of stretcliephage DNA (48,000 bp), indicating that the DNA wa fully

stretched along the surface. The kymographs wedemsing ImageJ software.

These complexes had already bound to DNA beforgimgahad started and remained at the
same position for the entire imaging sequence (h&@eseconds). About 90 % of the
approximately 80 observed DNA bound UvrA complekebaved this way. Some of these
complexes disappeared during imaging. An examplsuch a complex is shown in Figure
8B. The disappearance of the UvrA indicates thatctbmplex dissociated from the DNA, as
under these imaging conditions fluorophore bleaghiind not occur within the first 10
seconds of imaging (data not shown).

The long lifetime and immobility of the UvrA complas unexpected, as it would be
impossible for UvrA to efficiently locate DNA lesis through binding each single DNA site
for 10 seconds or longer. Therefore, these complereght have bound to preferential
binding sites within the DNA substrate. Although weuld not define the exact nature of
these sites, these preferential sites are likehADMmage (such as DNA nicks, oxidative
lesions or aberrant DNA structures) created duprgparation of the biotinylatetFDNA
(here, we will refer to these unknown damages esfépential sites’). Another possibility is
that these stably bound complexes are a populaianactive Cy5-UvrA molecules that
aggregated on the DNA after binding.

A small number of events were observed (ten inl)totahere DNA binding (and
dissociation) was directly detected. Examples ofAJgirectly binding to DNA are shown in
Figures 8C and 8D. Remarkably, these complexesndtdshow any detectable diffusion
along the DNA, but instead remained immobile aftesociating with DNA. An example of
such a complex is shown in Figure 8C. In some eyaht complex dissociated before the
end of the imaging sequence, two examples of sogtplexes are shown in Figure 8D.
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The immobility and stability of these complexesiedtly upon binding DNA, suggest that
these are also bound to a preferential site. Howet/és very unlikely that UvrA can find
these sites without probing the DNA for damage hethmugh it appears that the complexes
have immediately bound a damaged site. Possildgaeching UvrA complex is too fast to be
detected with our TIRF microscopy setup. A trangyebinding and dissociating protein
would likely not stay bound for long enough to b®pgerly imaged. For example, a fast
sliding protein would appear as a faint blur on timages, if detected at all, because its
fluorescent signal is spread out between the @iffepositions the protein occupied during
imaging. However, as most complexes observed wi#FTound the DNA during the entire
image sequence, we could not determine the lifetfritae UvrA complex on the preferential

sites and calculate a possible lifetime of the Ueoiplex on a non-specific site.

Comparison of different surface modification techniques

One of the key issues in imaging protein-DNA intdiens with TIRF-microscopy
techniques is the flow cell surface (reviewed i®b]]2 The flow cell surface should be
modified to allow DNA tethering, but also to prevawlsorption of fluorescent molecules and
proteins. Many times, we observed the adsorptioeiitfer DNA or protein to the surface
(examples are shown in Figure 9). Therefore, wedtrdifferent strategies for surface
modification to overcome these limitations.

The results discussed above were obtained usiimgar IPEG coating, covalently attached
to a poly-lysine amino-functionalized glass covidesl Generally, this type of coating is
optimal for DNA stretching and also has the lowdsgjiree of surface adsorption of UvrA.
Still, surface adsorption of UvrA did occur withiglcoating, exemplified in Figure 7, where
UvrA molecules were visible at positions clearlyt mwerlapping with DNA. Moreover, this
type of coating appeared very difficult to reproeluon many occasions DNA stretching
could not be achieved because the DNA stuck togthss slide. Likely, this problem with
reproducibility is the result of variation in theertsity of the PEG-layer between different
preparations.

Therefore, we also tried other coatings that hasenbused for similar purposes: Star-
PEG-coating and BSA-coating. Although on theseingatDNA stretching was easier to
reproduce, adsorption of UvrA was too high to vatled binding to DNA (Figure 9). The
introduction of an extra surface-blocking step (w2t % acetylated BSA + 2 % casein) after
the surface coating did reduce the non-specifiomrudi®n of protein considerably, but not

enough to verify DNA binding by UvrA.
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Furthermore, the BSA-coating introduced relativelpre fluorescent contaminants on the
surface than the other coating methods, which mekesere difficult to discriminate YOYO-
stained DNA and fluorescent protein from the backgd signal.

We also tried to form a PEG coating on a APTES farsilane) amino-functionalized
glass coverslide (as used by Boneetl. [8]). DNA stretching was more reproducible on
APTES-PEG coated glass slides than on PLL-PEG rapafiass slides, but also on APTES-
PEG surface adsorption of UvrA was an issue. Ngtadl the methods we tried for surface
coating have been successfully used for TIRF-maopyg based studies of other protein-DNA
interactions. Likely, the unique nature and rekinMarge size (220 kDa) of the UvrA dimer

makes this protein more susceptible to surfacerptien.

Figure 9: Examples of aggregated DNA and proteins on a glaface

(Left): Formation of DNA aggregates on a coated glasfase. This particular image was recorded on poly-
lysine + PEG coated glass. Image size: 50 ura0(Right): UvrA sticking to non-specific sites at the sudaln
this case, the position of the majority of Cy5-UwilAes not overlap with the position of YOYO-stairighA.

This particular image was recorded in star-PEGeambgtass. Image size: 30 x 30.

Imaging of UvrA binding to DNA tethered between two optically trapped beads

To avoid undesirable surface interactions, we ttedbserve the interaction of UvrA with
DNA in a different experimental setup. Here, DNAeshered between two optically trapped
beads far from a flow-cell surface and imaged h¥ieflal fluorescence microscopy. Before
and during the incubation of DNA, the position lo¢ two trapped beads was chosen such that
the DNA was under a constant tension of approxim&@ pN. A stretching force of 20 pN
indicates that the DNA substrate is stretched betwbe beads and has a length expected for
B-DNA. Forces lower than 20 pN allow for longer rtmal fluctuations of the DNA, which
makes localization of the protein less accuratg. [®Gth this setup, we have succeeded to

image UvrA-complexes binding DNA.
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In the presence of ATP UvrA makes a stable interaction with preferential sites

To obtain the binding kinetics of UvrA, DNA was uizated for different times in buffer
containing 2.5 nM Cy5-UvrA. After incubation, theNIB was transferred back to the buffer
channel and imaged until most of the complexes disdppeared (this can be either due to
fluorophore bleaching or dissociation of UvrA). Tamount of UvrA-complexes visible on
the first image was counted manually. When UvrA waibated in the presence of ATP,
there was no linear correlation between the indabatime and the amount of complexes
(Table 3). An incubation time of 5 seconds resulte(bn average) six UvrA complexes per
DNA molecule, but a 40 times longer (200 sec) iratidn time did not result in 40 times
more UvrA complexes on the DNA (Figure 10A).

Instead, the amount of UvrA complexes bound seetmdx® limited to approximately 14
per DNA molecule, and this number is already reddfeer 20 seconds incubation. This non-
linear relationship between the amount of complexas the incubation time argues against
the existence of an inactive population of UvrA gdexes that would aggregate on the DNA.
If such a population would exist, these aggregatasid likely accumulate on the DNA over
time and this is not observed.

This result suggests that we observed UvrA bintiingpecific preferential sites within the
DNA, similar to what was observed with TIRF. Thaeges would then all be found within 20
seconds. Another possibility is that we observedAUbinding to non-specific DNA sites,
which then should reach a binding equilibrium witR0 sec.

To discriminate between these two possibilities,dsgermined the lifetime of the UvrA-
DNA complexes. To determine the contribution ofoflophore bleaching to the observed
lifetime of the protein complex, we imaged UvrA ngitwo different illumination protocols:
continuous illumination and stroboscopic illumimeti In the continuous illumination
protocol, the laser was continuously on and eaéhs@c an image was recorded. In the
stroboscopic illumination protocol, the laser gavpulse (lasting 0.5 sec) every 5 sec, thus
making one image per 5 sec. With continuous illlahon, the amount of fluorophore
bleaching is higher, but, due to the better timsolion, it allows a more accurate
observation of changes in the position of the cempl

The average lifetime of the UvrA-DNA complex wagaibed by manually counting the
number of UvrA complexes present in each subsedoege. To calculate the lifetime, these

results were initially fitted to a single exponahturve (Figure 11).
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Table 3. Average number of Cy5-UvrA complexes on DNA, aftédferent incubation times

Incubation time (sec) UvrA + ATP UvrA + ATS
1 N.D. 11 (3 DNA counted)
5 6 (4 DNA counted) ~ 50 (1 DNA)
20 14 (10 DNA) > 200 (1 DNA)
80 13 (2 DNA) N.D.
200 11 (1 DNA) > 200 (fully occupied) (4 DNA)

DNA stretched between two optically trapped beads wmcubated with 2.5 nM Cy5-UvrA in 1x endo buffer
plus oxygen scavengers, ATP or AlBPwas present in a concentration of 1 mM. The nunolbeCy5-UvrA
complexes visible on each DNA molecule, in thetfirame of the recorded movie, was counted manually
N.D.: Not Determined

A. UvrA + ATP B. UvrA + ATPyS

Incubation time: 1 sec

Incubation time: 5 sec

Incubation time: 200 sec Incubation time: 200 sec

Figure 10: Screenshots of Cy5-UvrA boundXtghage DNA tethered between two optically trappedds

The large circles on the edges of the screenshetsha trapped beads. The distance between thes bgad
approximately 16um, which is the length of stretchéepbhage DNA (48,000 bp). Because of the large sfze o
the beads, fluorescent molecules will accumulatéherbeads during the incubation. Each image wantiom
the first image of the sequence. Sometimes (as rslinwhe screenshot from the 200 sec incubatiothén
presence of ATP) more than one DNA molecule wasch#d to the beads. All experiments were done 4€20

in the presence of a 0.2x concentrated oxygen sgawg system plus 2 mM Trolox.
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A. Continuous Illumination B. Stroboscopic Illumination
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Figure 11: Amount of UvrA complexes bound to DNA during iniag

For at least four different incubations, the amoaintomplexes visible on each successive imageowsasted.
With continuous one image was recorded every 508cmsith stroboscopic illumination the DNA was inegg
once every 5 seconds, with a 500 msec laser poéssond-order exponential fits were used to obtanhalf-

life of the UvrA-DNA complex. Curve fitting was derwith OriginPro 8 software (OriginLab).

However, UvrA had a shorter half-life when imagehwcontinuous illumination (40 +
10 sec) than when imaged with stroboscopic illutma(110 + 20 sec) (Figure 11). This
indicates that, with continuous illumination, thdgedtime of the Cy5-UvrA signal is
determined by fluorophore bleaching rather thansatimtion of UvrA. The half-life
determined with stroboscopic illumination shouldMeeer be dominated by dissociation of
UvrA, as within 110 sec of stroboscopic illuminati€y5-UvrA has been exposed to the laser
light for only 11 sec, which is significantly shertthan the half-life obtained with continuous
illumination (40 sec). Adding the obtained bleadchet (the half-life of Cy5-UvrA during
continuous illumination, which would be 400 sechastroboscopic illumination) as a second
parameter to the exponential curve fit demonstraibed, during stroboscobic illumination,
fluorophore bleaching accounted for less than 1 f%he signal decay. With a similar
procedure, we determined that dissociation of Uangounted for about 2 % of the signal
decay measured with continuous illumination. Moerouwhese results suggest that in the
presence of ATP the UvrA-DNA complex has a hak-liff approximately 110 sec.

The obtained lifetimes suggest that UvrA makes ablst interaction with the DNA
substrate and argue against DNA binding reachingliequm within an incubation time of
20 seconds. Therefore, both the non-linear relatietween the number of complexes and
incubation time with DNA and the long lifetime dfe UvrA-DNA complexes indicate that
we have observed UvrA bound to preferential silesigns) on the DNA substrate. On

average, about 14 of such sites are present indepbhge DNA molecule.
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To detect any changes in the position of the DNAfzbUvrA-complexes, kymographs
were made from each image sequence (Figure 12A¥%t Mbthe UvrA complexes were
immobile, similar to what was observed with TIRFenoiscopy. Only one mobile UvrA
complex was observed and this particular complexs wdserved with stroboscopic
illumination (Figure 12A, bottom right panel). Beten two consecutive images (here: 5 sec),
this complex moved between two binding sites thatenabout 1.2um (3750 bp) apart. As
this particular complex had a long residence timéoth sites and the buffer did not contain

UvrA, it has likely moved between two preferensaes.

A.UvrA + ATP B. UvrA + ATPyS

Continuous Illumination Continuous Illumination

t=68.5 sec

Stroboscopic Illumination

.
t =280 sec

Figure 12: Examples of kymographs of UvrA position on sthetd DNA

(A) Kymographs of UvrA incubated with ATP, imaged witontinuous or stroboscopic illumination

(B) Kymograph of UvrA incubated with ARS

The small arrows indicate ‘jumping’ events in whietithin the time to record one image, the UvrA gbex
moved between two different binding sites. The dasgot visible in the bottom kymograph of panelsAthe
result of dust attaching to the tethered DNA duiimgubation. With continuous one image was recorelesty

t =350 sec

500 msec; with stroboscopic illumination the DNAsnianaged once every 5 seconds, with a 500 msec lase
pulse. The variations in signal intensity and shags are due to changes in the position of the fasas. The

highlighted complex is further analyzed in FiguB The kymographs were made using ImageJ software.
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The changes in signal intensities seen on the kyapbg are likely the result of
fluorophore blinking. Analysis of the signal intéres of the complexes showed that a
significant amount of the Cy5-UvrA complexes diygld stepwise bleaching of two (or
more) fluorophores (Figure 13). This could indicttiat, given the average labeling of 1.2
Cy5 per UvrA, these are dimer complexes bound t&DRreviously, it was shown that only
the UvrA dimer can make a stable contact with DNA&][

100~
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a 50 __./. \i\[ .\-\ 2 fluorophores
c [ ] ]
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E .\l
{ | ]
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Figure 13: Step-wise bleaching of a Cy5-UvrA complex

The signal intensity of this Cy5-UvrA reveals apsteise bleaching pattern, revealing the presendevofdyes
in this particular complex. This particular complexhe second complex from the right in the tomkgraph of
Figure 12A (the complex is indicated with the gragtangle). The two lines in this figure serve agige to the

eye, to indicate the average signal intensity @& and two fluorophores.

In the presence of ATPyS UvrA binds stably to non-specific sites

We also imaged UvrA binding DNA in the presenceAdPyS (Figure 10B). In contrast
to in the presence of ATP, in the presence of ¥ RJvrA-complexes accumulate on the
DNA over time (Table 3). Moreover, already aftes&conds many more complexes were
observed on the DNA in the presence of ASRhan in the presence of ATP. Notably, after
200 seconds, the DNA was fully occupied by UvrAg(ie 10B, bottom panel). The observed
accumulation of UvrA in time strongly suggests thaith ATPyS, we are observing UvrA
binding to non-specifically to DNA.

From earlier studies it is known that with Af$ UvrA preferentially binds DNA ends
and DNA damage, although recognition of internal DMsions is reduced compared to
UvrA in the presence of ATP [18].
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Therefore, in the presence of AfF, UvrA is still capable of site-specific bindingdacould

be expected to slide towards a preferential sitavéver, the bulk of the observed complexes
are not mobile on the DNA (Figure 12B) and bound/\atably, having a half-life of 90 * 45
sec. This suggests that, in this condition, UvrAgloot find lesions or DNA ends by sliding
along non-specific sites. Out of the approximateB0 observed complexes, two mobile
complexes were detected. One example is shownguréil2B, on the left kymograph. On
this kymograph, a UvrA complex moves between twalinig sites, travelling approximately
1.75um (5000 bp) within in one frame (here: 0.5 sec)e Tiost likely explanation for this
motion is that, here, after dissociating from DNArA has reached a new binding site by 3D-

diffusion.

In the presence of ADP, UvrA does not make a stable interaction with DNA

We have also tried to observe the interaction afAUvith DNA in the presence of ADP.
However, in our initial trials no UvrA complexes rgedetected on the DNA. This is not
unexpected as UvrA is known to have a greatly reduaffinity for DNA when bound to
ADP; in the presence of ADP, UvrA has an approxetyal00 times lower affinity for DNA
than in the presence of ATP [27-29]. As we founida#-life of 110 seconds for the UvrA-
DNA complex in the presence of ATP, it is very likéhat in this condition all the complexes
dissociated during the transport of DNA to the imggbuffer (this took about 5 seconds),

before imaging could be started.

DISCUSSION

Using two single-molecule fluorescence imaging meéghes, we have visualized UvrA
binding to DNA. The imaging of UvrA-DNA complexesittv farfield fluorescence was the
most practical and reproducible technique. Althowgth TIRF-microscopy we could directly
observe the formation of a UvrA-DNA complex and geaCy5-UvrA on a shorter timescale
than farfield microscopy, problems with surface agdon of either protein or DNA
prevented us from generating more data. Furtherntmeause in the farfield fluorescence
microscopy setup the position of the DNA is morenfoeed due to the optical trapping
system, with this setup the position of UvrA on D&n be more accurately determined than
with the used TIRF-microscopy setup. Even thougthdachnique has its specific imaging
advantages and disadvantages, we found clear giregabetween the results obtained with

both techniques.
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In both experiments, the large majority of UvrA malles appeared to be immobile on
the DNA. We have presented several lines of evieé¢hat these immobile UvrA complexes
do not represent an inactive population of fluoeesqroteins that have aggregated on the
DNA.

First, in the gel shift assays, the Cy5-labeled AJgshowed a similar DNA binding and
UvrB loading activity as non-labeled UvrA and isalhad a similar specificity for DNA
damage and DNA ends. This argues against the pgestef a large population within the
Cy5-UvrA that would aggregate after binding DNA. c8ed, in our single-molecule
experiments, the activity of Cy5-UvrA depended be tofactor present, since there was
clearly a difference in the activity of Cy5-UvrA the presence of ATP and A¥®. Inactive,
aggregated, UvrA would likely not respond to changeexperimental conditions. Third, in
the presence of ATP, a longer incubation time dit increase the amount of UvrA on the
DNA. This also argues against aggregation of UvrARNA, as aggregates would likely
accumulate on the DNA over time and we did notcdtes.

Instead, we propose that the immobile UvrA compdealeserved in the presence of ATP
have bound to preferential sites within the substréhese preferential binding sites are most
likely DNA lesions resulting from the modificatioof the DNA substrate. These can be
oxidative lesions, UV-induced damage, DNA nickdemions induced by physical stress on
the DNA. Based on the half-life time of the UvrAngplexes on specific sites (110 sec) and
the assumption that these sites, although we dé&maw their exact nature, are more similar
to CPD lesions than to ‘bulky’ synthetic lesionse thalf-life time of UvrA on a non-specific
site can be estimated as 100- to 1000 times |dweaer that of UvrA on a specific site, ranging
between 0.1 and 1 second (UvrA binds a CPD dambget 4250 times more stably than a
non-specific site [15]). This indicates that, afiemsport to the imaging channel, which takes
about 5 seconds, all complexes on non-specific sitdl have dissociated and will not be
imaged.

With farfield fluorescent microscopy, non-specifimding might however be observed by
imaging the DNA during the incubation with UvrAtlabugh this would require the use of a
lower concentration of fluorescent protein to rezlbackground fluorescence. But then also, a
lifetime shorter than 1 second would mean thatunfarfield microscopy setup, the complex
on a non-specific site would be only visible in i 2 images of 500 msec continuous

illumination.
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With TIRF microscopy, DNA binding of UvrA could bhenaged directly and on a faster
timescale, but also with this technique, no comgdéern non-specific sites were detected,
either because the complex binds too brief to agpatific site, or because it diffuses too fast
on the DNA to be properly imaged.

In the presence of AFS, UvrA behaves different than in the presence ®PAIn the
presence of AT¥S, UvrA accumulated non-specific sites and bourddéhmuch more stably
than in the presence of ATP, suggesting that is toindition UvrA does not preferentially
bind DNA lesions. However, with AFM we have shovimattin this condition UvrA did not
accumulate on DNA and was still able to find DNAdsrwith a similar efficiency as with
ATP (Table 2 and [18]). However, we did find thatthe presence of A8 Cy5-UvrA did
have a lower specificity for DNA ends, with respernon-labeled UvrA (Table 2). Although
Cy5-UvrA is not completely incapable of recogniziegds in this condition (40 % of the
complexes did bind to a DNA end), the presence TS may very well affect the function
of Cy5-UvrA. However, more data are needed to wtdad the discrepancy between the
AFM and fluorescence microscopy results.

Three events were observed in which a UvrA compjemped’ between two distant
binding sites. Likely, in these events the UvrA-gdex has performed 3D-diffusion. The
Stokes-Einstein relationship for diffusion of sphal particles in normal liquids reads: =
ksT / 6mmRy (in whichn presents the viscosity of the bufferi@* Pas for aqueous buffers)
and ksT represents the thermal energy in one molecularegegf freedom (40%* J under
conditions relevant for UvrA) [30]. According toishformula, the UvrA dimer, being a 200
kDa complex with a hydrodynamic radiuR.§ of 6 nm [31], would have a 3D-diffusion
constant D) of about 4Qum?/sec. This value suggests that, within 100 msecntban square
3D-displacement (x>) of the UvrA dimer would be about #gm or 6000 bp (according to
<x>? = 2Dt). This number is in agreement with the distandest the jumping UvrA
complexes have traveled along the DNA (1.25, 1.8 A.2 um respectively). The low
density of DNA in our setup likely explains why \mave seen only a small number of these
events, as the chance that a UvrA dimer rebindbdacstretched DNA after dissociation will
be very small, as the DNA substrate only occupiesall part of the volume in which the
UvrA dimer can diffuse [2]. In the living cell oé other hand, the concentration of DNA is
likely much higher, which increases the chanceebfirding DNA after dissociation.
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