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Abstract

A powerful new approach has become much more widespread and offers insights into aspects of
DNA repair unattainable with billions of molecules. Single molecule techniques can be used to
image, manipulate or characterize the action of a single repair protein on a single strand of DNA.
This allows search mechanisms to be probed, and the effects of force to be understood. These
physical aspects can dominate a biochemical reaction, where at the ensemble level their nuances
are obscured. In this paper we discuss some of the many technical advances that permit study at
the single molecule level. We focus on DNA repair to which these techniques are actively being
applied. DNA repair is also a process that encompasses so much of what single molecule studies
benefit — searching for targets, complex formation, sequential biochemical reactions and substrate
hand-off to name just a few. We discuss how single molecule biophysics is poised to transform our
understanding of biological systems, in particular DNA repai.
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1. Introduction

1.1. The development of single molecule techniques

Studying systems at the single molecule level is becoming more widespread, however the
field is still relatively new, finding its origins in the Nobel prize winning work on single ion
channels [1]. These channel studies provided not only the concept that single molecules
could be investigated, but also a huge number of tools; theoretical, practical and analytical.
A key concept from this work is that ensemble level studies provide an overview of the
average behavior of a molecular species. This seemingly obvious statement belies its
importance, because during a biological process one or more proteins explore their energetic
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landscapes potentially through a multiplicity of pathways. The ensemble is the sum of all of
these processes, however, a single molecule recording deconstructs this average; providing
the discrete probability of passing through each constituent pathway. The importance of
understanding molecular systems, at this level, is evident as one attempts to scale up toward
more complex systems [2]. In the context of DNA repair, understanding systems one
molecule at a time permits a view of the heterogeneity of the molecular states involved in a
biochemical reaction. On the nanoscale both protein structures DNA structures fluctuate, it
is only when these structural fluctuations coincide in the correct manner that a chemical
reaction occurs. A structural snapshot of a process provides one final or intermediate state,
but not the multiplicity of states, their significance, or their dynamics. Ensemble approaches
to obtain dynamics require aligning the biochemistry of all of the molecules, for example
during a ‘single turnover’ experiment [3]. This provides information on the behavior of
proteins for a limited time, since they become asynchronous very quickly. In the steady
state, each interaction at the single molecule level is a single turnover and therefore does not
require synchronization. Furthermore, many repair reactions require multiple protein
partners that assemble at the damaged site; therefore through single molecule analysis it is
possible to follow the fate of a particular reaction from initial DNA damage location to
completed repair. The ultimate goal of single molecule studies is the analysis of a complete
reaction mechanism with dynamical information on the comings and goings of protein
components. In other words, watching a full biochemical reaction unfold in real time.

1.2. Limitations of single molecule experiments

Although single molecule approaches are extremely useful there are crucial limitations. The
main barrier to studying any system at the single molecule level is signal. Even in ensemble
experiments with 1 mL of 1 mM solution, signal can be weak, despite the amplification
offered by 1017 molecules. For single molecule experiments, no such inherent amplification
is present. Instead amplification must come from external sources such as detectors.
Therefore, dealing with such low signals above noise has required the development of new
technologies. These utilize electron-multiplying CCD (charge coupled device) imaging
cameras with unprecedented sensitivity and more recently large-sensor CMOS
(complementary metal oxide semiconductor) cameras that possess incredibly fast frame
rates [4]. From the aspect of fluorescence imaging, however, it is irrelevant how fast a
camera records if the photons are not sufficient to generate a signal. Therefore new
fluorophores have been derived that are extremely bright [5]; these however, in turn need to
be balanced against photostability. This latter problem occurs when a fluorophore undergoes
a covalent modification during the population of an excited state, resulting in loss of the
ability to emit photons [6]. To offset this problem a number of groups have derived
fluorophores with various emission wavelengths possessing enhanced quantum yields and
photostability [7]. Also a broader understanding of fluorescence photophysics has generated
solution additives that delay photobleaching [8]. One huge advance has been the
development of quantum dots (Qdots) for biological applications [9-12]. These semi-
conductor based fluorophores possess several unique properties: they are brighter and much
more photostable than their organic counterparts and they emit over a more narrow
wavelength range. In addition, their unique broad excitation spectra allow multiple Qdots to
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be excited by a single wavelength source; thus permitting true simultaneous multi-color
imaging.

This review discusses how single molecule biophysics has been used to study the process of
DNA repair. As a prelude to the articles within this special issue of DNA Repair, we aim to
highlight the ingenious methods used to examine systems at this level focusing on imaging,
manipulation and then how these may be used to study systems within cells.

2. Imaging based methods — a bright future

Real time imaging of protein#x02013;DNA interactions can provide information both on the
compositional and dynamic aspects of repair. There exist a vast range of single molecule
studies performed with DNA binding proteins, which have provided information on the
search mechanism, as well as, the diffusion constants of the protein/complexes [13]. A few
examples of the imaging techniques used to study different DNA repair systems and the data
acquired using them are outlined here.

2.1. Tethered particle motion

First used over two decades ago [14,15] tethered particle motion (TPM) detects the position
of a bead attached to DNA at one end when the other end of the DNA is attached to a
surface. The surface tethering of the DNA restricts the inherent Brownian motion of the bead
in aqueous solution (Fig. 1). This restriction is proportional to the length of the tether [14],
therefore the amount of Brownian motion provides a signal for DNA shortening events. This
method is well suited to studying proteins that bend, loop or translocate along and hence
shorten the DNA [16]. TPM has many advantages such as being simple and inexpensive
with temporal resolution high enough to detect the rapid kinetic behavior of individual
molecules. No external force such as flow is required during this type of investigation and
TPM can be combined with other methods, such as optical trapping (see below). TPM has
been used to monitor the processivity of RecBCD helicase, which is responsible for
initiating double-strand break DNA repair through homologous recombination [17]. This
investigation demonstrated that RecBCD can translocate along DNA, and its interaction with
a regulatory 8nt Chi sequence (5"-GCTGGTGG-3") did not alter its translocation velocity.
However, subsequent alterations to TPM using stretching forces, induced by the introduction
of a continuous buffer flow into the sample chamber, increased positional accuracy, such that
reduced translocation velocity could be detected in the Chi regions [18].

TPM has also been used to study RuvA, a protein involved in mediating branch migration
and Holliday junctions created during homologous recombination in bacteria. Again a slight
alteration to TPM was used where, instead of averaging an image over time, the individual
trajectories of the beads were measured [19]. This allowed bead positioning with nanometer-
scale precision. The study was able to view in real time RuvA-mediated unfolding of the
Holliday junctions, detected as an increase in the length of the DNA tether.

2.2. Combing

DNA normally forms a collapsed bundle in solution with a diameter that can be
approximated by random flight theory (for A-DNA this is ~6 um [20]). This makes imaging
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protein attachments to DNA particularly challenging, therefore investigators typically
elongate or extend the DNA into a linear chain. One way this is performed is through the
DNA combing technique. DNA is laid directly onto the surface of a cover slide in a combing
assay. Firstly, the surface of the slide is activated with a hydrophobic moiety such as
polystyrene or polymethylmethacrylate [21]. Then, either using continuous flow [22] or
retracting a slide through an air—water interface [23]. DNA can be stretched between two or
more points in low pH conditions. Imaging is performed using Total internal reflectance
fluorescence (TIRF) microscopy, where the evanescent field provides high signal to noise
[21,22]. Combing has the advantage of being technically simple, however, there are a few
disadvantages; the DNA and the proteins are both imaged on the surface of the slide,
meaning it can be difficult to distinguish fluorophores on the surface from those on the
DNA. In addition, the surface itself may have profound effects on the protein~-DNA
interaction and/or the native states of both.

For DNA molecules that are surface bound from only one end, continuous flow can be
applied to extend the DNA [24,25], over-coming some of limitations of pure combing. This
approach has been used to study the base excision repair protein human oxoguanine DNA
glycosylasel (hOGG1) in a landmark study for single molecule imaging of DNA repair [24].
This study attempted to settle the facilitated diffusion paradox. By directly imaging the
motion of hOGG1 on DNA it was possible to derive the diffusion constant of a molecule on
DNA. From this value rotation-coupled diffusion was inferred and the energetics of the
protein~DNA interaction could be derived. The observed movement occurred over hundreds
of base pairs, and based on the earlier work of Von Hippel and colleagues [26], by using a
broad range of salt concentrations, it was found that sliding dominated the 1D diffusional
movement along DNA.

DNA combing has also been used to study Rad51, a key protein in homologous
recombination [27]. It was shown that Rad51 can bind stably to dsSDNA and diffuse one-
dimensionally, consistent with a ring-like structure topologically linked to the DNA. This
means the protein does not undergo rotation coupled diffusion and therefore possesses a
significantly greater diffusion constant. However, the protein was found to stop at sites
resembling double strand breaks. This work helped to suggest that the lateral diffusion of the
protein may enable the recombinase to scan DNA for regions in need of repair. This
particular form of DNA combing involved the alignment of multiple DNA strands in an
array, this was later termed a DNA curtain.

2.3. DNA curtains

Described in more detail within this Special Issue [133,134,135] the work originating from
the Greene laboratory has been based on a significant technical advancement to combing
that allows DNA molecules to be spatially aligned on the coverslip, so that when flow is
applied they elongate [28]. This has allowed for a number of useful investigations [29]. In
this approach, a diffusional barrier is etched onto a slide surface perpendicular to the
direction of buffer flow. The slide is then coated with a lipid bilayer attached to DNA
molecules, as the bilayer slides due to buffer flow, it reaches the barrier where the molecules
are impeded from further motion and the DNA aligns to this barrier, creating a DNA
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‘curtain’ (Fig. 2). This technique offers enormous advantages over combing since multiple
DNA molecules can be viewed simultaneously within a single field-of-view using TIRFM
[29].

DNA curtains have been used to study many systems including the damage sensing protein
complex in mismatch repair: Msh2-Msh6. This study showed Msh2-Msh6 uses thermally
powered 1D diffusion to locate lesions rather than an ATP requiring mechanism [30]. It was
also found that Msh2—Msh6 complexes were incapable of bypassing each other on the DNA,
as expected for sliding molecules. However the Mlh1-Pms1 mismatch repair complex was
capable of hopping, thus allowing protein complexes to move past each other. This has
helped to demonstrate how proteins may bypass obstacles encountered within a crowded
genome. Key fundamental questions pertaining once again to the mode by which targets on
DNA are found are being currently addressed [31].

2.4. DNA tightropes

Another advance on DNA combing involves using DNA tightropes (elevated DNA
platforms), in which lambda DNA is suspended between the tops of micron sized beads
using a microfluidic flow based approach. Since the DNA is elevated from the surface,
anything that appears within the focal plane at this height must be bound to the DNA, while
all non-attached molecules contribute to the background noise. The method of flowing the
components into the chamber is relatively trivial, requiring less than one hour to construct a
usable tightrope setup [20,32,33]. Poly-L-lysine coated beads are used to strongly attach
DNA, therefore no specific attachment strategy is required, and no flow is required once the
tightropes have been formed. By tuning the density of the tightropes it is possible to have a
single tightrope or many, offering multiple DNA—protein interactions within the field of
view. Additionally as the proteins are elevated far from any surface-bound fluorophores,
these do not interfere with fluorescent spot discrimination (Fig. 3). A near TIRF imaging
technique is used to image the interaction of the protein to the DNA by steering the
excitation laser to a sub-critical angle. This oblique angle fluorescence configuration
provides an improved single to noise ratio relative to epi-fluorescence [34,35]. DNA
tightropes have been used extensively to study the nucleotide excision repair pathway in
bacteria [136]. UvrA was shown to utilize a three-dimensional search in NER for damage
recognition [20]. However with the addition of UvrB, the resulting UvrAB slides when in
contact with the DNA. Complex motion patterns were seen for UvrAB on DNA including
unbiased diffusion, paused motion and directed motion. This indicates that more than one
mechanism of movement can be utilized by proteins when moving on DNA. It was later
shown that UvrC can independently form a stable DNA bound complex and that UvrC
facilitates UvrB binding to DNA [32]. This was previously thought to only occur through
UvrB’s interaction with UvrA in a forward reaction at the beginning of NER. It was found
that this complex is abundant; suggesting that given the vast excess of UvrB over UvrC in
the cell, all UvrC is present in an UvrBC complex /n vivo [32]. Such complexes have not
been characterized previously by ensemble techniques, highlighting the importance of single
molecule methods.
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Tightropes have also been used to investigate two glycosylase families involved in base
excision DNA repair (see [33,137]. Members of these two structurally distinct oxidative
damage recognizing families, helix—hairpin—helix (HhH) and Fpg/Nei, were labeled with
single Qdots and imaged interacting with DNA tightropes. It was found that efficient target
location was accomplished by rotational diffusion and that during the scanning process
glycosylases examine DNA by interrogation with the wedge residue Phe111. This study has
marked the beginning of a much deeper understanding of how DNA glycosylases find
damage.

More recently, DNA tightropes have found application in the study of the telomere binding
proteins TRF1 and TRF2 [36], reviewed by Lee et al. [134], where new insights into the
mechanism by which proteins complexes are formed on DNA have been made. Together
these investigations indicate that both DNA curtains and DNA tightropes offer extremely
versatile platforms for the study of DNA—protein interactions.

2.5. Single molecule Foérster resonance energy transfer (smFRET) and fluorescence

quenching

As evidenced by the multiple contributions across a range of topics within this Special Issue
[133,134,138,139] smFRET has enjoyed a huge growth in its deployment for studying
protein-DNA complexes at the single molecule level [37]. FRET is not only a direct imaging
technique but can also be used to gauge distances between fluorophores by measuring the
efficiency of energy transfer between two fluorophores. FRET involves the transfer of non-
radiative energy to an acceptor molecule from a donor molecule via an induced dipole—
dipole interaction (Fig. 4). The efficiency (£) of the transfer depends on the sixth power
distance (/) between the donor and acceptor, summed up by the equation:

1
E=—

L+[r/ro]”

where 1y is the 50% efficiency distance. 1 is found to be strongly dependent on the
properties of the dye molecules [37]. In practice the fluorophores need to be within 6-10 nm
to get a strong FRET signal. For example the ry value for the Cy3/Cy5 pair is ~6 nm.

Static heterogeneity (differences between molecules within the sample) or dynamic
heterogeneity (time-dependent changes of individual molecules) can be present during an
experiment. One of the advantages of using SMFRET over ensemble FRET is that dynamic
temporal resolution of an individual molecule is possible enabling these different
populations to be detected [38]. In ensemble studies small amounts of a single species
(either the donor or acceptor) can affect the interpretations of the results. This problem is not
present in SmFRET as only one complex is measured at a time [37].

SmFRET imaging was used in the context of DNA repair to study the binding dynamics and
diffusion of MutS on DNA containing a defined mismatch [39]. MutS was labeled with a
single donor fluorophore (Cy3) and the DNA with an acceptor fluorophore (Cy5). The
interaction between fluorophore-labeled MutS and the mis-match was studied (Fig. 4), as
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well as the rotational dynamics of MutS. This investigation provided insight into the MutS
DNA binding conformation that had yet to be shown through structural analysis [39]. A
SmFRET approach called FRET TACKLE, where the dynamics of MutS-induced DNA
bending of a GT-mismatch showed that the MutS-GT mismatch complex undergoes a con-
formational transition between six different states, each with its own degree of DNA bending
and lifetimes (see [133]). The results suggested that the efficiency of repair is directed by the
dynamics of MutS-mismatch complex [39]. Additionally it was shown that ATP increased
MutS diffusion, helping the protein to rotate freely around the DNA [40]. As the ATP
depletes, the short-lived MutS lesion scanning becomes a highly stable MMR signaling
clamp. These signaling clamps are capable of competing with chromatin and recruiting the
MMR machinery [41]. An ingenious twist on the concept of FRET was employed to follow
the translocation of the eukaryotic repair helicase XPD, by taking advantage of the
fluorescence quenching effects of XPD’s intrinsic Fe-S cluster on Cy3 [42]. The Cy3
fluorophore was bound to DNA and as XPD translocated toward the Cy3, its fluorescence
was quenched. The extent of quenching was proportional to the distance from the Fe-S
cluster. Therefore the fluorescence intensity provided a marker for the translocation of the
protein. This method also demonstrated that the translocation of XPD on ssDNA was
differentially affected by the specific protein partners, suggesting that in some cases XPD
utilizes hopping to bypass obstacles on the DNA [42], see also Spies [139].

SmFRET has been used to study many protein interactions providing insights into the
dynamics of biological systems. The method is constantly being modified and developed to
improve data quality. Developments include using alternating laser excitation or ALEX to
reject non-FRET background signals [43], offering exciting methods to study single protein-
DNA complexes.

2.6. Atomic force microscopy

For many years atomic force microscopy (AFM) has been used extensively to image DNA-
bound molecules on surfaces at high resolution to derive many properties such as DNA
binding (see [136,140,141]), protein/DNA complex stoichiometries [133,140], mechanism
of action [142] and specific binding locations (for a more extensive review see [44]).

AFM has proven invaluable in the study of DNA repair [45-49]. For example, UvrA and
UVrAB, involved in NER, have been shown using AFM to preferentially bind to DNA ends
on undamaged DNA substrates [45,46]. However, on substrates with nicked or damage sites,
UvrA showed a preference for binding to the lesion site [45,46]. AFM also yields
information about volumes which can be directly correlated to protein mass. For example
UvrA has also been shown to form dimers, a process which is enhanced in the presence of
ATP, probably due to conformational changes following hydrolysis [46]. We have recently
shown that the human damage recognition protein which initiates NER, UV-DDB binds to
DNA as a dimer, and about 17% of the cases bound as a dimer to two independent DNA
molecules [50]. Furthermore, AFM was used to confirm observations from DNA tightrope
experiments that UvrC binds to DNA alone and also in complex with UvrB; forming a novel
UvrBC complex [32].
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AFM can be combined with fluorescence imaging methods to provide both high resolution
information of complex structure, and the spatial organization and stoichiometries of
different proteins within a complex (see [141]). One such study combined AFM and TIRF
imaging to observe UvrAB recognition of UV induced thymidine dimers on DNA using
Qdots as fiducial markers for FIONA (fluorescence imaging with one nanometer accuracy)
[47]. Similarly, the interaction of Rad54 with Rad51 nucleoprotein filaments involved in
recombinational repair has been studied using a combined TIRF and SFM (scanning force
microscopy) instrument [48]. Three types of Rad54 interaction with Rad51 filaments were
observed; Rad54 at the end of a filament, Rad54 seemingly bridging multiple filaments
together, and most commonly Rad54 interspersed along the filaments. All three interaction
types were seen on filaments assembled on ss and dsDNA, but more (6 vs 1-4) Rad54
molecules bound along ssDNA-Rad51 filaments [48]. These observations have interesting
implications for the role of Rad54 in Rad51 filament stabilization, disassembly and strand
invasion.

2.7. Scanning near-field optical microscopy (SNOM): a future technique?

Due to diffraction, the wavelength of light provides a lower limit on the ability of a
microscope to resolve objects. Unlike a visible light microscope SNOM is a surface probing
technique that permits non-destructive imaging of surfaces with a resolution comparable to
scanning electron microscopy [51,52]. This is made possible by the very close placement of
the detector and illuminator to the surface being investigated; allowing for high spatial,
spectral and temporal resolution. The technique works by funneling visible light through a
small aperture at the end of an opaque probe, to illuminate an aperture sized region of the
sample [53]. The resolution of the image is limited by the size of the detector aperture and
not by the wavelength of the illuminating light [54,55]. The detector is also capable of
simultaneously topographically mapping the surface much like AFM, thus providing even
greater resolution. The resolution of SNOM lies between ~250nm (light microscopy) and 8
nm (FRET) [56]. This method therefore could be very useful in studying DNA repair
proteins the future.

3. Manipulation - taking hold of the problem

Classically, to understand the kinetics and thermodynamics of a system, investigators alter
various substrate, temperature and pressure dimensions. Single molecule biology permits
these investigations, but also possess a crucial new dimension, force. From the very early
ensemble level studies of muscle contraction, a connection between biochemistry and load
was suggested [57]. However with the advent of single molecule manipulation, we were able
to begin to understand the molecular origin of this phenomenon. By loading single
molecules using optical traps, the effects of load could be explicitly located to specific
biochemical steps during the catalytic cycle of muscle contraction [58,59]. Such load effects
are also significant for DNA based systems, where working against a load is crucial to the
role of specific proteins involved in various processes, such as transcription [14,60], and
viral packaging where the most powerful molecular motors to date have been characterized
[61,62]. The force dimension enables new insights, providing measurement of RNA
polymerase motion with near base pair resolution [63], the effects of torque on formation of
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nucleoprotein structures [64,65], and the conformational changes that occur upon binding
DNA [66]. Here we discuss some of the mechanisms of manipulating molecules.

3.1. Optical trapping - background

Optical trap mediated manipulation of DNA offers huge possibilities for single molecule
investigation. Laser tweezers, also known as optical traps, are formed when a laser beam
(usually infra-red) is brought to diffraction limited focus using a high numerical-aperture
lens in the presence of micron sized dielectric objects such as silica beads. These beads
interact with the beam, and due to the gradient force within the focused beam are then
trapped near the beam focus [67] (Fig. 5; Movie 1). These provide physical handles that can
be manipulated by moving the beam (Movie 2). In this simplest form coupling optical
trapping with tethered particle motion (Fig. 6a and c) provides a simple approach to altering
DNA tension by simply moving the trapped bead [68,69]. Multiple traps can be created
using optical deflectors, movable mirrors or spatial light modulators [70-73]. Using just two
traps, it is possible to create ‘dumbells’, where a single strand of DNA is stretched between
two beads (Fig. 6b). This approach offers the unique ability to manipulate a single DNA
molecule in three-dimensional space, demonstrated by the ability to tie a knot in DNA
[47,74,75]. Furthermore, the isolation of the measurement system from the surface reduces
environmental noise [76], making high resolution measurements down to the level of single
base pair steps of RNA polymerase possible [63]. Optically trapped DNA can also be used
in conjunction with microfluidics to change buffer composition, which is used to assemble
protein complexes and alter substrate conditions rapidly [77-80]. The use of more than two
traps in a large variety of positions allows more complex structures to be trapped, such as
nanoprobes (see below).

3.1.1. Optical trapping in DNA repair—Laser tweezers have been used to study a range
of DNA-based systems, including DNA translocases [62,81,82], DNA polymerases [66,83],
RNA polymerases [63,68,84] and helicases [80,85,86]. These have revealed a number of
important mechanistic facets and have led to a much deeper understanding of how these
molecules interact with DNA. For example, measurements of RecBCD unwinding
performed using optical tweezers revealed the rate of unwinding and the processivity, which
agreed with previous data from ensemble studies [80]. However, further investigation of this
process revealed pausing and backsliding activities that were found to be dependent on force
applied to the DNA substrate [85]. Together these studies have led to an understanding of
how these proteins find pause sites on the DNA and therefore produce the sSDNA tail
required for homologous recombination. An important initial step is the formation of a RecA
nucleoprotein filament on the ssDNA tail, created by the action of RecBCD, and unique
insights into the dynamics of the nucleoprotein filament formation have been provided using
laser tweezers in combination with surface-tethered dsDNA [87]. Further details revealed
that RecA filament formation required 4-5 RecA molecules for nucleation, followed by the
addition of 2 molecules at a time for bi-directional growth [75] Similarly, the eukaryotic
homologue of RecA (Rad51), was found to form multiple stable nuclei consisting of 2-3
monomers [88]. In contrast to RecA, Rad51 did not continue to grow and form a filament
from one nucleation event, rather multiple nuclei joined together to coat the DNA in Rad51
[65,75,88]. More recently using an imaging based approach, RecA filament formation has
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been studied on a more biologically relevant single stranded binding (SSB) protein coated
ssDNA substrate [89]. On this substrate only 2 monomers were required for nucleation in
contrast to the 5 required on dsSDNA, presumably due to an increased affinity for sSDNA.
However, consistent with previous data, growth was found to occur by the addition of
monomers and could occur bi-directionally (although 5°-3" growth was preferred) [75,89].
Addition of the mediator proteins RecOR was found to increase both nucleation and growth
of filaments and it was suggested that this is achieved through weakening the interaction of
SSB with the ssDNA [89]. Following filament formation, the nucleoprotein complex must
find the complementary DNA sequence on the genome in order to undergo strand invasion,
and ultimately repair the DNA. By labeling the nucleoprotein filament and changing the
extension of a target DNA using optical tweezers, it has been elegantly shown that the RecA
filament undergoes a 3D search for its homologous sequence. The filament was also found
to bind more weakly to non-target sites suggesting that it interrogates multiple sites during
its search [79].

Although assembly of nucleoprotein filaments is important so is their disassembly.
Formation of Rad51 filaments is dynamic and aided by the binding of ATP, whereas ATP
hydrolysis favors dissociation. This process of Rad51 filament disassembly has been
observed using single molecule methods including laser tweezers. Increasing the tension
applied to the DNA substrate or preventing ATP hydrolysis inhibited disassembly
[65,88,90]. Van Memeren et al. observed bursts of Rad51 releasing from the DNA and have
therefore suggested a model for filament disassembly akin to microtubule disassembly,
whereby the terminal monomer in a filament hydrolyses ATP and releases; prompting
adjacent monomers that have already undergone hydrolysis to release [90].

Recently, optical tweezers combined with TIRF imaging, “fleezers” have been used to study
the translocase and helicase activities of the NER protein UvrD on ssDNA [91]. The optical
tweezers were utilized to apply force to the DNA substrate in order to unzip secondary
structures, which normally hinder measurements on ssDNA. Using particle tracking to
monitor the position of a Cy3 labeled UvrD, it was found that the a UvrD monomer stopped
at ssSDNA/dsDNA junctions, and was unable to proceed to unwind the DNA unless joined by
another monomer [91]. These results confirm an earlier study in which the fluorescence
intensity was measured and monitoring the helicase activity versus the stepping of
photobleaching, the authors propose that two monomers of UvrD are required for helicase
activity.

Similarly, the eukaryotic NER protein, XPD, was found to undergo short, repetitive, non-
processive burst of helicase activity when studied using optical tweezers [92]. This
unwinding occurred in 1 bp steps, consisted of pauses and small backsteps, and could be
enhanced by increasing the concentration of XPD, suggesting 2 or more monomers could act
together to improve processivity [92]. Interestingly, the authors also observed large
backsliding events, which they suggest correspond to the release of 5 bp of DNA normally
held by the secondary binding site of the enzyme, allowing the substrate to reanneal. A
model to encompass all data from this study suggests that XPD unwinds DNA in a “partially
active’ manner, unwinding only the short sections of DNA required for its role in NER.
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Laser tweezers can also be used to pull apart duplex DNA, permitting mismatch detection
and can be used to detect whether proteins are bound to the DNA This method has been used
to show that the MMR proteins Msh2—Msh6 bind preferentially to DNA mismatches in an
orientation specific manner, without the need for other MMR factors [93]. Adding ATP to
the Msh2-Msh6-DNA complex results in release of the proteins from the DNA, and by
blocking the DNA ends, a fraction of these proteins could be trapped on the substrate. This
suggests they are capable of sliding along the DNA as well as simply releasing [93].

3.1.2. Optically trapped nanoprobes—The use of optical traps is not restricted to
simple spherical objects like the ones used in many of the studies highlighted above.
Recently it has been shown that cylindrical objects can be trapped, and if these objects are
ordered crystals they respond to the polarity of the trapping beam, enabling trap rotation
[94-96]. This offers the possibility of studying twist and force simultaneously, in a similar
manner to magnetic tweezers (see below). By time-sharing the laser beam to generate
multiple traps simultaneously, more complex structures can be controlled, ranging from
diatoms [97] to nanofabricated structures [98—100]. So far these structures have only been
used for proof of principle experiments involving the characterization of the trapping, simple
manipulations and interrogation of test substrates. We have recently begun using such
structures in conjunction with DNA tightropes to understand the physical nature of the
protein-DNA interaction. These structures offer the potential to be transformative in the way
we probe protein—-DNA interactions, particularly as they are combined with other
technologies.

3.2. Magnetic tweezers

A technologically simpler alternative to directly manipulate single molecules, involves the
use of magnetic beads attached to DNA. Using magnetic tweezers, a single molecule of
DNA tethered between a surface and a paramagnetic bead can be manipulated by external
magnets (Fig. 7). This enables the DNA to be stretched or relaxed, and also twisted, to create
different DNA topologies [101]. Indeed this approach has been used to study properties,
topology and the formation of DNA plectonemes (DNA supercoils) [102,103]. Magnetic
tweezers certainly have the advantage over optical tweezers, in that they can easily be
multiplexed, 7.e. multiple DNA bound beads can be manipulated and visualized at one time.
However, magnetic tweezers are limited to being able to manipulate all the beads
isotropically, unlike laser tweezers which can move each trap independently.

Magnetic tweezers have been used to study topoisomerases [104], polymerases [105],
restriction enzymes [64,106] and helicases involved in DNA repair [107-109] amongst
others. One such study investigated UvrD unwinding rate, lifetime, and base pairs unwound.
From this data, the protein’s step size was estimated as ~6bp [107]. Following unwinding,
the authors were also able to observe rehybridization of the DNA strands that was also
dependent on enzyme translocation, which was attributed to strand switching of the enzyme.

Another helicase, AddAB helicase-nuclease is involved in DNA end processing in
recombinational repair. As such, it degrades DNA ends until it recognizes a Chi sequence,
when it stops degrading the 3" strand but continues unwinding and degrading the 5" strand,
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thereby creating a sSSDNA overhang, which can be further processed to repair the DNA. This
has recently been demonstrated at the single molecule level using magnetic tweezers [109].
In this study the authors observed pausing at Chi and Chi-like sequences and therefore
propose a model for Chi recognition, whereby the enzyme pauses and undergoes a multistep
conformational change involving the extrusion of a sSDNA loop, before resuming
translocation after the Chi site [109]. This mechanism of target site search may be a general
mechanism employed by many DNA binding proteins, whereby multiple weak binding
events, to sites similar to the target, occur before a more stable protein-target complex is
formed.

In another recent study described in more detail within this Special Issue [143], the first
stage of transcription coupled DNA repair where a stalled RNA polymerase elongation
complex is displaced by Mfd was investigated [108]. Using magnetic tweezers it was
possible to observe transcription initiation, formation of the elongation complex and
termination, as well as stalled elongation complexes formed by the introduction of damage
or by nucleotide starvation. This allowed for the observation of a long lived stalled RNAP-
Mfd complex that required ATP hydrolysis to remove the polymerase.

As with optical tweezers [91], magnetic tweezers can also be combined with fluorescence
imaging to gain insight into forces and torque of the substrate, as well as location and
movement of proteins bound to the DNA [110]. This is likely to represent a future
development of the technique.

4. Studying DNA repair in vivo—cells sell

As the available technology develops, a deeper understanding of reconstituted complex
systems J/n vitro can be achieved. A logical step therefore would be to begin studying these
systems /n vivo. The process of imaging single molecules /n vivo has been made
significantly easier by the discovery and development of fluorescent proteins (FPs) [111].
For imaging in live bacteria, FPs offer the simplest approach, since microinjection and
endocytosis are not options given the size and behavior of these cells. Most FPs share a
similar architecture; they are a p-barrel protein with a triad of residues that form the
fluorescent core of the molecule (see Pymol session GFP.pse PDB: 2AWK). They are large
compared to organic fluorophores, such as fluorescein, at ~25 kDa versus 1 kDa in size
[112]. However, unlike organic dyes, FPs can be genetically encoded to a protein of interest
thus providing 100% labeling in a wide possible spectrum of colors [113]. This not only
permits imaging of single proteins within cells, but also enables multicolor labeling of
different single molecules, aiding tracking and analysis of protein movements and
interactions [114].

The key challenges in using FPs in cells are their brightness and solubility, as they are
subject to photobleaching and often aggregate. Mutant FP’s are continually being developed
to alter the extinction coefficient and the quantum yield, which in turn will affect the
brightness and photostability, creating a more desirable fluorophore [115,116]. FPs are still
widely used in cell biology to follow protein localization and gene expression using
fluorescence microscopy [117]. However, cellular autofluorescence means the FP needs to
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be very bright, but tandem FP repeats can help to overcome this [118,119]. Conversely, if
one is investigating single molecules having multiple FPs attached to the protein of interest
can be undesirable. Therefore, several alternative strategies have been developed to
distinguish single molecules within the dense population of a cell. For example an YFP
variant, Venus, has been used to study gene expression. The low photostability of the FP
allows for quick reduction in background fluorescence, so that upon expression and
maturation of a new Venus molecule, a bright spot is detected [120]. When studying specific
binding of transcription factors to DNA, a more photostable FP is advised. Different
illumination strategies offer mechanisms to determine the residence time and position of a
transcription factor on DNA. Since DNA is relatively immobile, any discrete fluorescent
spots over a 1 s exposure would indicate DNA binding [118,121]. However, to detect faster
motion, stroboscopic illumination can be used /.e. flashing the illumination at high intensity
for a short period with the camera shutter open; this allows a snapshot of the protein’s
movement within the cell [121].

In addition to standard FPs, further fluorescent protein developments include
photoconvertible FPs. These fluorophores can be modulated to become fluorescently active
or switch emission wavelength by exposure to a wavelength distinct from their excitation
maximum. Such behavior is useful for single molecule cellular imaging, since single
molecules can be isolated within a dense population of molecules [122]. This can be
achieved using a technigue known as photoactivated localization microscopy (PALM),
which uses widefield fluorescence microscopy to visualize single molecules sequentially
within a pool. Molecules are activated and then their position determined with high
precision, by fitting a 2D Gaussian approximation of the point spread function, to the
fluorescent spot profile before they photobleach. This technique has been extensively used to
generate super-resolution images [123]. The main challenge in achieving super-resolution is
overcoming the diffraction of light, which limits resolving capabilities to ~250nm in the x-y
direction, PALM resolves at ~25 nm. 3D PALM can also be achieved by extending the
resolution to the zaxis, using a custom 3 way beam splitter in a multiphase interferometric
microscope [124]. PALM benefits from the use of FP probes, which are superior in
identifying single molecules at high densities, aiding the study of their localization and
kinetics [122,125].To address the issue of flu-orophore blinking a “clustering algorithm” is
used group together spots identified to generate a super-resolution image [123].

In a recent study (discussed in more detail in this Special Issue [144]), PAFP mCherry was
used to explore DNA polymerase | and DNA ligase activity /n7 vivo during base excision
repair [126]. Their use of PALM overcomes the limitations described above for single
molecule detection within cells, by providing a constant source of newly activated
molecules. mCherry is excited at 587 nm and emits at 610 nm and photoactivation was
achieved using a continual low dose exposure to a 405 nm laser. This study represents a
significant step forwards in following DNA repair in live bacteria in real time.

As mentioned previously the use of Qdots offers unprecedented levels of fluorescence
emission and photostability. However, while Qdots are strongly resistant to photobleaching,
they are liable to blink, which can be useful for determining the presence of a single
molecule, but this also creates populations of Qdots with non-linear scaling of fluorescence

DNA Repair (Amst). Author manuscript; available in PMC 2016 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hughes et al.

Page 14

with quantum dot number, complicating analysis [127]. Furthermore, introducing Qdots into
cells is problematic often leading to aggregate formation as the Qdots are cycled to
endosomes [128]. However in some cases this aggregation can be useful, enabling endosome
transportation along microtubules to be tracked, unaffected by blinking due to the Qdot
fluorescent integral overlap. Such studies have provided useful insights into molecular motor
stepping. The displacement traces of endocytosed Qdots showed step sizes of 8 nm expected
for kinesin, but also of 16 and 24 nm steps. This could be explained by unresolved multiple
motors acting on a single cargo, highlighting an interesting facet of the complexity seen /n
vivo. This reinforces the importance and complexity of studying single molecules in cells.
There are many more methods to introduce Qdots into cells to which we refer the reader to
another review [118].

Overall, there are advantages for the use of either intrinsic or extrinsic labels. Due to their
ease of use, FPs have been more popular, but, their size, photolability and brightness are
distinct sethacks. Extrinsic labels such as Qdots are highly attractive due to their brightness,
photostability and distinct emission profiles, which in turn allow for longer, faster and more
accurate visualization. However, their size and toxicity may be problematic; although the
biggest hurdle for Qdots is to get them into cells and specifically target a protein. Once this
is achieved, the scope for investigation /in cellulo will become a significantly more attainable
goal.

5. A bright future for single molecule biology

In the context of DNA repair, what is to be learned using single molecule approaches? We
have described the advantages of using single molecule detection approaches, from the
perspective of obtaining an insight into mechanism and dynamics. It is also possible to use
the multiplexing methods outlined above to measure the true stoichiometry and dynamics of
transiently forming complexes during catalysis [126,129]. It is clear that many DNA repair
processes are mediated by nano-machines which form at sites of repair through interacting
protein partners. Thus these single-molecule techniques will allow us to directly watch the
comings and goings of specific repair proteins. Furthermore, one can learn how proteins
function together to hand-off specific DNA repair intermediates to the next proteins involved
in the repair process. The classic observation of Riggs [130] that lac repressor could find its
target faster than diffusion led to the concept of facilitated diffusion [26]. This process could
occur by multiple mechanisms, but the over-riding concept is that a protein binds to a non-
specific site on DNA and then uses the DNA to help guide it to its specific site. Despite
many attempts at understanding this using ensemble approaches [131] it is still unclear how
proteins find their targets on DNA. Do they slide to their target sites? Or perhaps jump? Or
instead use a combination of both of these, or even switch between DNA regions using
intersegmental transfer? Any of these mechanisms and their combinations could potentially
underlie facilitated diffusion and single molecule approaches are poised to answer this long
held question. Complicating this is that different proteins may utilize different strategies as
highlighted by some of the studies in this special issue [20,24,32]. Another important aspect
to consider as we transition into studying more complex systems is that of crowding, an
Escherichia coli cell is an enormously crowded environment (Fig. 8). This crowding occurs
both in solution and on DNA itself.
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The future of single molecule investigation for complex processes such as that found during
DNA repair is certainly very positive. As more groups begin to use these techniques their
ubiquity will drive the development of fresh ideas and approaches. However, the importance

of

understanding the fundamental principles of Nature’s design using /in vitro methods for

the simpler prokaryotic systems should not be overlooked as we strive toward understanding
DNA repair at the single molecule level /n vivo. We are hopeful that this Special Issue will
inform and inspire such work.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The tethered particle movement assay. A single DNA molecule is tethered between the slide
surface and a bead particle. The dash line represents the range of Brownian diffusion of the
microsphere, which depends on the DNA contour length.
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Fig. 2.
DNA curtains. (A) Schematic of a DNA curtain assay. Linear arrays of DNA attached to a

lipid bilayer align to a linear barrier (B) YOYO stained DNA (green) with a Qdot-labeled
(pink) protein complex.
Adapted with permission from [29]. Copyright 2013 American Chemical Society.
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Fig. 3.
DNA tightrope assay. (A) Schematic image of a DNA tightrope assay. Single DNA

molecules are suspended between surface attached micron+ sized silica beads. (B) DNA
tightropes labeled with YOYO-1 (green) bound with Qdot-labeled UvrC (pink). This assay is
well suited to measuring the association, dissociation and movement of bound molecules.
Reprinted (adapted) with permission from [32] Copyright (2013) American Chemical
Society.
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Forster resonance energy

transfer. (A) During FRET a donor dye is excited and in a hon-

radiative process this excitation energy is transferred to an acceptor dye. The FRET
efficiency (£) of this process depends upon distance between dyes (), accurate
measurement of distance is made around the mid-point of FRET efficiency — the Forster
distance. (B) An example of two color single molecule FRET data. The intensities of the
individual donor and acceptor dyes (upper trace) permit calculation of the FRET efficiency
(lower trace) to be calculated. Reprinted (adapted) with permission from [37]. Copyright
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(2013) American Chemical Society. (C) smFRET system with MutS-induced DNA bending.
A 50 base pair strand of dsDNA with a FRET donor (green) and a FRET acceptor (red) is
anchored to a surface through a biotin streptavidin link. A GT-mismatch is located
approximately halfway between the dyes. As the MutS binds to the DNA and bends the
DNA the distance between the dyes decreases which increases the FRET signal.

Reprinted (adapted) with permission from [39]. Copyright (2013) American Chemical
Society.
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Fig. 5.

The forces of gradient laser trap on a dielectric sphere in the ray optics regime. A focused
laser beam attracts a dielectric sphere toward its waist. Repositioning of the laser beam

results in repositioning of the trapped sphere.

Reprinted (adapted) with permission from [67]; see article for a full explanation. Copyright

(2013) American Chemical Society.
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Fig. 6.
Optical tweezer strategies in the study of DNA-protein interactions. Focused lasers (red

cones) are used to trap beads (green) to which DNA can be attached. In (A) the other end of
the bead is tethered to a surface permitting various amounts of tension to be applied to the
DNA. (B) DNA is caught between two beads in a dumbbell configuration. This strategy
allows for full three-dimensional position control of the bead, in addition to variable tension.
(C) The DNA end shown in (A) can be brought toward the surface of a coverslip permitting
TIRF illumination of the DNA for direct visualization of protein-DNA interactions.
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Fig. 7.
Magnetic tweezer strategies. (A) DNA (blue) is tethered between a surface and paramagnetic

beads (orange) attracted toward the magnets. By rotating the magnets twist can be applied to
the DNA forming plectonemes which in turn allow for very high resolution measurements of
changes in the DNA structure. (B) In this strategy the magnet can be manipulated to bring
DNA close to the surface and can therefore be used in conjunction with TIRF imaging. This
has an advantage over laser tweezers in that all beads in the visual field will behave
similarly, permitting multiplexing.
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Fig. 8.
An artistic representation of the huge amount of crowding within an £. coli cell. Adapted

from [132]. When studying the behavior of molecular systems, one cannot forget that cells
are very crowded, how well do normal buffer solutions mimic this situation?
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