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2 H O M O LO G O U S
R E C O M B I N AT I O N

single-molecule views on homologous re-
combination
All organisms need homologous recombination to repair DNA double-strand breaks.
Defects in recombination are linked to genetic instability and to elevated risks in
developing cancers. The central catalyst of homologous recombination is a nucle-
oprotein filament, consisting of recombinase proteins (human RAD51 or bacterial
RecA) bound around single-stranded DNA.

The biological role of the nucleoprotein filament consists in finding the homolo-

gous DNA sequence in the sister chromosome and exchange the genetic informa-

tion in order to re-estabilish the genetic integrity. Over the last two decades, single-

molecule techniques have provided substantial new insights into the dynamics of

homologous recombination. Here we survey important recent developments in

this field of research, we highlights the contradictions of the current experimental

evidence and provide an outlook on future developments and open questions.
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14 homologous recombination

2.1 introduction

2.1.1 Double-stranded DNA breaks and Homologous Recombination

Ultimately, the biological essence of life consists in the accurate transmis-
sion of genetic information from one generation to the next. Preserving
genome integrity against DNA damages is therefore crucial for living or-
ganisms.

Figure 4.: Homologous recombination pathway. [1] Two intact identical copies
of the genome in somatic cells in S and G2 phases. [2] Occurrence
of a DNA double-stranded break (DSB). [3] End-resection creates a 3’
single-stranded DNA tail. [4] RAD51, assisted by recombinase medi-
ators assembles in form of filaments on ssDNA. [5] Homology search:
the nucleoprotein filament finds the homologous DNA sequence. End
of the pre-synaptic phase. [6] Sequence homology is found and a sta-
ble complex is formed. One of the strands of the target DNA (red) is
displaced and interacts with the secondary-binding site of the recombi-
nase filament. End of synaptic phase. [7] RAD51 unbind from the DNA
duplex, triggered by ATP hydrolysis (Start of post-synaptic phase). [8]
Cross-over structure is resolved and genomic integrity is re-established.



2.1 introduction 15

Among the different types of DNA damage encountered, DNA double-
strand breaks (DSB) pose a serious threat to cell survival. If left unrepaired
they can lead to chromosomal fragmentation and genomic rearrangements,
a hallmark of many cancers [73, 80]. DSBs are predominantly caused by Double-stranded

breaks (DSB) and
Homologous
Recombination

chemical and environmental agents such as reactive oxygen species and
ionizing radiations. In addition, DSBs can be induced endogenously to
generate genetic diversity during meiotic recombination. One of the fun-
damental cellular strategies to repair DSBs is homologous recombination
(HR). In somatic cells, HR is active during the S and G2 phase of the cell
cycle [71], when sister chromatids are available to serve as a template for
the recovery of the genetic information. HR is a highly regulated and ac-
curate process, which is able restore chromosome integrity without losing
genetic information [142, 184]. The basic scheme of HR is similar across all
kingdoms of life and can be divided in three stages [71, 142]: pre-synapsis,
synapsis and post-synapsis (see Figure 4). Steps in HR pathway

In pre-synapsis, the broken DNA ends are processed by a specialized
set of proteins (end-resection machinery) that create long 3’-tailed single-
stranded DNA (ssDNA) overhangs. Single-stranded DNA binding pro-
teins, such as Replication Protein A (RPA) in humans, immediately cover
the exposed ssDNA to protect it from degradation [180]. Next, recombi-
nase proteins (RAD51 in eukaryotes, RecA in E. coli), assisted by recombi-
nase mediators (in human: tumour repressor proteins BRCA2 and RAD51

paralogues such as RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3),
displace RPA and form nucleoprotein filaments (NPF) on the ssDNA over-
hangs [83, 98, 75]. The NPF, in turn, is able to find (homology search)
and pair (strand exchange) with the homologous section on the sister chro-
mosome. ATP-hydrolysis triggers RAD51 disassembly, creating a joint-
structure that serves as priming site for DNA synthesis and recovery of
the genetic information. Finally, the joint intermediates are resolved and
ligated, restoring two intact chromosomes. Medical relevance of

DNA repair
recombination

Malfunctions in DNA repair processes can cause chromosome instabil-
ity [73], one of the causes of cancer formation [119]. In addition, muta-
tions in HR genes have been linked to various forms of hereditary dis-
eases [73]. For example, biochemical and genetic studies pose the process
of nucleoprotein-filament formation at the centre of a complex network
of mediators that include important tumour-suppressor proteins such as
BRCA2 and various helicases (BLM, FANCJ, RecQ5), which are implicated
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in different forms of tumours [108, 29, 73]. Understanding the dynamics
and the regulation of the RAD51 nucleoprotein filament is therefore not
only important for understanding homologous recombination but can also
provide insights in the molecular causes underlying carcinogenesis.

2.1.2 Structure and conformations of human RAD51

Recombinase proteins RAD51 (human) and RecA (E. coli) are considered to
be the central HR catalysts, since they are involved in the core step of the re-
combination process, the exchange of DNA strands between homologous
sections of the chromosomes [14]. RecA and RAD51 share structural andRecA and RAD51:

at the core of
homologous

recombination

functional similarities but also some remarkable differences. Both RAD51

and RecA are globular proteins with a molecular weight of 38 kDa and
DNA-stimulated ATPase activity [10, 166].

These recombinase proteins form regular, right-handed, helical filaments
around ssDNA and dsDNA [190]. Human RAD51 and E. coli RecA bind
to both ssDNA and dsDNA in the presence of ATP with a stoichiome-
try of one monomer per 3 nucleotides [14, 166, 128], resulting in a heli-
cal structure with approximately 6 proteins per helical turn [190]. X-rayThe RAD51

nucleoprotein
filament

crystallography and electron microscopy studies have provided snapshots
of the dynamic rearrangements of nucleoprotein filament, demonstrating
the existence of distinct conformations depending on nucleotide bound to
the ATPase active site, that is located at the monomer-monomer interface
within the recombinase filament [33, 38, 134]. In the case of human RAD51,
nucleoprotein filaments formed in the presence of ssDNA and ATP, exhibit
an extended conformation, characterized by a pitch of 9.9 nm [190], which
results in an average axial rise per base of 0.51 nm, approximately 50%
longer than B-form dsDNA (0.34 nm). RAD51-ssDNA filaments assem-
bled in the presence of ADP or ATP-γ-S, are significantly shorter, with a
helical pitch of only 7.6 nm [190] (average axial rise per base is 0.39 nm).
The structural difference between these two conformations consists in the
position of the N-terminal domain, which undergoes a rotation from the
extended ATP-bound state to the compressed ADP-bound form [190].

RecA, the bacterial homolog of RAD51, displays similar structural prop-
erties, also showing two different conformations with and elongated and
compressed pitch (10 vs 8 nm) according to the nucleotide bound (ATP vs
ADP) [128]. One of the striking biochemical differences between RAD51
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and RecA consists in the interplay between their structural and functional
features and the nucleotide cofactor bound at the monomer-monomer in-
terface. ATP-γ-S, for example, activates the RecA recombinase filament
for strand exchange by keeping it in the extended conformation. On the The RecA

nucleoprotein
filament

contrary, the RAD51 filaments on DNA bound in the presence of ATP-γ-S
display a compressed structure, likely resembling and intermediate state
before disassembly. In the case of RecA the two conformations clearly dis-
play very different biochemical functions: ATP-bound-extended filaments
are able to perform strand exchange with high efficiency, while the ADP-
bound-compressed form is less active, and might represent an intermedi-
ate state before disassembly [128].

A recent X-ray crystallography study on RecA [33] has revealed impor-
tant insights on how ssDNA and dsDNA are engaged by the recombinase
filament. In the RecA-ssDNA complex the average base-to-base distance is
0.51 nm, exactly 50% longer than in the B-DNA form (0.34 nm). The inter-
base distance, however, is not uniform throughout the filament. Every
RecA monomers binds three bases. Within the triplet, base stacking is ob-
served between two bases, resulting in a B-DNA-like conformation, with a
slightly elongated axial rise of 0.42 nm. The last base of one triplet and the Molecular insights in

strand exchange
reaction catalyzed by
RecA

first one of the next shows a significant local stretching (0.78 nm) and no
base stacking interactions. In addition, RecA has a secondary binding site
(SBS), whose role in strand exchange is still unclear. This secondary bind-
ing site binds ssDNA with higher affinity than dsDNA. A possible role for
the SBS is therefore to interact with the ssDNA strand that is displaced
during strand exchange [104, 103, 77] and stabilize the nascent strand ex-
change complex.

Although these structural studies provide insights in HR with atomic
resolution, only static snapshots of some of the reaction intermediates
are available. Isolating, addressing and quantifying the dynamic features
of this complex biophysical process is fundamental to obtain a detailed
knowledge of the HR repair process. Over the past two decades, DNA-
protein interaction studies have been revolutionized by the development
and application of single-molecule techniques [25]. These approaches are Single-molecule

approaches and the
study of HR

very well suited for resolving the dynamics of complex and heterogeneous
biological transitions [25]. The HR process and in particular recombinase
proteins (RecA and RAD51) have been under intense study using these
novel methods. In this review we will provide an overview of the methods
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used, experiments done and an outlook of what can be expected in the
years to come.

2.1.3 Single-Molecule Techniques for studying DNA-protein interactions

In the last two decades a substantial advancement has been made to de-
velop and apply novel technologies for providing a quantitative descrip-
tion of DNA-protein interactions. The field of single-molecule technolo-
gies, in particular, experienced a tremendous increase in its importance.
Here we will briefly discuss the three classes of single-molecule techniques
that have been most successfully applied to HR.

The first class is based on the mechanical manipulation of individual
DNA molecules using optical [117] or magnetic tweezers [45]. Using these
approaches, the interaction between proteins and DNA is followed by mon-
itoring the changes in the mechanical properties of the DNA substrate,
such as the contour or the persistence length (see Figure 5). In both meth-Single-molecule

DNA manipulation ods, ssDNA or dsDNA needs to be attached to force transducers. In
all these experiments, an individual single-stranded (ssDNA) or double-
stranded DNA (dsDNA) molecule is attached from its extremities between
two surfaces, one of them acting as force transducer. In magnetic and
single-optical tweezers the two surfaces consist of a micron-sized bead
and a glass slide or a micropipette. For dual-optical tweezers the DNA
molecule is directly attached to two micro-spheres. The extension of the
DNA and the tension applied to it can be measured and controlled with
high precision (on the nanometer scale and sub-piconewton resolution).
The key difference between the two techniques is the physical nature of
the bead manipulation mechanism.

In an optical tweezers instrument, the tight focus of a near-infrared laser
beam generates a three-dimensional trap due to the momentum transfer
from the laser light to the microsphere [7]. In this way, transparent, µm-Optical Tweezers

sized spheres can be stably held. Optical tweezers are currently capable
of distinguishing mechanical changes in length of the DNA molecule with
Ångstrom precision [148, 1] and apply forces as high as high as hundreds
of piconewtons [120].

In a magnetic tweezers instrument an electromagnet or permanent mag-
net is mounted on a motorized stage in close proximity to the sample. The
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DNA is attached with one end to the surface of the microscope slide and
with the other end to a paramagnetic microsphere.

Figure 5.: Single-molecule techniques for studying homologous recombination.
[A] Magnetic tweezers scheme. A pair of magnets is used to extend and
rotate a DNA molecule tethered between the glass and the paramagnetic
bead. Protein binding inducing mechanical modifications of the DNA
structure can be monitored in real-time following the change in twist
or end-to-end length of the molecule. [B] Single-molecule FRET spec-
troscopy. A duplex DNA containing a single-stranded DNA overhang
is labelled with a donor-acceptor fluorophores pair. The formation of a
DNA-protein complex results in a change in distance between the FRET-
pair and a concomitant reduction in FRET efficiency. [C] Optical tweez-
ers combined with DNA-flow stretching and fluorescence microscopy. A
DNA molecule is attached via a single-end to a optically trapped bead.
The drag caused by the flow keeps the DNA in a elongated configu-
ration and a non-uniform tension is applied along the DNA molecule.
Binding and translocation of fluorescent proteins can be detected using
fluorescent microscopy. [D] Dual-optical trapping and fluorescence mi-
croscopy. A single-DNA molecule is attached to two optically trapped
beads and hold in an extended configuration while the force applied
along the DNA applied uniformly and measured with sup-pN preci-
sion. Binding and unbinding of fluorescent proteins can be resolved via
fluorescence microscopy.

The magnetic field acting on the magnetic dipole of the paramagnetic mi-
crosphere allows the extension and coiling of single biopolymers attached
between the glass surface and the microsphere [154, 158]. Key advantages
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of magnetic tweezers over optical tweezers are the possibility to coil the
DNA [96] and that many tethers can be followed in parallel [45]. Recently,Magnetic Tweezers

methods to directly measure the torque acting on the DNA have been de-
vised [97]. In terms of sensitivity, the capability of magnetic tweezers of
achieving sub-nm resolutions has been only recently demonstrated using
more sophisticated bead imaging schemes [89]. Also, the forces that can be
reached using magnetic tweezers are about an order of magnitude smaller
than what can be achieved with optical tweezers.

In an extension of the optical and magnetic tweezers methods discussed
above, several laboratories have successfully embarked on methods that
allow the manipulation of two DNA molecules at the same time, in order
to study (protein-mediated) interactions between the two DNA molecules.
So far, an optical tweezers instrument equipped with four independentlyDual DNA molecule

manipulation steerable optical traps has been developed and applied to study the protein-
mediated bridging between different DNA molecules [42] and to localize
individual proteins bound to DNA [123]. More recently, this approach has
been further expanded, using a combination of optical and magnetic tweez-
ers, enabling the controlled application of torque in dual DNA-manipulation
experiments [45].

A second class of single-molecule approaches to study DNA-protein in-
teractions is single-molecule fluorescence microscopy, in particular employ-
ing single-pair Förster Resonance Energy Transfer (spFRET) (see Figure 5).
FRET is a photo-physical phenomenon in which two fluorescent molecules
(commonly referred as the donor-acceptor pair) exchange energy through
a non-radiative process [62]. The efficiency of FRET is dependent on the
nature of the two fluorophores (in particular the overlap between the fluo-
rescence spectrum of the donor molecule and the absorption spectrum of
the acceptor) and, in a highly non-linear fashion on the distance between
donor and acceptor (which needs to be less than 10 nm for FRET to occur).
A widely applied scheme to study DNA-protein interactions using spFRETSingle-molecule

fluorescence
microscopy

consists in labelling the protein or the substrate of interest at a specific posi-
tion with a donor-acceptor pair and monitor the change in FRET efficiency
upon the progression of the biophysical interaction [140, 107] (see Figure
5). In addition, experiments and theory both validated the use of spFRET
as a molecular ruler capable of resolving movements equivalent to single
base pairs [74]. spFRET has been applied successfully to helicases [187],
DNA polymerases [144] and protein movement on ssDNA [63].
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A third and rapidly expanding category of single-molecule approaches
involves combinations of DNA manipulation and visualization using fluo-
rescence microscopy. Examples of such methodology include fluorescence
microscopy combined with DNA combing or flow stretching [19]. In this
approach, single DNA molecules are covalently attached with one end to
a functionalized glass surface and extended by the viscous drag generated
by the buffer-flow. Fluorophores bound on the DNA or fluorescently la-
belled DNA-bound proteins, can be visualized using Total Internal Reflec-
tion Fluorescence microscopy (TIRF-M). This approach can be expanded
using "DNA curtains", a specialized patterned attachment protocol that al-
low multiple DNA molecules to be bound next to each other along lines
perpendicular to the solvent flow, which is excellent for massive paralleliza-
tion of the experiments [57]. Also, very recently, it has become possible to Combining DNA

manipulation using
flow-stretching and
single-molecule
fluorescence
microscopy

apply this method to ssDNA substrates using a dual attachment strategy
[56]. A limitation of surface-based assays is the vicinity of the glass sur-
face to the DNA that can cause unwanted electrostatic interactions and the
inability to control the conformation of the DNA in a dynamic way. DNA
flow stretching was therefore combined to optical trapping [130] (see Fig-
ure 5). In this way, only a single DNA molecule can be followed at a time.
The method is, however, compatible with microfluidics, allowing rapid
buffer exchange, which permits fluorescence imaging in the absence of a
background of fluorophores freely diffusing in solution and the controlled
triggering of the biochemical reaction [22].

The most sophisticated approach in this category involves tethering a
single DNA molecule between two optically trapped microspheres using
dual-trap optical tweezers. In this way, it is possible to control both the
tension and the extension of a single DNA molecule in a precise and
dynamic fashion. These features are essential for high-resolution and
high-sensitivity fluorescence imaging. It has been demonstrated that this Combining DNA

manipulation using
optical tweezers and
single-molecule
fluorescence
microscopy

approach allows manipulation of a DNA molecule with sub-piconewton
resolution while visualizing individual fluorescent molecules bound to it.
Hence allowing determination of the oligomeric state as well as their phys-
ical location with sub-10-nm accuracy (see Figure 5) [25, 36, 173].
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2.2 single-molecule experiments

2.2.1 Assembly of the nucleoprotein filament

In the presynaptic phase of HR, the formation of the nucleoprotein fila-
ment is the first step catalysed by RecA and RAD51 recombinases [142]. A
two-step mechanism involving nucleation and growth has been proposed
for the formation of a recombinase filament [30] but a precise quantifica-
tion of both nucleation and growth rate has not been possible using stan-
dard bulk biochemical assays. In addition, to obtain a full understanding
of recombinase protein binding to nucleic acids would require a detailed
knowledge of the different oligomeric species present in solution [161],
their aggregation kinetics and their respective DNA-binding properties.

In the following section we will examine and discuss the major find-
ings on the dynamic assembly of the nucleoprotein filament provided by
single-molecule technologies. The assembly of both RecA and RAD51 re-
combinase filaments on single- and double-stranded DNA was addressed
using a diverse set of single-molecule techniques, including magnetic and
optical tweezers, FRET spectroscopy and single-molecule fluorescence mi-
croscopy.

Using magnetic tweezers, changes in end-to-end length of DNA covered
with RecA or RAD51 nucleoprotein filament were measured in real-time
(see Figure 6, 7 and 8) [172, 169]. Monte-Carlo simulations were performed
to extract kinetic parameters characterizing RAD51 and RecA assembly
[167]. On basis of these simulations, the authors proposed that RAD51-Magnetic tweezer

experiment on
RAD51 and RecA
filament assembly

filament formation is characterized by: (i) a low ratio between growth
and nucleation rate (cooperativity), approximately 200 for RAD51; (ii) pen-
tamers of RAD51, preassembled in solution, being the units of filament
nucleation and growth; (iii) RAD51-filament assembly being independent
of the DNA being double or single stranded and the tension applied to the
DNA. The same experimental method and analysis were also applied to E.
coli RecA, and its filament formation mechanism on ssDNA was addressed
[172].

Similarly to RAD51, the data suggested that RecA assembly on ssDNA
occurs by nucleation and growth of preformed multimers of RecA (hexam-
ers) that form filaments with low cooperativity (between 10 and 20). In
another, technically innovative magnetic-tweezers study [6], RAD51 bind-
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Figure 6.: RAD51 filament formation at the single-molecule level using DNA ma-
nipulation. [A] Assembly of RAD51 on ssDNA using magnetic tweezers.
Binding of RAD51 induces a change in the end-to-end distance. [B] Ex-
ample of an experimental trace. The increase in DNA length can be
analysed to estimate the parameters of RAD51 filament formation (nu-
cleation and growth rate). [C] Freely rotating magnetic tweezers. [D]
Image sequence showing the bead rotation produced by the binding of
RAD51 on dsDNA. [E] Rotation traces at different RAD51 concentration
show a stepping behaviour with a typical step size of 65

◦(black-10 nM,
red-75 nM, blue-50 nM). Figures reprinted from [169, 6].

ing to dsDNA was monitored by tracking changes in dsDNA twist instead
of length. According to structural studies, the binding of RAD51 results
in the elongation and unwinding of duplex DNA: each RAD51 monomer
binding to dsDNA increases dsDNA length with 0.17 nm and unwinds it
of approximately 45

◦ [190].
To monitor the rotation of the magnetic bead along the vertical axis in

response to RAD51 binding, a magnetic field parallel with the DNA was
applied (see Figure 6). A smaller microsphere was attached to the para-
magnetic bead connected to the DNA, allowing tracking of bead rotation
with an accuracy of 5

◦ (see Figure 6). Using this method, individual rota-
tion steps of 65

◦ were observed (see Figure 6), inconsistent with preassem-
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Figure 7.: RAD51 filament formation at the single-molecule level using fluores-
cence visualization. [A] Single optical trapping combined with flow
stretching to visualize the nucleation of RAD51 on dsDNA. [B] Nucle-
ation rate as a function of time, showing a linear dependence on the
time. [C] Nucleation rate as a function of free RAD51 concentration.
The experimental data is fitted with a a power-law. Figures reprinted
from [72].

bled RAD51 pentamers being the active species for filament growth [169].
On basis of these observations the authors proposed a new model, where
individual RAD51 monomers are responsible of the filament growth step.

A single-molecule approach able to directly visualize the nucleoprotein-
filament assembly made use of optical tweezers in combination with DNA
flow-stretching and fluorescence microscopy [55] (see Figure 7). A DNA
molecule attached to a micron-sized bead held in an optical trap was ex-
tended using buffer flow. The instrument consisted of a micro-fluidic de-
vice that allow introduction of each reaction component separately using
laminar flow. In this way it was possible to expose the DNA molecule
to a buffer containing fluorescently labelled RecA for a defined duration.
Following this incubation step, the molecule was repositioned in an ob-
servation channel, which did not contain fluorescent RecA. Using this ex-Single-molecule

experiment on RecA
filament assembly

perimental assay, it was for the first time possible to directly visualize
individual RecA nuclei on dsDNA and to quantify the rate of nucleation
(of the order 10

-6 nuclei s-1 bp-1) (see Figure 8) It was observed that the
rate of nucleation, the rate-limiting step of filament formation, depends
on RecA concentration with a power-law (see Figure 8). Fitting the ex-
perimental data with the equation knucl = k0 [RAD51]n indicated that the
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nucleation step involves approximately 4 to 5 RecA monomers (n=4.5±0.5).
In addition, performing multiple, subsequent incubation and visualization
cycles allowed distinguishing the RecA-filament nucleation phase from the
growth phase.

Figure 8.: RecA filament formation at the single-molecule level.[A] Optical
tweezes combined with flow stretching for studying RecA assembly on
dsDNA. Snapshots taken at different incubation times show an increase
in fluorescence intensity due to RecA binding. [B] RecA nucleation rate
at different RecA concentrations in the presence of ATP (red dots) and
ATP-γ-S (black). Fit corresponds to the functions knucl = k0 [RecA]n.
[C] Schematic representation of FRET-assay for determining the exten-
sion unit of RecA filament assembly. A donor-acceptor FRET pair al-
lowed detecting RecA dynamics at the 5’-end of the filament in real-
time. [D] Four distinct FRET states were observed. Fast and reversible
transitions occurred between states, indicating association and dissoci-
ation of RecA. The transitions between FRET states occurred between
neighbouring states (Mi⇀↽Mi+1), indicating assembly and disassembly
of RecA monomers. Figures reprinted from [55, 84].
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Growth occurred with a rate of 2 RecA monomers per second, indicating
that the cooperativity of RecA-dsDNA filament formation is characterized
by a high cooperativity, of the order 10

6.
The same experimental protocol was applied to study the assembly

mechanism of human RAD51 [72]. Intriguingly, important differences
were reported. First, for RAD51 nucleation was shown to involve 2 to 3

RAD51 monomers. Second, RecA requires only a few nucleation points
that grow cooperatively to produce µm-long segments of continuously
coated DNA molecule. RAD51, because of its lower cooperativity, reaches
complete coverage of the DNA starting from many more nuclei that show
limited growth. This observation is a clear indication that the cooperativity
of RAD51-dsDNA filament formation is one or two orders of magnitude
smaller that of RecA.

The RecA-filament-formation mechanism was addressed at high tempo-
ral resolution using spFRET [84], with a donor and acceptor fluorophore
attached to ssDNA in order to measure ssDNA conformational changes
upon filament formation. Without RecA bound, the ssDNA is in a coiled
configuration, with donor and acceptor close, resulting in a high FRET ef-
ficiency (see Figure 8). RecA binding to ssDNA leads to the formation of a
stiff, elongated nucleoprotein filament, resulting in an increased distance
between donor and acceptor and consequently a lower FRET efficiency. At-
taching the fluorophores to different locations on the DNA, permitted to
compare the kinetics of filament formation on the 3’- and the 5’-end of
the ssDNA. The authors observed in the first place that stable filament
formation only took place only on substrates with a single-stranded over-
hang exceeding 17 nucleotides. Substrates with shorter ssDNA segmentsRecA filament

formation using
FRET spectroscopy.

allowed only the transient formation of DNA-protein complexes. The hy-
pothesis connected to this observation was that nucleation clusters com-
posed of smaller structures than RecA pentamers are not stable enough to
form a seed for filament formation. Next, RecA binding and unbinding
rates were determined for both the 3’- and 5’-ends. These measurements
indicated two interesting aspects of RecA-ssDNA interaction: (i) the un-
binding rate is equal at the two ends and (ii) RecA filament formation is
faster at the 3’-end. The differential assembly speed of RecA at opposite
ends, rather than in differences in the disassembly kinetics is therefore the
reason of polar growth displayed by RAD51. Finally, the detailed analysis
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of the FRET traces allowed defining that filament extension occurs via the
addition of RecA monomers.

Very recently, a substantial advancement towards the understanding of
RecA filament assembly has been made. Using a novel assay, Bell and
coworkers [12] monitored RecA nucleation and growth on single-stranded
binding protein (SSB)-coated ssDNA. First, a biotinylated dsDNA molecule
was attached to a streptavidin-coated glass coverslip, it was subsequently
denatured using an alkaline solution and then saturated with fluorescent
SSB. Fluorescent RecA was introduced in the flow-cell and, after a rins-
ing step, fluorescence visualization was used to inspect the formation
of a RecA-ssDNA complex. Successive cycles of incubation, buffer ex-
change and fluorescence visualization highlighted the complex mechanism
of RecA filament formation on SSB-coated ssDNA. A first striking observa- RecA filament

formation using
DNA manipulation
and fluorescence
microscopy.

tion was that RecA nucleation was observed to increase quadratically with
respect to RecA concentration. This suggested that RecA nucleation on
SSB-coated ssDNA requires a critical nucleus composed of a dimer, rather
than of a pentamer, as reported by the same group in an earlier study on ds-
DNA [55]. Also, the effects of recombinase mediators such as RecO, RecF
and RecR (RecFOR complex) were tested at the single-molecule level us-
ing a dual optical tweezers assay combined with fluorescence microscopy.
The analysis of these interactions highlighted the interplay between SSB
dynamics on ssDNA and RecA nucleation and filament assembly.

The authors proposed that RecA is in fact unable to form filaments on
SSB-coated ssDNA and its assembly relies uniquely on the transient local
unwrapping of SSB tetramers from the ssDNA. The role of RecOR and Rec-
FOR complex is therefore to destabilize the ssDNA-SSB complex, giving
the opportunity to RecA to form the nucleoprotein filament and allow the
sequential steps of homologous recombination to take place. As described,
several controversies have emerged from the various single-molecule stud-
ies of recombinase filament formation and a definitive molecular model
describing the kinetics of filament formation is still lacking. Past stud-
ies using fluorescence spectroscopy technique [30] addressed the RecA-
ssDNA interaction. It was found that increasing RecA protein concentra-
tions does not affect the rate of binding to a fluorescent single-stranded
polynucleotide [30]. The hypothesis that was put forward to explain this
observation was that the formation of a RecA-ssDNA nucleus is preceded
by concentration-independent activation step (either a conformational change
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of the RecA protein or the dissociation of “active” RecA species from a
RecA aggregates in solution). The application of single-molecule tech-
niques allowed the direct visualization and quantification of RecA nu-
cleation step and how it varies as a function of free RecA concentration,
disproving the former hypothesis. Currently, several experiments haveUnknowns in

nucleoprotein
filament formation

provided evidence supporting a nucleation step of RAD51 and RecA that
requires three or more proteins bound to the DNA, irrespective if ssDNA
or dsDNA is used as reaction substrate. A consensus over the actual num-
ber has not been reached yet, and in addition, a physical and structural
explanation for this minimal size requirement is missing. Whether RAD51

and RecA accomplish nucleation starting from preassembled species in
solution or through the coincident binding of multiple monomers also re-
mains controversial. In fact neither RecA nor RAD51 exists in solution in
a defined oligomeric state in the absence of DNA. The kinetics of recombi-
nase filament self-assembly in solution has been addressed using various
technical approaches [161, 122]. It was found that the oligomerization state
of RAD51 and RecA is highly sensitive to the environment and to the free
protein concentration. In the absences of such knowledge, obtaining a
quantitative picture of how recombinase filaments form on nucleic acids
is a remarkably challenging task and cannot be properly addressed by the
use of bulk biochemical techniques.

In addition, using single-molecule approaches such as magnetic and
optical tweezers, it is possible to disentangle the filament growth phase
from the nucleation step only if the two kinetic rates are highly separated
(high cooperativity) [127]. In magnetic tweezers experiment, for example,
the binding of protein to the DNA is monitored by measuring changes in
DNA length (or twist), averaging over multiple, simultaneously growing
filaments. Techniques employing fluorescence visualization allow discrim-
inating the dynamics of distinct filaments. Fluorescence methods, however,Future directions

suffer from the high background signal of fluorescently labelled proteins
in solution, which makes it very hard to visualize the progress of fila-
ment formation in real-time. To overcome this problem, DNA molecules
are subjected to cycles of incubation (in a buffer containing fluorescently
labelled recombinase) and visualization (in a buffer not containing fluo-
rescent proteins), resulting in only snapshots. In the near future, we be-
lieve that improved visualization methods, capable of limiting background-
fluorescence, will allow visualization in real-time the formation of RAD51
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and RecA recombinase filament with single-monomer resolution and fi-
nally resolve these unresolved questions.

2.2.2 Conformational transition of the nucleoprotein filament

The interplay between structural and functional properties of recombinase
filaments has been intensely studied, in particular by electron microscopy.
The general idea that has emerged is that both RecA and RAD51 filaments
can adopt two conformations, an extended, active one with a pitch of 9-10

nm and a more compressed one that is at least 20% shorter [190, 47]. The Structures and
functions of RAD51
and RecA

structural heterogeneity present in recombinase filaments is commonly at-
tributed to conformational transition induced by ATP hydrolysis involving
the rotation of the C-terminal subunit in RecA or N-terminal one in RAD51

[190]. Interestingly, the two filament conformations have been argued to
have different biochemical functions: the extended one is active in perform-
ing stand exchange, while the compressed one appears inactive and might
represent an intermediate before filament disassembly [23].

Since electron microscopy can only provide static snapshots of these con-
formational changes, single-molecule techniques have been applied to ad-
dress these dynamics transitions in real time. The mechanical properties of
recombinase-DNA complexes were explored for the first time using optical
tweezers in a set of pioneering experiments at the end of the 90s in the lab
of Bustamante. A remarkable behaviour was observed for RecA-ssDNA fil-
aments assembled in the presence of ADP [69]. Upon successive stretching
and relaxing of these filaments, the force-extension curves measured in the
optical tweezers displayed notable hysteresis (see Figure 9). Extending the Force affects RecA

filament structuremolecule to its contour length required forces up to 15 pN. Reaching this
force-threshold resulted in a plateau-like lengthening, followed by a fur-
ther force increase. The relaxation curve showed a substantial lengthening
but a more regular behaviour (see Figure 9). Two alternative interpreta-
tions were put forward: (i) stretching the ssDNA induces a transition of
the nucleoprotein from the compressed to the extended state or, (ii) free-
RecA in solution can associate with gaps opening along the filament in a
force-dependent and reversible way. The latter explanation could not be
excluded since the experiments were performed in the presence of protein
in solution. Later, similar results were obtained in a study using magnetic
tweezers [172].
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Figure 9.: Conformational transitions within RAD51 and RecA nucleoprotein fil-
aments using DNA manipulation. [A] Stretching and releasing cycles
of a single ssDNA molecule in complex with RecA-ADP using optical
tweezers. The first stretching curve shows the approaching of the con-
tour length approximately at the extension of 3 µm. At 10 pN a plateau
is observed, followed by the stiffening of the molecule. The release curve
shows hysteresis, indicating the occurrence of a force-induced conforma-
tional transition. [B] A RecA nucleoprotein filament is formed on ssDNA
in the presence of ATP. Multiple buffer exchanges containing or lacking
ATP induce reversible changes in DNA length. Figures reprinted from
[69, 172].

RecA nucleoprotein filaments were assembled on ssDNA in the pres-
ence of ATP and Mg2+ while the DNA’s end-to-end length was monitored
at a constant stretching force of 3 pN. Using micro-fluidics buffers contain-
ing or lacking ATP could be flushed in reversibly, resulting in elongation or
contraction of the DNA with at least 20% (see Figure 9). These experiments
were conducted without RecA in solution, confirming that nucleotide ex-
change modulates the conformation of the RecA filament.

Single recombinase filaments on dsDNA also appear to have different
conformations, as has been demonstrated in flow-stretch experiments com-
bined with fluorescence microscopy [136]. In these experiments a fluo-
rescently labelled dsDNA molecule was anchored to a glass surface and
RAD51 was flowed into the micro-fluidics chamber. The formation of the
nucleoprotein filament was monitored by visualizing the change in length
of the dsDNA (see Figure 10). Upon filament formation, the dsDNA length
increased, corresponding with the formation of RAD51 filaments in the
extended conformation. Removing RAD51 from solution induced a dra-
matic shortening of the DNA, until a final length in agreement with the
compressed conformation was reached.
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These results indicated that RAD51 could remain DNA bound in the
compressed form a significant amount of time. At high ATP concentra-
tions (2 mM), filament compression as well as disassembly was inhibited
(see Figure 10). In addition, applying cycles of rapid buffer exchange be-
tween ATP-containing and ATP-free solutions resulted in reversible tran-
sitions between compressed and elongated filaments, without RAD51 de-
taching from the DNA (see Figure 10). This study clearly indicates that
also RAD51 filaments can adopt distinct conformations, tightly coupled to
the nature of the nucleotide bound. More recently, magnetic tweezers have ATP-exchange

modulates the
structure of RAD1
filament

been used to study whether force can induce conformational transitions in
RecA-dsDNA filaments [37]. In this study, single dsDNA molecules were
first coated by RecA and then subjected to step-wise force increases and
decreases, while monitoring their extension using video microscopy. In
the absence of free RecA in solution, rapid (<1 s) force increases (from 40

to 55 pN) were followed by slow (4 nm/s) and continuous elongation of
the DNA, lasting more than 100 seconds. This observation indicates that
applying force to the filament can induce a conformational transition from
the compressed to the elongated conformation, resulting in longer DNA
tethers.

Single-molecule approaches have thus provided hints of the dynamic
nature of recombinase filaments. Several studies have confirmed that both
RecA and RAD51 form filaments on DNA differing in length and mechan-
ical properties that can reversibly interchange. On one hand, filaments in
the compressed conformation (which appears to be inactive in catalysing
strand exchange) can be converted to the extended configuration if a high
enough ATP concentration is present in solution. On the other hand, ten-
sion on the filament also affects filament conformation, indicating the tight
coupling between the DNA substrate and the filament structure. Several of
the molecular mechanisms underlying the transition between the extended,
ATP-bound filament to the compressed, ADP- bound one are unclear.

First of all, what is the temporal coordination between ATP hydrolysis,
ADP release and the structural compression step? In addition, what struc-
tures is adopted when both ATP and ADP are present within the same
filament? Is it possible that heterogeneous structures are present within
the same continuous nucleoprotein filament? Furthermore, the quantita-
tive thermodynamic model underlying the transition between these two
conformations is not known. Future single-molecule experiments, in con-
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Figure 10.: Conformational transitions within RAD51 and RecA nucleoprotein
filaments.[A] TIRF-microscopy combined with flow-stretching. [B] Ex-
perimental result showing lengthening and shortening due to nucleo-
protein filament assembly and subsequent compression. [C] Cycles of
buffer exchange show reversible transition from the extended to the
compressed state and vice-versa resulting from the presence of free
ATP in solution. [D] If after RAD51 assembly, ATP is depleted from so-
lution (red trace) the nucleoprotein converts into its compressed form
(final length 7 µm). When high ATP concentration is supplied to the
reaction, the filament compression step is blocked. Figures reprinted
from [136].

junction with non-equilibrium thermodynamic modelling will be required
to gain further insights in this intriguing aspect of recombinase nucleopro-
tein filaments and their role in the strand exchange reaction.

2.2.3 Homology search at the single-molecule level

During the homology-search process the recombinase nucleoprotein fila-
ment needs to find, align and form a stable complex with the complemen-
tary sequence on the sister chromosome. This process needs to be fast and
efficient, considering that replication takes approximately 1 to 2 hours (in
S.Cervisiae [8]) and in that time a unique sequence has to be found among
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the many millions of base pairs available. The strategy and mechanism of
homology search is not clear at present. A mechanism purely involving
1-dimensional sliding has been ruled out both experimentally [2] and from
theoretical considerations [9].

Figure 11.: Homology search mechanism performed by RecA nucleoprotein fil-
aments. [A] Sequential multi-step assembly of the single-molecule as-
say. [B] Visualization of the end-product of the strand-exchange reac-
tion. Two different fluorescent nucleoprotein filaments were used, of
430 and 1762 nucleotides respectively. Each of them is homologous to a
different section of the Lambda DNA molecule used as a template. Flu-
orescence visualization allows confirming that strand-exchange took
place at the correct. [C] The efficiency of the strand-exchange com-
plex formation shows a strong dependence on the conformation of the
DNA molecule. At the distance of only 8 µm, corresponding to ap-
proximately 50% of the contour length of the DNA molecule the strand
exchange reaction is highly inefficient. [D] The speed of homologous
recognition is strongly dependent on the DNA conformation. Figures
reprinted from [53].
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Recently, first direct insights in the homology-search mechanism have
been obtained using fluorescence microscopy in combination with dual-
trap optical tweezers and microfluidics [53].

In this study, a single dsDNA molecule was manipulated using optical
tweezers in order to control its end-to-end length. Using micro-fluidics
and an automatized microscope stage (see Figure 11), the trapped DNA
molecule was transferred into a reservoir with no buffer flow present,
where it was allowed to interact with fluorescently labelled ssDNA molecules
pre-incubated with RecA-ATP-γ-S. After a defined incubation time, the
DNA was inspected using fluorescence microscopy. Stable strand-exchange
complexes were observed by monitoring the binding of fluorescent nucle-
oprotein filaments to the homologous sequence in the optically trapped
DNA (see Figure 11). It was found that the efficiency and speed of ho-
mology pairing decreased drastically when the dsDNA was held in an
extended conformation. Stretching the target dsDNA (end-to-end length
more than 80% of the contour length) resulted in no binding of homolo-
gous nucleoprotein filaments. On the other hand, when the target DNA
molecule was relaxed (end-to-end length 20% of the contour length), strand-
exchange complexes formed practically instantaneously. In addition, ho-
mology pairing was found to strongly dependent on the length of the
nucleoprotein filament used in the experiment (see Figure 11). This find-First single-molecule

experiment on
homology search

ing appears to be inconsistent with a search mechanism solely relying on
1-dimensional sliding of the nucleoprotein filament along the target DNA.
Additional modes of search need to be available, such as hopping [58]
and inter-segmental transfer (dissociation and re-association at a distal
segments on the DNA) to explain the dependence of search kinetics on
tension on the DNA and length of the nucleoprotein filament. The authors
proposed a mechanism in which a long RecA nucleoprotein filament is si-
multaneously in contact with many segments of the target DNA (parallel
homology sampling) through short, reversible synapsis events. When the
DNA is not stretched, all conformations can be explored due brownian
motion, allowing the nucleoprotein filament to interact with distant DNA
segments within short time intervals and therefore accelerating the search
process.Homologous and

non-homologous
sequences in the

search process

Another set of single-molecule fluorescence experiments addressed the
issue of discriminating between homologous and non-homologous sequences
in the search process by quantifying how synapse lifetime depends on the
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Figure 12.: Heterologous contacts between RecA nucleoprotein filaments and tar-
get dsDNA. [A] TIRF-based assay for studying the synapsis life-time.
[B] Fluorescent image of synaptic complexes. [C] Fluorescence versus
time for synapsis events using heterlogous (top) or homologous (bot-
tom) sequences. Figures reprinted from [53, 101].

degree of homology [101]. In the assay used, short dsDNA molecules
were anchored to a glass surface while fluorescently labelled RecA-coated
ssDNA molecules were introduced. Stable complex formation between tar-
get DNA and nucleoprotein filaments were identified by stable and bright
fluorescence spots appearing on the glass surface (see Figure 12). It was
found that completely heterologous sequences did form complexes with
lifetimes of tens of seconds. Fully homologous sequences, on the other
hand were found to be even more stable, with lifetimes of hundreds of sec-
onds. In addition, single mismatches were shown to significantly decrease
the synapsis stability. Dual DNA

manipulation to
study RecA-mediated
homology search.

An innovative study, employing the simultaneous manipulation of two
DNA molecules, aimed at quantifying the thermodynamics aspects of synap-
tic complex (see Figure 13) [46]. In that assay, a dsDNA molecule was
tethered between two optical traps and subsequently melted by applying
a high tension resulting in a tethered ssDNA molecule, [60, 173]. This ss-
DNA molecule was incubated with RecA in the presence of ATP-γ-S to
obtain a stable RecA-ssDNA filament. In addition to optical tweezers, the
experimental setup consisted also of magnetic tweezers, used to indepen-
dently stretch and twist a dsDNA molecule tethered to a glass surface. The
ssDNA-RecA complex was brought in contact with the dsDNA and interac-
tions between both DNA molecules were assessed. The first experimental
goal was to quantify the interaction between the secondary binding site
(SBS) of the RecA filament and the target dsDNA. Positively twisted and
uncoiled dsDNA did not interact with the nucleoprotein filament, while
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slightly stretched (tension 3.5 pN) and negatively supercoiled dsDNA did
interact (see Figure 13).

Increasing negative supercoiling resulted in increased strength and prob-
ability of interacting with the nucleoprotein filament. It was proposed that
the negative supercoiling makes short segments of ssDNA available by the
transient formation of ssDNA bubbles on the target dsDNA. These ssDNA
segments, due to their high affinity for the SBS of RecA filaments [103] sta-
bilize the strand-exchange complex. The need for negative supercoiling for
observing interactions indicates that the SBS alone is not able to provide
the necessary energy for melting the target dsDNA and forming a complex
with the ssDNA. Spontaneous DNA breathing and supercoiling, therefore,
appear to play important roles in the homology-search process. In order to
be tested for homology, the target dsDNA needs to be first opened and dis-
torted substantially from its native B-form structure, resulting in an energy
penalty. When homology is found the energy penalty can be overcome by
the base-pairing energy that is gained (see Figure 13). This model there-
fore provides a quantitative framework for the detailed energetic balance
leading to successful sequence recognition.

In conclusion, the energetics and kinetics of the reaction intermediates
leading to the formation of a stable synapse have been addressed at the
single-molecule level. Several aspects of this process, however, are still
unclear. In the first place, a quantitative model explaining how DNA con-
formational dynamic affects the efficiency and the speed of the homology
search process is still missing. Secondly, the observation that heterologous
DNA molecules can pair with high stability in presence of RecA is in ap-
parent contradiction with the requirement of the homology search process
to scan fast through the large amount of non-complementary sequences.
In addition the experimental assays employed so far were not able yet toOpen questions in

homology search directly visualize the actual process of search and recognition of homol-
ogy and were rather indirect in detecting the intermediate steps leading
to a stable D-loop formation. Furthermore, the relative balance between
1D and 3D diffusive search mechanisms is during homology search it is
still unclear. Although a first experiments addressing the thermodynamic
aspects underlying the formation of a stable DNA-nucleoprotein complex
have been performed, a precise quantification of the lifetime of the inter-
mediates states is required to elaborate a predictive target-search model
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Figure 13.: Dual DNA manipulation to study RecA-mediated homology
search.Dual DNA manipulation to study RecA-mediated strand ex-
change. [A] Dual optical trap is used to manipulate a RecA-DNA (ei-
ther ssDNA or dsDNA) complex. Magnetic tweezers is used to stretch
and twist a second DNA molecule (either ssDNA or dsDNA) is teth-
ered between the glass surface and a magnetic bead. The two DNA
molecules can be brought into contact and slided next to each other
to probe their interaction. [B] Push-probe experiment between a RecA-
dsDNA complex and a ssDNA. A force of 3 pN is required to disrupt
the complex. [C] Push-probe experiment between a RecA-dsDNA and
dsDNA. No interaction is observed. [D] Effect of positive and negative
supercoils of dsDNA molecule. When positive supercoils are applied
no interaction is observed (top panel). When negative supercoils are
instead applied, a stable complex is formed that require a force of 2

pN to be disrupted. Figures reprinted from [46]

explaining how two complementary sequences find each other in the ge-
nomic haystack.
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2.2.4 Strand-exchange at the single-molecule level

The nucleoprotein filament, after finding the homologous sequence, cataly-
ses the defining event of the homologous recombination process: the trans-
fer of information between homologous sequences, the strand-exchange.
Due to its transient nature, it has been very difficult to isolate and study
this key-step of homologous recombination using bulk biochemical or struc-
tural methods. Single-molecule approaches have tackled this problem, ad-
dressing its molecular mechanism in real-time on single DNA molecules.The first

single-molecule
experiment on

strand-exchange

In the first single-molecule study of strand exchange, a dsDNA molecule
was attached to a glass surface stretched and negatively supercoiled (F=0.5
pN and 35 negative rotations). The changes in twist and end-to-end length
of the tethered DNA molecule were monitored while it was strand-invaded
by homologous RecA-ssDNA filaments of different lengths (see Figure 14)
[168]. Because DNA bound by RecA is elongated and unwound, strand-
exchange results in the removal of negative supercoils, which in turn cor-
responds to a drastic elongation of the torsional constrained DNA. The
experiment was performed preassembling RecA on ssDNA using two dif-
ferent nucleotide cofactors: ATP-γ-S and ATP. When ATP-γ-S was present,
a gradual and steady increase in the tether length was observed. The final
length was compatible with the expected unwinding and stretching due to
the invasion of the homologous DNA segment. In fact, both the final elon-
gation as well as the duration of the length increase was linearly dependent
on the size of the invading filaments. Therefore it was possible to provide
an estimate of the strand-exchange rate, which was found to be approx-
imately 2 bp/s. Substituting ATP-γ-S with ATP resulted in a drastically
different behaviour. In this case, after an initial phase in which the DNA
length started to increase, a long plateau was observed, followed finally by
a decrease in length until the original DNA extension was reached. Two
analysis methods were applied: in the first one, the total interaction time
was quantified (length increase + plateau + length decrease). This quantity
was also found to be proportional to the size of the invading recombinase
filament, following the same linear dependence found for the ATP-γ-S.

In the second analysis method, the duration and amount of the length
increase phase were quantified. It was observed that they show no correla-
tion with the length of the invading RecA filament. A hypothesis was for-
mulated, in which under ATP-hydrolysis conditions, strand exchange pro-
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gresses throughout the homologous region only through a region (strand-
exchange window) composed of 80 bases. In this model, the exchange
starts at one the invading end (5’), with a rate that is equal to ATP-triggered
RecA unbinding. The invading filament locally elongates and unwinds the
tethered molecule, increasing the end-to-end distance. At the lagging end,
instead, RecA release into solution after ATP hydrolysis and a new hetero-
duplex is created. Therefore, while strand exchange progresses in ATP-
hydrolysing conditions, the end-to-end distance remains constant (see Fig-
ure 14). After the reaction is completed, and all RecA proteins dissociated,
and three-stranded joint structure is obtained, whose length is identical to
the initial length.

Figure 14.: Strand exchange dynamics at the single-molecule level.[A] A dsDNA
molecule is held at constant force and negatively supercoiled. Strand-
exchange results in the increase of the end-to-end length and a shift in
the rotational offset. [B] Real-time detection of the strand exchange in
the absence (red curve) and presence of ATP hydrolysis (green curve).
Absence of hydrolysis produces an irreversible lengthening of the DNA.
When ATP hydrolysis is permitted the lengthening is only transient
and corresponds to a moving strand exchange windows of 80 bases.
Figures reprinted from [168].

A FRET-assay to
study RecA-mediated
strand exchange

In a second study, spFRET, was used to study RecA-catalysed strand-
exchange, allowing discrimination between docking of a RecA-ssDNA com-
plex to the target dsDNA and further progress of strand exchange [132].
The experimental configuration used in the experiment is schematically
represented in (see Figure 15). Acceptor-labelled RecA-ssDNA nucleopro-
tein filaments were assembled in the presence of ATP-γ-S and immobilized.
Donor-labelled dsDNA was injected into the flow-cell and both donor and
acceptor fluorescence intensities were monitored upon donor excitation.
An example of an experimental result is shown in Figure 15. After an ini-
tial lag phase, the donor fluorescence signal suddenly increased (due to
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the docking of the donor-labelled dsDNA). This state quickly converted
(during an interaction time ∆tdelay) to a more stable configuration, charac-
terized by a high FRET efficiency, interpreted to represent the final strand-
invaded complex. The design of the DNA substrates allowed concluding
that the initial binding of the duplex DNA to the nucleoprotein filament
(docking) occurred at different random positions involving just a few bases.
The irreversible conversion from this intermediate state to a high FRET
value was interpreted as the actual occurrence of the strand exchange reac-
tion. Therefore the distribution of strand-exchange times (∆tdelay, the delay
time between the formation of the first intermediate and the stable highest
FRET configuration) was fitted with a Gamma distribution (∆tN-1e-k∆t), un-
der the assumption that strand exchange involves N hidden rate-limiting
steps. Performing this analysis with substrates of different lengths it was
found that strand invasion proceeds in steps involving 3 bases and is char-
acterized by a stepping rate of 70 bp/s (see Figure 15). The observation
that strand invasion occurs in 3 bp steps is in good agreement with high-
resolution structural data [33], which shows that bases in the RecA-ssDNA
complex are grouped in triplets. A remarkable behaviour was observed
when monitoring the dynamics of the displaced strand of the dsDNA,
which is displaced by the nucleoprotein filament. After an initial dock-
ing phase (∆t1), a phase lasting 3 seconds involving rapid fluctuations in
FRET efficiency was detected (see Figure 15). The authors proposed that
these fluctuations are the results of intermittent interactions between dis-
placed DNA strand and the secondary binding site on the RecA filament.Open questions in

strand-exchange How recombinase filaments mediate the transfer of strands from one
DNA molecule to the other remains largely obscure. The two single-
molecule experiments presented, which addressed this key biological step,
present important differences and few similarities. First of all, the esti-
mated strand-exchange rates are very different, (70 bp/s in the spFRET
experiment and 2 bp/s in the magnetic tweezers study). One possible
explanation is that strand exchange is highly sensitive to the torsional con-
strains imposed on the target DNA molecule (the DNA ends are free in
the spFRET experiment and engaged by the glass and bead surfaces in
the magnetic tweezers experiment) and the buffer conditions used (100

mM sodium acetate and 10 mM magnesium acetate in the spFRET exper-
iment and 10 mM MgCl2 in the magnetic tweezers experiment). Because
stand-exchange can proceed in the absence of ATP hydrolysis, it is likely
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Figure 15.: Strand exchange dynamics at the single-molecule level.[A] A dsDNA
molecule is held at constant force and negatively supercoiled. Strand-
exchange results in the increase of the end-to-end length and a shift in
the rotational offset. [B] Real-time detection of the strand exchange in
the absence (red curve) and presence of ATP hydrolysis (green curve).
Absence of hydrolysis produces an irreversible lengthening of the DNA.
When ATP hydrolysis is permitted the lengthening is only transient
and corresponds to a moving strand exchange windows of 80 bases.
Figures reprinted from [168] .

that experimental circumstances affecting the stability of the DNA duplex,
such as electrostatic screening and supercoiling, play an important role
in determining how fast the two strands exchange. Both studies, in fact,
point to a model in which the intrinsic dynamic of the double helix plays a
crucial role in determining the kinetic of the strand exchange reaction, as
anticipated by bulk studies [185, 61, 11]. Finally, what is the driving force
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behind the directionality and progression of the strand exchange reaction?
How can unidirectional motion be obtained in the absence of ATP hydrol-
ysis between two states having an equal amount of paired DNA bases?
Fortunately, due to the rapid development of single molecules techniques,
it is expected that these questions can be addressed.

2.2.5 RAD51 disassembly from dsDNA

The final step of HR is the disassembly of recombinase proteins from ds-
DNA. Disassembly of RAD51 filaments has been examined by the previ-
ously described optical tweezers / flow stretching strategies (see Figure 5)
[72].Single-molecule

experiments on
RAD51 disassembly

In one paper, the filament disassembly was monitored in different buffer
conditions after forming the RAD51 filaments in the presence of ATP and
either Ca2+ or Mg2+, When RAD51 filaments were assembled in Ca2+-ATP
conditions and successively exposed to Mg2+ (in the presence of ATP) they
did not disassemble (see Figure 16). It is well known that Ca2+ induces and
preserves the active and extended conformation of the RAD51 filament,
by blocking ATP hydrolysis [23]. To explain the inhibited disassembly
when the filament was transferred from a Ca2+ to a Mg2+-containing buffer
the authors implicate the slow exchange of the divalent cation bound to
RAD51. In contrast, RAD51 filaments formed and visualized in a buffer
containing Mg2+-ATP (in the absence of Ca2+), allowing ATP hydrolysis,
showed clear signs of filament disassembly: shortening of the dsDNA and
disappearance of the fluorescent RAD51. Remarkably, not all RAD51 dis-
assembled from the DNA. This observation was interpreted to be caused
by the putatively and surprisingly long time ADP-bound RAD51 filaments
remain bound to dsDNA, in the order of tens of minutes. The existence of
a long-lived RAD51-bound state subsequent to ATP hydrolysis has impor-
tant consequences for the progression of the homologous recombination in
vivo, blocking the following steps of the reaction. The authors proposed
that recombinase mediators such as the translocating motor RAD54 are be
needed to fully disassemble ADP-bound nucleoprotein filaments.High tensions slow

down
RAD51-disassembly

A different approach, involving dual-trap optical tweezers, quantitative
single-molecule fluorescence microscopy and microfluidics provided more
detailed insight in filament disassembly. In contrast to the flow-stretching
approach discussed above, the use of two optical traps allows applying a
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Figure 16.: RAD51 disassembly from dsDNA. [A] Flow-stretching assay for
RAD51 disassembly. RAD51 filaments are assembled in the presence
of CaCl2 and disassembly is observed in the presence of Mg(OAc)2. A
very slow reduction in the DNA-length is observed. [A.I] DNA-RAD51

filaments assembled in the presence of Mg(OAc)2 shows a significant
reduction in length when exposed to a buffer lacking ATP. Disassem-
bly does not run to completion. [B] The effect of DNA tension on
RAD51 disassembly studied using dual-optical trapping and fluores-
cence microscopy. RAD51-dsDNA filaments are formed in the presence
of CaCl2 and disassembly is observed in MgCl2. The trap position is
kept constant. Disassembly induces a fluorescence intensity drop (red
line) and a correlated force increase (blue line). Disassembly eventually
stalls when the force reaches forces of 50 pN (t∼400s). Releasing the
tension to 20 pN (t∼400s) allows the disassembly reaction to reinitiate,
generating tension across the DNA. Figures reprinted from [72, 174].

well-defined tension on the tethered DNA, constant over its whole length
[174] (see Figure 16). Using this approach, it was observed that high
tensions slow down RAD51-disassembly, effectively stalling the process
at forces above 50 pN, even under conditions favouring ATP hydrolysis.
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Upon a sudden release of the tension, large bursts of RAD51 disassembly
were observed. Furthermore, RAD51 disassembly did not occur in a con-
tinuous manner, but in bursts, interrupted by pauses, with exponentially
distributed duration. A new model for RAD51 disassembly was proposed.
(i) ATP hydrolysis occurs throughout the filament, independently from the
applied tension. (ii) RAD51 monomers within the filament (and not on one
of the ends) will remain DNA bound, irrespective of the nucleotide bound
(if ATP or ADP). (iii) RAD51 monomers at filament ends will release from
the DNA after ATP hydrolysis. The actual detachment (and not ATP hy-
drolysis) depends on tension: at low tension monomers will fall off almost
instantaneous (until an ATP-bound RAD51 remains on the end), at high
tension (50 pN), detachment can be totally inhibited. To explain the force-
dependent dissociation rate, it was hypothesized that the complex between
dsDNA and a RAD51 monomer on a filament end has to contract, before
detachment can take place. This contraction is hindered by applying ten-
sion on the DNA. The elastic energy stored in the filament due to the DNA
elongation (dsDNA is lengthened of 50% compared to its B-form when in
complex with RAD51 or RecA) is therefore the driving force for the release
of the nucleoprotein filament from the dsDNA.Open questions in

nucleoprotein
filament disassembly

These results might provide an alternative explanation for the incom-
plete filament disassembly in the flow-stretching experiments discussed
above [72]. In that experiment, the DNA was extended using flow stretch-
ing with a solution containing a high sucrose concentration (10% w/v).
This method is probably capable of exerting high enough tensions to severely
influence the disassembly process. Despite this inconsistency, both single-
molecule studies propose possible molecular strategies to efficiently re-
move RAD51 from dsDNA. One option, for example would consists in
increasing the rate of ATP hydrolysis only at the filament-end and exploit-
ing the natural hydrolysis rate of RAD51 to catalyse the low-affinity DNA
binding state rather than actively wiping off RAD51 by RAD54 transloca-
tion through DNA bound RAD51 filaments. A second open question con-
cerns the molecular mechanism of RAD51 disassembly. Specifically, the
temporal coordination between the ATP-hydrolysis, the structural change
and the release into solution is unknown. Also, the structural reason why
individual monomers cannot dissociates from internal regions of the fila-
ment but only from disassembling ends is unclear.
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2.3 discussion

As discussed in detail above, over the last two decades, single-molecule
approaches have tremendously aided deciphering the individual steps of
genetic recombination. DNA manipulation and fluorescence visualization
have resulted in a better understanding of recombinase-filament assem-
bly: the rate-limiting step is nucleation on the DNA, involving two to six
recombinase monomers. Force-extension measurements have identified
dynamics between different conformations of recombinase filaments and
how these dynamics depend on ATP-hydrolysis state. Homology search
and strand exchange have been studied in separation, resulting in numer-
ous insights in the enigmatic processes. Finally, DNA flow-stretching and
optical tweezers studies in combination with fluorescence microscopy have
enabled the study of recombinase disassembly at the level of individual nu-
cleoprotein filaments, shedding light on the interplay between disassembly,
conformational change and nucleotide hydrolysis.

Future technological and theoretical developments will permit the fur-
ther elucidation of important questions in HR research. For example, the
physical and structural basis of the number of recombinase monomers re-
quired for nucleation is still under intense debate. Also direct visualization
and characterization of the reaction intermediates in homology search and
strand exchange would help to obtain better insight in these processes.
Another future challenge lies in studying the role of the many mediators
involved in assisting recombinases to perform HR. Such measurements
will serve in the verification of existing hypotheses on HR regulation and
might shed new insights in the mechanisms of DNA repair.


