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6.1 Abstract

In order to maintain genomic stability, DNA damage needs to be repaired
accurately and efficiently. DNA double-strand breaks are especially dangerous,
since they can, if inadequately repaired, lead to chromosomal aberrations that
can in turn trigger cell death or cancer. An essential mechanism for repairing
these double-strand breaks with high accuracy is homologous recombination,
of which the RAD51 protein is the core catalyst. RAD51 assembles as a right-
handed helical nucleoprotein filament on single-stranded DNA extensions of pro-
cessed DNA double-strand breaks. These filaments promote homology recogni-
tion and DNA strand-exchange during homologous recombination. In humans,
a key mediator of hRAD51-filament assembly and stability is the BRCA2 pro-
tein. Deficiencies in BRCA2 have been linked to several types of cancer, but
the exact nature of the functional interaction between BRCA2 and hRAD51
remains incomplete. Here, we apply a combination of dual-trap optical tweezers
and fluorescence microscopy to study the dynamic interaction of hRAD51 with
individual single-stranded DNA molecules. Next, we studied the elastic response
of the filaments and show that the ATP-bound filaments can be in a compact
ATP state and an extended ATP conformation. The free energy difference be-
tween these two states is around 4 kBT per hRAD51 monomer and transitions
between the states can be triggered by force. When ATP hydrolyzes, the fila-
ments convert into a single ADP-bound configuration, which can disassemble.
Finally, we show that BRC4, a subdomain of BRCA2, slows down the formation
of hRAD51 filaments significantly, but enhances their stability once they have
formed. These results bring new insights into the dynamics of hRAD51-ssDNA
nucleoprotein filaments, structures that play a key role in successful homologous
recombination.
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6.2 Introduction

The efficient repair of DNA damages is crucial for chromosome integrity,
since it prevents mutations, chromosomal aberrations and errors in essential
DNA processes such as transcription, replication and chromosome segregation
[15]. One of the key repair mechanisms for repairing DNA double-strand breaks
(DSBs) is homologous recombination (HR). This is a multistep process, where
after occurrence and detection of a DSB, the broken DNA ends are processed by
the end-resection machinery and a 3 single-stranded DNA (ssDNA) overhang
is created [118, 18]. Subsequently, RAD51 forms a right-handed helical nucle-
oprotein filament (NPF) around this overhang in an ATP-dependent manner
[119]. The NPF is responsible for DNA-sequence homology recognition in a du-
plex DNA, usually the sister chromatid, and promoting the formation of a joint
intermediate that will serve as DNA-synthesis priming site to copy the miss-
ing information [120]. In the cell, HR is tightly regulated, for example by the
tumour-suppressor protein BRCA2 [94]. Mutations in this protein have been
linked to breast and ovarian cancers [121, 122]. BRCA2 mediates the loading
of hRAD51 onto RPA-coated ssDNA and not dsDNA, making use of its ability
to bind hRAD51 with its BRC-repeat domain [123, 124, 125].

Our previous single-molecule work on the interaction of human RAD51
(hRAD51) with ssDNA focussed mainly on the assembly of the NPF [114] and
on the disassembly of hRAD51 from double-stranded DNA (dsDNA) [126]. The
latter study showed that hRAD51 disassembles from dsDNA through a pause-
burst mechanism from NPF ends. This process is highly dependent on the ten-
sion in the dsDNA template: disassembly stalls completely at forces above 50
pN. In addition, although the NPF can readily form in the presence of both ATP
[24] and ADP [127], hRAD51 disassembly from dsDNA is critically dependent
on ATP hydrolysis [126]. X-ray crystallography has identified the location of the
ATP-binding pocket between adjacent monomers in the NPF [128]. Therefore,
it is likely that also on ssDNA, ATP binding and hydrolysis play a crucial role
in the stability of hRAD51 NPFs. Since the natural template for hRAD51 is ss-
DNA, understanding the disassembly from ssDNA is important since it dictates
the intrinsic stability of hRAD51-ssDNA NPFs. Yet, the mechanism of hRAD51
disassembly from ssDNA and how factors such as ssDNA template tension and
ATP hydrolysis affect the disassembly process are still unknown. Moreover, the
interplay between regulators such as BRCA2 and hRAD51 filaments on ssDNA
remains difficult to understand as can be appreciated from divergent published
results [103, 123, 124, 129, 130, 131, 132, 133, 134, 135, 136, 137].

Within the context of revealing the properties of ssDNA-bound hRAD51
filaments it is important to note that electron-microscopy studies have revealed
that ATP-bound and ADP-bound hRAD51-ssDNA NPFs have very different
properties. ATP-bound NPFs have been shown to adopt an extended confor-
mation with a pitch of 9.8 nm, while ADP-bound NPFs adopt a more compact
conformation with a pitch of approximately 8 nm [138]. In addition to their
distinct structural properties, they also differ in terms of biochemical function:
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Figure 6.1: Detecting fluorescent hRAD51 bound to an individual ssDNA
molecule (A) The experiments are generally performed using a microfluidic flow-system with
4 laminar channels. A typical experiment is comprised of the following steps: (1) Capture
of 2 beads. (2) Tethering of a single dsDNA-molecule between these beads. (3) Probing the
mechanical properties of the tethered dsDNA molecule, to ensure that it is a single molecule
with the expected mechanical properties. (4) The tension on the dsDNA molecule is increased
to generate an ssDNA molecule by force-induced melting. (5) The ssDNA is incubated in the
protein channel and (6) the hRAD51-ssDNA complex is brought into the buffer for imag-
ing. (B) Schematic of an ssDNA molecule (purple) tethered between two optically trapped
micrometer-sized polystyrene beads (grey) with hRAD51 complexes (green) bound to the ss-
DNA molecule. By controlling the position of the beads the extension of the DNA molecule
can be controlled while the tension in the molecule is monitored. At the same time, the
proteins can be directly visualized with single-fluorophore resolution using widefield fluores-
cence microscopy. (C) Typical fluorescence intensity snapshots of hRAD51-ssDNA complexes
at indicated time intervals. Scale bars: 2 µm. (D) Fluorescence kymograph of the same
hRAD51-ssDNA complex. Scale bars: 2 µm and 5 min. (E) Integrated fluorescence intensity
along the DNA of the same complexes over time (red dataset), showing an exponential decay
at a rate of (39±1)10−4 s−1, obtained from an exponential fit to the data (blue curve). After
correcting for photobleaching, this gives a hRAD51 disassembly rate of (32±1)10−4 s−1.

ATP-bound extended hRAD51 is able to perform strand exchange with high
efficiency, while ADP-bound compressed hRAD51 is inactive, and might rep-
resent an intermediate state before disassembly [139]. Structural studies have
also provided hints that hRAD51 NPFs are dynamic entities that are able to
switch between multiple conformations in response to ATP hydrolysis [138]. Fi-
nally, single-molecule techniques have provided insight in the dynamics of these
structural transitions. Using magnetic tweezers [140, 141], it has been shown
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that hRAD51 binds dsDNA in two distinct binding modes with different length
and twist. Upon ATP hydrolysis, the NPFs can switch to the compressed state
before NPF disassembly. Also, changes in DNA twist can trigger transitions
between the two modes. Similar conformational changes between an extended
and a compressed conformation have been observed using single-molecule FRET
measurements in RecA, the bacterial hRAD51 ortholog [142]. Here, ATP hy-
drolysis and intercommunication between RecA monomers have been invoked
to explain the observed NPF dynamics. The role and function of the different
states, however, remains elusive.

To address these questions we aim to quantify the structure, kinetics and
regulation of hRAD51 filaments interacting with ssDNA. To this end we ap-
ply a combination of dual-trap optical tweezers, single-molecule fluorescence
microscopy and microfluidics in order to directly see the hRAD51 filament dy-
namics in the absence and presence of regulator (peptide BRC4, one of the
BRC repeats from BRCA2), different nucleotide cofactors (ADP vs. ATP) and
tension.

6.3 Results

hRAD51-ssDNA NPF disassembly

The first property of hRAD51-ssDNA NPFs that we address is the disassem-
bly kinetics of hRAD51 from ssDNA. We make use of our experimental setup
that has been described in detail before [9, 24, 33, 126]. In brief, dual-trap
optical tweezers are used to trap micron-sized streptavidin-coated beads (Fig-
ure 6.1(A)). Using a computer-controlled microscope stage and a microfluidics
system (Figure 6.1(B)), fast buffer exchange can be achieved such that an indi-
vidual molecule of dsDNA can be tethered between the beads. The DNA used is
48.5-kb long λ-phage dsDNA molecule. By applying tensions above 80 pN, the
dsDNA is converted into ssDNA by force-induced melting [65, 91]. Subsequently,
this ssDNA molecule is exposed to a buffer containing a fluorescent variant of
hRAD51 (hRAD51-K313-C319S-Alexa Fluor 555, referred to as hRAD51 in this
study, Supplementary Figure 6.1). Because hRAD51 disassembly is triggered
by ATP hydrolysis [126], we measured the disassembly rate of hRAD51 in the
presence of ATP and Mg2+ (buffer composition: 20 mM Tris pH 7.5, 100 mM
KCl, 1 mM MgCl2, 1 mM ATP, 10 mM DTT). After incubating (for 10 s to
5 minutes) an ssDNA molecule in the protein channel (containing 0.18 µM
RAD51), the construct is brought back to the protein-free buffer channel where
the fluorescence signal is used to confirm a high coverage of the ssDNA with
hRAD51 (Figure 6.1(C), top panel). To limit the effect of photobleaching (Sup-
plementary Figure 6.2), fluorescence images are acquired intermittently every
30 s (Figure 6.1(C)). The corresponding kymograph is shown in Figure 6.1(D)
and the fluorescence intensity as a function of time in Figure 6.1(E). From an
exponential fit to this data the disassembly rate is determined to be (32±1)10−4

s−1. Our previous work [126] on hRAD51 disassembly from dsDNA showed that
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this process slows down at increased tension on the dsDNA template, result-
ing in complete stalling of disassembly at forces exceeding 50 pN. We tested
whether a similar force dependence occurs in hRAD51 NPF disassembly from
ssDNA by measuring the average disassembly times at three different forces
(Figure 6.2). The observed disassembly rates of (26±4)10−4 s−1 (at 5 pN; N =
3), (32±2)10−4 s−1 (at 20 pN; N = 9) and (29±4)10−4 s−1 (at 75 pN; N = 5)
show that hRAD51 disassembly from ssDNA is not influenced by tension within
the range tested. Finally, we addressed the effect of the presence of ATP and
ADP on hRAD51 NPF disassembly from ssDNA (Supplementary Figure 6.3).
The disassembly rates we obtained were (32±2)10−4 s−1 (for filaments assem-
bled in 20 mM Tris pH 7.5, 40 mM KCl, 10 mM Mg(OAc)2, 2 mM ATP and 10
mM DTT and disassembled in 20 mM Tris pH 7.5, 100 mM KCl, 1 mM MgCl2,
1 mM ATP and 10 mM DTT; N = 9) and (33±2)10−4 s−1 (for filaments as-
sembled in 20 mM Tris pH 7.5, 40 mM KCl, 10 mM Mg(OAc)2, 2 mM ADP
and 10 mM DTT and disassembled in 20 mM Tris pH 7.5, 100 mM KCl, 1 mM
MgCl2, 1 mM ADP and 10 mM DTT; N = 5), respectively. Combined, these
experiments show that ATP hydrolysis is not rate-limiting for disassembly and
that disassembly from ssDNA is insensitive to tension on the NPF.

Figure 6.2: Disassembly of hRAD51 from ssDNA is independent of DNA tension
(A) Fluorescence images and kymographs of hRAD51 disassembling from ssDNA at indicated
ssDNA tensions. Images are typical examples of 3 (at 5 pN), 9 (at 20 pN) and 5 (at 75 pN)
identical experiments. (B) Integrated fluorescence intensity along the DNA of the same
complexes over time and corresponding an exponential fit. Fits are normalized using the
amplitude of the exponential fit. Colored edges in (A) show color of corresponding force
curve. At 20 pN, the data deviates from a single exponential at small times because of a
saturation effect in the fluorescence detection. The curve at 75 pN does not go to zero at
large times because in this particular example, the fluorescence background signal was high
in comparison with the fluorescence signal. (C) Average disassembly rate as a function of
tension. Error bars: standard error of the mean (S.E.M.).

Transitions within hRAD51-ssDNA NPFs

Next, we set out to investigate the mechanical response of hRAD51-ssDNA
NPFs to tension (Figure 6.3). Therefore, we incubated ssDNA molecules in a
channel containing fluorescent hRAD51 for 2-4 minutes (until a high coverage
of the DNA is achieved). After repositioning the hRAD51-ssDNA complex
in a protein-free buffer environment, we verified that the ssDNA was densely
coated with hRAD51 using fluorescence imaging. Subsequently, we performed
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successive cycles of stretching and relaxation (at a rate of 0.66±0.01 µm/s),
while continuously monitoring the tension in the hRAD51-ssDNA complex and
fluorescence intensity. A first set of experiments was performed in a buffer
containing Ca2+ and ATP (20 mM Tris pH 7.5, 2 mM CaCl2, 2 mM ATP, 1
mM DTT). Under these conditions, ATP hydrolysis takes place on the timescale
of 10-100 mins [139] and the amount of hRAD51 bound to the ssDNA thus
can be considered to be constant on the timescale of our experiment. The
observed force-extension and force-relaxation curves of hRAD51-ssDNA differ
drastically from those of bare ssDNA (Figure 6.3(A)). In addition, we observe
that the extension and relaxation curves of these complexes do not overlap: there
is significant hysteresis between the extension and relaxation curves. Under
these conditions, hRAD51 can neither bind from solution nor disassemble from
the DNA, which is confirmed by the integrated fluorescence intensity and the
hysteresis area remaining constant (Figure 6.3(B)-(C)). Therefore, we propose
that this hysteretic behavior is caused by a conformational change between a
compact ATP state and an extended ATP conformation of the hRAD51 NPFs.

To understand this hysteretic behavior under more biologically relevant con-
ditions, experiments were performed under conditions in which hRAD51 can
hydrolyse ATP, is active for strand exchange and has been shown to interact
with BRC4 [125] (20 mM Tris pH 7.5, 10 mM Mg(OAc)2, 2 mM CaCl2, 2
mM ATP, 1 mM DTT). In this buffer, the hysteresis area (Figure 6.3(D)) is
smaller than in conditions where ATP hydrolysis is very slow (Figure 6.3(A)).
The hysteresis area decreases exponentially over time at a rate of (4±1)10−4 s−1

(Figure 6.3(F)), very similar to the hRAD51 disassembly rate ((3.5±0.3)10−4

s−1, (Figure 6.3(E))). The size of the hysteresis area is thus dependent on the
amount of hRAD51 that is present on the DNA.

Next, we tested how much force is needed to induce the hysteretic behavior.
Forces of at least 10 pN are needed to switch to the extended ATP conformation
(Figure 6.4(A)). Above ∼60 pN, the extension and relaxation curves overlap,
suggesting that all ATP-bound NPFs have switched conformation and transi-
tions no longer occur. When the complex is relaxed to a force above 10 pN
and subsequently extended again, the relaxation and extension curves overlap,
showing no hysteresis (Figure 6.4(B)). Thus, no transitions back to the com-
pacted state have occured. Only at much lower forces (∼5 pN) the hysteresis
disappears and the filament switches back to the compacted state. The ob-
servation that the hysteretic behavior occurs only in a specific range of forces
demonstrates that the extended state is quasi-stable and readily switches back
when the DNA is relaxed.

What is unclear, however, is the role of ADP in the filament. Under hy-
drolyzing conditions ATP is turned into ADP all over the filament but because
hydrolysis is not rate-limiting we have filaments that contain a mixture of ATP
and ADP while disassembly takes place. In order to determine whether the
nucleotide cofactor (ATP or ADP) affects the hysteretic behavior, experiments
were also performed in the presence of ADP alone (20 mM Tris pH 7.5, 10 mM
Mg(OAc)2, 2 mM CaCl2, 2 mM ADP, 1 mM DTT). Although, under these
conditions, the DNA was densely coated with hRAD51 (Figure 6.3(G), inset)

115



6

Structure, Kinetics and Regulation of hRAD51 filaments interacting with single-stranded DNA

Figure 6.3: Structural transitions within hRAD51-ssDNA NPFs (A) Sample traces
of force-extension and relaxation cycles of a hRAD51-coated ssDNA molecule in the pres-
ence of ATP and Ca2+. Time difference between the two cycles is indicated in the figure.
Where extension and relaxation curves do not overlap, arrows indicate direction in which
the curves were recorded. Grey curve: ssDNA. Corresponding fluorescence images are shown
in the insets. Colored edges of fluorescence images show color of corresponding force curve.
Data shown is a representative example of 2 identical experiments. Scale bars: 2 µm. (B)
Normalized integrated fluorescence intensity of the same hRAD51-coated ssDNA molecule as
a function of time shows that the amount of hRAD51 bound to the DNA is constant and
that photobleaching is negligible during these experiments. (C) From successive extension-
relaxation cycles such as shown in (A) the corresponding hysteresis area is defined as the
area between the extension and relaxation curves. Under these conditions, the hysteresis area
remains roughly constant over time. (D),(E),(F) Same as (A), (B) and (C) but recorded
in the presence of ATP, Ca2+ and Mg2+. Under these conditions, ATP hydrolysis can oc-
cur and thus hRAD51 can disassemble from the ssDNA. Therefore, the differences between
the extension and relaxation curves (D), the total fluorescence intensity (E) and hysteresis
area (F) decrease over time. In (D) the blue curve is indistinguishable from the grey curve
of bare ssDNA. The disassembly rate can be determined either by an exponential fit to the
fluorescence data (E), yielding, after correcting for photobleaching, a rate of (3.5±0.3)10−4

s−1, or by an exponential fit to the hysteresis data (F), yielding a rate of (4±1)10−4 s−1.
Data shown is a representative example of 6 identical experiments. (G),(H),(I) Same as (A),
(B) and (C) but recorded in the presence of ADP, Ca2+ and Mg2+. Under these conditions,
there is no ATP hydrolysis but hRAD51 can disassemble from the ssDNA. We see virtually
no hysteresis between extension and relaxation curves (G) and (I) while the integrated fluo-
rescence intensity decreases (H). The disassembly rate is (4.2±0.3)10−4 s−1, as determined
by an exponential fit to the data (H). Data shown is a representative example of 2 identical
experiments.
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and NPF disassembly occurs at a rate of (4.2±0.3)10−4 s−1 (Figure 6.3(H))),
subsequent extension and relaxation curves overlap and do not show hysteresis
(Figure 6.3(G),(I)), which suggests that the NPFs have a single ADP-bound
conformation. To determine whether this ADP-bound conformation was com-
pact or extended, the relaxation curves of the experiments under the different
buffer conditions (ATP vs. ADP) were compared (Supplementary Figure 6.4).
These curves are all approximately the same, where the small differences may
be caused by a difference in protein coverage. During the relaxation cycles,
the ATP-bound filaments are predominantly in extended ATP conformation.
Therefore, we assume that the length of the ADP-bound filaments is compara-
ble to the length of the extended ATP conformation rather than the compact
ATP conformation. Based on this observation we can also explain why the
hysteresis is smaller under ATP hydrolysis conditions. The parts of the fila-
ments that have already been hydrolyzed no longer contribute to the hysteresis
thus reduced the fraction of the filament able to switch between the different
configurations.

Figure 6.4: Reversibility of structural transitions (A) Extension-relaxation cycles
measured in the presence of Ca2+, Mg2+ and ATP up to progressively larger DNA extensions,
showing that up to around 10 pN (blue region of the graph), the curves are reversible, and the
ATP-bound NPFs are completely in ATP-compact state. At higher forces, the ATP-bound
NPFs start to transition to the ATP-extended state and the curves become less reversible
(red region of the curve), until, above around 50 pN, all NPFs are in the ATP-extended
conformation (blue region of the curve). Data shown is a representative example of 2 identical
experiments. (B) The relaxation curve is reversible. After converting all ATP-bound NPFs
into the ATP-extended conformation and relaxing the molecule back to 24 µm (black curve),
the DNA is extended again (red curve) before complete relaxation (blue curve). Red and
blue curves completely overlap, showing reversibility of the backward curve. Data shown is a
representative example of 2 identical experiments.

Effect of BRC4 on hRAD51 NPFs

In addition, we studied the effect of the BRC4 peptide on the interaction
between hRAD51 and ssDNA. First, BRC4-Alexa Fluor 488, a fluorescent vari-
ant of BRC4, was used to visualize direct interactions between ssDNA-bound

117



6

Structure, Kinetics and Regulation of hRAD51 filaments interacting with single-stranded DNA

Figure 6.5: Effect of BRC4 on hRAD51 NPF dynamics (A) A hRAD51-ssDNA
construct was incubated at 20 pN in a buffer containing 200 nM of BRC4-Alexa Fluor 488
and then moved to the observation channel in buffer. Fluorescence images were taken to
detect hRAD51-Alexa Fluor 555 (top panel) and BRC4-Alexa Fluor 488 (bottom panel). No
Alexa Fluor 488 fluorescence signal was detected along the ssDNA construct. Data shown is a
representative example of 5 identical experiments. Scale bars: 2 µm. (B) An ssDNA molecule
was incubated at 20 pN in the presence of hRAD51 and increasing concentrations of BRC4.
Fluorescence images were then taken to assess the nucleation rate of hRAD51 under these
conditions. The data shows a clear inhibition of hRAD51 nucleation by BRC4. Shown are
representative fluorescence images of 19 (at 0 nM BRC4), 10 (at 10 nM BRC4), 9 (at 50 nM
BRC4), and 9 (at 100 nM BRC4) identical experiments. Scale bars: 2 µm. (C) Nucleation rate
of hRAD51 as a function of BRC4 concentration. Error bars: S.E.M. (D) A hRAD51-ssDNA
construct was brought in a buffer containing increasing concentrations of BRC4. Fluorescence
imaging was used to measure the disassembly of hRAD51 NPFs under these conditions. Shown
are representeative images of 9 (at 0 nM BRC4), 7 (at 5 nM BRC4), 5 (at 50 nM BRC4), 7
(at 250 nM BRC4) and 8 (at 500 nM BRC4) identical experiments. Scale bars: 2 µm. (E)
Normalized integrated fluorescence intensity over time of the hRAD51-ssDNA constructs at
indicated BRC4 concentrations shown in (D). After correcting for photobleaching, exponential
fits give the corresponding dissociation rates: (55±3)10−4 s−1 at 5 nM, (30±2)10−4 s−1 at
50 nM, (10±1)10−4 s−1 at 250 nM and negligible at 500 nM (at this concentration, the decay
of fluorescence intensity is caused solely by photobleaching). Colored edges in (D) show color
of corresponding force curve. (F) The average disassembly rates are displayed as a function of
BRC4 concentration. Error bars originate from the exponential fits on the individual datasets.
(G) Effect of BRC4 on the force-extension and relaxation cycles of a hRAD51-coated ssDNA
molecule in the presence of ATP and Ca2+. Arrows indicate direction in which the curves
were recorded. Corresponding fluorescence images are shown in the insets (colored edges show
color of corresponding force curve). Scale bars: 2 µm. Black curve is recorded in a protein-free
solution. Subsequently, the red curve is recorded in the presence of 500 nM BRC4, followed by
recording of the blue curve after moving the construct to a BRC4-free environment. Hysteresis
areas are 192 pN µm, 355 pN µm and 177 pN µm respectively. Data shown is a representative
example of 3 identical experiments. Scale bars: 2 µm.
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hRAD51 NPFs and BRC4. After incubating ssDNA in a buffer containing
hRAD51 for 3 minutes (20 mM Tris pH 7.5, 40 mM KCl, 10 mM Mg(OAc)2,
2 mM ATP, 10 mM DTT), followed by incubation in a channel containing 200
nM BRC4-Alexa Fluor 488 (in a buffer containing 20 mM Tris pH 7.5, 100
mM KCl, 1 mM MgCl2, 1 mM ATP, 10 mM DTT), fluorescent hRAD51 NPFs
could be clearly observed (Figure 6.5(A), top panel), but BRC4-Alexa Fluor
488 could not be detected to bind to hRAD51 NPFs or ssDNA (Figure 6.5(A),
bottom panel). Therefore, it seems that BRC4 does not or very transiently
interact with hRAD51 once bound to DNA in filaments. To test whether the
presence of BRC4 in solution could influence the nucleation rate of hRAD51
NPFs onto ssDNA, ssDNA was exposed to hRAD51 and BRC4 simultaneously
by bringing an ssDNA molecule into a buffer environment where a mixture
of hRAD51 and different concentrations of BRC4 were present. The hRAD51
nucleation rate decreased in a BRC4-concentration dependent manner, result-
ing in ∼20-fold slower nucleation at 100 nM (Figure 6.5(B),(C)). Possibly the
impeded nucleation is caused by the interaction of BRC4 with hRAD51 in solu-
tion. Next, the effect of BRC4 on hRAD51 NPF disassembly was addressed, by
measuring hRAD51-ssDNA NPFs disassembly rates in the presence of different
concentrations of BRC4. hRAD51 disassembly slowed down substantially with
increasing BRC4 concentration, stalling completely at concentrations of 500
nM (Figure 6.5(D)-(F)). This slowing down of NPF disassembly is most likely
caused by short, transient interactions of BRC4 with the DNA-bound hRAD51
filaments that either reduce the ATP-hydrolysis rate or block the dissociation
of ADP-bound hRAD51.

Finally, the effect of the BRC4 peptide on the hysteretic behavior of hRAD51
NPFs during stretching-relaxation cycles was investigated. In particular, we
tested conditions in which we previously saw large hysteresis, i.e. ATP filaments
in the absence of hydrolysis (20 mM Tris pH 7.5, 10 mM CaCl2, 2 mM ATP
and 10 mM DTT). Under these conditions we observed a significant ((93±8)%,
Figure 6.5(G)) increase of the hysteresis area in the presence of 500 nM BRC4.
The increase mostly happens because the compacted filament resists stretching
at a lower extension (∼8 µm instead of ∼13 µm). This result suggests that
BRC4 substantially stabilizes the compacted ATP filament.

6.4 Discussion

We have monitored the disassembly of hRAD51 NPFs from ssDNA in real
time. We have confirmed that disassembly occurs under experimental condi-
tions where ATP hydrolysis can occur. Similar experiments on dsDNA [126]
showed a strong decrease of the disassembly rate when tension was applied on
the DNA molecule. At forces above 50 pN, hRAD51 disassembly from dsDNA
could be completely stalled. On ssDNA, however, the disassembly rate does
not change with applied template tension. Interestingly, a similar effect was
reported previously [114] for the assembly process: both nucleation and growth
of hRAD51 NPFs are highly tension dependent for dsDNA but independent of
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tension for ssDNA. This finding can be attributed to the fact that dsDNA is
much more rigid and strongly resists length change [10]. ssDNA has a persis-
tence length more than 2-orders of magnitude smaller and as such can be much
more compliant with a protein-induced structure, independent of the tension
in the DNA. ATP hydrolysis has been shown to be rate-limiting for hRAD51
disassembly from dsDNA. Here, we show that disassembly from ssDNA is not
significantly faster when the NPF is ADP-bound than when it is ATP-bound
(Supplementary Figure 6.3). Therefore, ATP hydrolysis must occur on a faster
timescale than monomer dissociation. We thus conclude that ATP hydrolysis is
not the rate-limiting step in NPF disassembly.

On basis of electron-microscopy experiments, it has been proposed that the
hRAD51-ssDNA NPFs are characterized by a high degree of conformational free-
dom, possibly due to the rotational movement of the N-terminal domain which
can locally modify the contact between the NPF and the ssDNA [138]. Our re-
sults also show the occurrence of different (semi-stable) hRAD51 filament states
for ssDNA bound to hRAD51. The existence of such states is indeed compatible
with the notion of conformational freedom of NPFs. We show that, in the ab-
sence of Mg2+, where ATP hydrolysis is inhibited, the NPF can switch between
the compact ATP and the extended ATP state when the DNA is under tension.
From the total hysteresis between extension an relaxation curves, the DNA
binding-site size for a hRAD51 monomer (3 nt [143]) and the estimated protein
coverage, (80±20%), the free energy difference between the extended ATP and
compact ATP states can be estimated to be (4±1) kBT per hRAD51 monomer.
When both Ca2+ and Mg2+ are present, ATP hydrolysis can occur and, in ad-
dition to the two ATP states, the ADP-bound state and the disassembled state
become accessible and the reaction progresses towards a completely disassem-
bled state. When ATP is only present during NPF formation but not during
the extension-relaxation cycles, the same behavior is observed (Supplementary
Figure 6.5). Therefore, ATP reloading into the NPF does not significantly con-
tribute to the hysteresis, in contrast with previous work [142] on RecA-ssDNA
where significant reloading of ATP within the filament is observed. When ATP
is replaced completely with ADP, the ATP-bound states are no longer accessible
and thus no transitions from extended ATP to compact ATP NPFs can occur
which can be deduced from the reduction in hysteresis. Interestingly, previous
work on both hRAD51-dsDNA and RecA-ssDNA [140, 142] has shown simi-
lar transitions. Those studies, however, both suggested the existence of only
2 states: an ATP-bound extended state and an ADP-bound compressed state.
Our data suggests that there are two ATP-bound states, a compact one and an
extended one.

Based on these observations, we present a model of the possible states of
the hRAD51 NPFs (Figure 6.6). Our model consists of 4 different states: (1)
an extended ATP state, (2) a compact ATP state, (3) an ADP-bound state
and (4) a disassembled state. Switching between the compact ATP and the
extended ATP state can be triggered by force. From our results, we estimate
that the equilibrium free energy between the compact and extended ATP states
is (4±1) kBT per hRAD51 monomer. Switching from an ATP state to the ADP
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state occurs upon ATP hydrolysis, providing an energy of around 25 kBT per
ATP hydrolyzed [144]. Therefore, the free energy difference between a RAD51
monomer in either of the the ATP states and a RAD51 monomer in the ADP
state is at most 25 kBT. Transitions to the ADP state can occur both from the
compact ATP and the extended ATP state, since the disassembly rate does not
depend on ssDNA template tension. Disassembly of the NPF can only occur
from the ADP state.

Figure 6.6: Cartoon model of different states of hRAD51 on ssDNA Based on the
experiments involving stretching cycles such as shown in Figure 6.3 and Figure 6.4(G),(H),
we propose a cartoon model with the following conformational states and possible transitions.
Because of the large hysteresis in the data shown in Figure 6.3(A)-(C), we propose that there
are two ATP-bound states: an ATP-compact and an ATP-extended state with a free energy
difference of (4±1) kBT in the absence of BRC4. Because there is no significant hysteresis in
the experiments shown in Figure 6.3(G)-(F), we propose that there is only one ADP-bound
state, from which the hRAD51 NPF can disassemble: the ADP-state. For switching between
ATP-bound and ADP-bound states additional energy is required. This is generated by the
hydrolysis of 1 ATP molecule (providing ∼25 kBT). Black: ssDNA, blue: ATP-compact
hRAD51 monomer, green: ATP-extended hRAD51-monomer, red: ATP, yellow: ADP.

Although the model presented here is in accordance with the present exper-
imental data, additional experiments would be required for further validation.
One assumption we made, but did not test directly, is that replacing Mg2+

with Ca2+ would have no effect on the NPF elasticity and structural transitions
other than blocking the ATP hydrolysis step. To confirm this, we attempted
to repeat these experiments in conditions with Mg2+ and ATP (Supplementary
Figure 6.6). However, under these conditions, the NPFs disassemble so fast
that it can no longer be assumed that the hRAD51 coverage remains constant
throughout one stretching cycle. Therefore, these results could not be directly
compared to those shown in Figure 6.3. A more direct comparison between the
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effects of Ca2+ and Mg2+ could be made if the experiments were repeated in
conditions where the buffer contains only Mg2+ and ATP is replaced by AMP-
PNP, a non-hydrolysable variant of ATP. The model then predicts that the
results are similar to those with Ca2+ and ATP, where large hysteresis and no
NPF disassembly were observed.

Finally, we studied how hRAD51 NPFs respond when they are perturbed by
the BRC4 peptide, a fragment of the regulatory BRCA2 protein. Previous re-
ports [123, 124, 125] have suggested that BRC4 plays a role in BRCA2-regulation
of hRAD51 loading onto ssDNA. Here, we have used a fluorescently labeled vari-
ant of BRC4 and did not observe interactions of BRC4 with hRAD51-ssDNA
NPFs that lived long enough to be observed with our fluorescence-microscopy
approach. Nevertheless, exposure of preformed hRAD51-ssDNA NPFs to BRC4
significantly slows down NPF disassembly in a concentration-dependent man-
ner. The observation that BRC4 blocks NPF disassembly suggests that it acts
either by slowing down the ATP hydrolysis step or by blocking the disassembly
of ADP-bound monomers from ssDNA (Figure 6.6). Interestingly, we observed
that the hysteresis between the compact ATP state and the extended ATP state
became significantly larger in the presence of BRC4: based on the hysteresis area
and the estimated coverage of the ssDNA with hRAD51, we estimate that the
free energy difference between these two states shifts to (8±2) kBT per hRAD51
monomer in the presence of BRC4, thus making the compact ATP state energet-
ically more favorable. This in turn might explain the reduction in disassembly
rate. Since BRC4 stabilizes the compact ATP state, it might increase the free
energy difference between the compact ATP and ADP states. In this case, it will
require more energy to access the disassembly-competent extended ADP state
than can be provided by the hydrolysis of a single ATP molecule. To verify this
hypothesis, the disassembly rate of ADP-bound NPFs should be measured in
the presence of BRC4. We would then expect to observe filament disassembly at
the same rate as in the absence of BRC4. If, on the other hand, the mechanism
of action of BRC4 would be to block the disassembly of ADP-bound hRAD51,
we would expect stalling of disassembly also under these conditions. In addition,
we observed that BRC4 inhibits hRAD51 NPF formation in a concentration-
dependent manner. This can be understood in terms of our model as follows:
because BRC4 acts by stabilizing the compact ATP state, hRAD51 filaments
in solution in presence of BRC4 are likely predominantly in the compact ATP
state, while in a solution without BRC4, filaments can be in either compact ATP
or extended ATP state as thermal fluctuation are able to provide enough energy
to switch between these states. Therefore, hRAD51 oligomers in solutions likely
have a single configuration and are thus more rigid than hRAD51 oligomers in a
BRC4-free solution, where they have the flexibility to switch between the com-
pact and extended ATP configurations. This lack of flexibility in presence of
BRC4 might make it harder to bind ssDNA. Finally, it would be insightful to
visualize the short-lived direct interaction between fluorescently labelled BRC4
and hRAD51 could be directly visualized in the presence of fluorescent protein
which might now be possible using real-time confocal imaging in combination
with optical trapping [28].
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6.5 Conclusion

In this study we have used optical trapping combined with fluorescence mi-
croscopy to shed light on the structure, kinetics and regulation of hRAD51
NPFs interacting with ssDNA. We have shown that the stability of hRAD51-
ssDNA NPFs is independent of tension, and that, for NPFs to disassemble, ATP
hydrolysis is essential but not rate limiting. Furthermore, we have presented
a tentative model for the energetic states of the NPFs, involving structural
transitions between a compact ATP state and an extended ATP conformation.
The free energy difference between these two states is ∼4 kBT per hRAD51
monomer. In the presence of Mg2+, ATP hydrolysis may occur upon which the
NPF converts from an ATP state into an ADP extended form. This conversion
might, as was previously suggested for RecA-ssDNA NPFs [142], involve a co-
operative transition between neighboring monomers. NPF disassembly occurs
only from this ADP extended form.

In addition, we have addressed the regulation of hRAD51-ssDNA NPFs by
the BRCA2-fragment BRC4. Previous work has shown that BRC4 facilitates
the loading of hRAD51 to ssDNA [125] and has a regulatory effect on ATP hy-
drolysis and NPF stabilization [131]. Also, full-length BRCA2 has been shown
to promote the loading of hRAD51 to RPA-coated ssDNA [129, 133]. These
previous studies are based mostly on biochemical assays where kinetic infor-
mation is difficult to access and it is hard to separate the effect on nucleation
and a stabilizing effect. Using our single-molecule approach, it was possible to
study the effect of BRC4 on NPF formation and stability independently. We
show that the interaction between BRC4 and hRAD51 is must take place on a
sub-second timescale and that increasing concentrations of BRC4 progressively
reduces hRAD51 NPF nucleation but at the same time enhances NPF stability
by blocking the disassembly of hRAD51 filaments. Here, we use bare ssDNA as
a template for hRAD51. In vivo, however, the natural template would be RPA-
coated ssDNA. To further understand the biological context of the regulatory
effect of BRCA2, future experiments could focus on the loading of hRAD51 on
RPA-coated ssDNA and the possible regulatory effect of BRCA2 on this process.
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6.7 Methods

DNA constructs for trapping experiments

For the optical trapping experiments with both single-stranded and double-
stranded DNA, biotinylated DNA constructs based on the 48-kb λ phage DNA
were used in combination with streptavidin-coated beads with a diameter of 4.5
µm (Spherotech). The preparation of the construct for the dsDNA experiments
was described previously [116] but in brief consists of using Klenow DNA Poly-
merase in combination with biotin-14-dATP and biotin-14-dCTP to label the
5′ overhangs of both strands of the dsDNA. The preparation of the construct
which can be used for ssDNA experiments upon force-induced melting was de-
scribed previously [37]. In brief, biotinylation of both the 3′ and 5′ end of the
same DNA strand is achieved by sequential annealing and ligation of oligonu-
cleotides (5′-ggg cgg cga cct gga caa-3′ and 5′-agg tcg ccg ccc ttt ttt tTt TtT-3′)
to first biotinylate the 5′ end and subsequently the annealing and ligation of an
oligonucleotide (5′-TtT tTt ttt ttt aga gta ctg tac gat cta gca tca atc ttg tcc-3′)
to the 3′ end of a linearized Lambda DNA (48 517 nt) molecule.

Experimental conditions

Catching of the beads (4.5 µm streptavidin-coated polystyrene microspheres)
and the DNA were performed in PBS buffer, consisting of 10 mM phosphate
and 150 mM sodium chloride at pH 7.3-7.5. DNA melting for generation of
ssDNA templates was performed in 20 mM Tris, pH 7.6. Buffer conditions in
the protein incubation and imaging channels were indicated in the text.

Setup combining optical trapping, fluorescence microscopy
and microfluidics

The custom-built experimental setup was described in detail elsewhere [9].
Briefly, it is built around a Nikon inverted microscope equipped with a 1064
nm trapping laser, where the two traps that can be manipulated independently
using steerable mirrors are generated by splitting the laser into to perpendic-
ularly polarized beams using a half-wave plate and polarizing beam splitter.
Using a second polarizing beamsplitter the two trapping beams are recombined
and coupled into a water-immersion objective on the microscope. By collect-
ing the transmitted light using an oil-immersion condenser and rejection of the
unwanted light by a third polarizing beamsplitter, the force can be detected
on a position-sensitive diode. The bead-to-bead distance was measured using
real-time template matching of brightfield images obtained by blue LED illumi-
nation. For fluorescence imaging of hRAD51-Alexa 555 and BRC4-Alexa 488,
a 532-nm and 491-nm excitation laser were simultaneously coupled into the mi-
croscope and imaged on an EMCCD camera. To enable fast buffer exchange
between beads, DNA, buffer and protein channels, a custom-made (LUMICKS
B.V.) multichannel laminar flow cell was mounted on the microscope stage.
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Methods for protein purification

hRAD51 (isoform K313, variant C319S) fluorescent labelling with Alexa
Fluor 555 was performed as was described previously [145]. The degree of
labelling was estimated to be around 80%. Biochemical characterization showed
that hRAD51 (C319S) is proficient in ATP hydrolysis, strand exchange and
DNA binding (Supplementary Figure 6.1). The sequence of the human BRC4
peptide used is LKE PTL LGF HTA SGK KVK IAK ESL DKV KNL FDE
KEQ M. Its concentration was determined by amino acid analysis (Protein and
Nucleic Acid Chemistry Facility, Department of Biochemistry, University of
Cambridge).

125



6

Structure, Kinetics and Regulation of hRAD51 filaments interacting with single-stranded DNA

6.8 Supplementary Figures
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Supplementary Figure 6.1: Purification and DNA binding of Alexa Fluor 555
labeled hRAD51 K313 compared to wild-type protein (A) SDS-PAGE of purified
protein (0.75 µg) hRAD51 unlabeled wild-type (lane b), hRAD51 K313 C319S labeled on C31
with Alexa Fluor 555 (lane c). After electrophoresis the gel was analyzed with a ChemiDoc MP
imaging system (BioRad, software Image lab vs 4.1) to specifically excite and detect emission
of Alexa Fluor 555 (right panel). Next, the gel was stained with Coomassie Brilliant Blue
R-250 to reveal all proteins and visualized by bright-field illumination (left panel). Lane a =
molecular weight standard. AF = Alexa Fluor. (B),(C) Electrophoretic mobility shift assays
showing the ssDNA (B) or dsDNA (C) binding activity of unlabeled hRAD51 wild-type and
hRAD51 K313 C319S labeled with Alexa Fluor 555 in presence of Ca2+ (left panels) or Mg2+

(right panels). Each protein was incubated with ssDNA (PhiX174 virion ssDNA) or dsDNA
(PhiX174 RFI dsDNA) (200 ng) in a 20 µl reaction volume containing 75 mM KCl, 55 mM
Tris-HCl, pH 7.5, 0.25 mM EDTA, 0.25 mM DTT, 2.5% glycerol, 1 mM ATP, 2 mM CaCl2 or
MgCl2 and increasing amounts of protein (0.5 µM, 1 µM, 2.5 µM). After 1 hour incubation at
37 °C, the binding reactions were analyzed by electrophoresis in a 0.8% agarose/Tris-Borate
gel without EDTA. The gel was first scanned with a ChemiDoc MP imaging system (BioRad,
software Image lab vs 4.1) to detect Alexa Fluor labeled hRAD51 proteins (bottom panels).
Next, the gel was stained with ethidium bromide (EtBr) to detect DNA (top panels). Lanes
a = DNA alone; lanes b, c, d = unlabeled wild-type hRAD51; lanes f, g, h = hRAD51 K313
C319S labeled with AlexaFluor 555. Lanes e, i = unlabeled wild-type and labeled C319S
hRAD51 proteins at 2.5 M without DNA. NC = Nicked circles; CCC = Covalently closed
circles; AF = Alexa Fluor.

Supplementary Figure 6.2: Photobleaching of hRAD51 (A) Fluorescence images
and kymograph of a hRAD51-ssDNA construct under continuous illumination. Images are
a typical example of the results of 6 identical experiments. Scale bars: 2 µm and 5 s. (B)
Fluorescence intensity over time of the same hRAD51-ssDNA construct. From exponential fits
to such datasets and the datasets taken with images acquired every 30 s, the photobleaching
rate can be determined. Under our imaging conditions, the photobleaching rate is (40±5)10−3

s−1. Note that all disassembly experiments are done with a factor of 60 less fluorescence
exposure, making the effective photobleaching rate in those experiments (7±1)10−4 s−1.
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Supplementary Figure 6.3: Disassembly of hRAD51 from ssDNA does not depend
on the presence of ATP or ADP in the disassembly buffer (A) Fluorescence images
and kymographs of hRAD51 disassembling from ssDNA in the presence of either ATP (left
panel) or ADP (right panel). Images are typical examples of 9 (for the ATP condition) and 6
(for the ADP condition). Scale bars: 2 µm and 5 s. (B) Normalized integrated fluorescence
intensity of the images shown in (A) over time. Exponential fits to these traces give decay
rates of (39±1)10−4 s−1 (black dataset; in the presence of ATP) and (37±1)10−4 s−1 (red
dataset; in the presence of ADP). Colored edges in (A) show color of corresponding force
curve. (C) Average disassembly rates in ATP or ADP conditions do not vary significantly.
Error bars: S.E.M.

Supplementary Figure 6.4: Lengths of the different hRAD51-ssDNA NPF states
(A) Force-relaxation curves under different experimental conditions (see text and Figure 6.4
for details on conditions). Since the mechanical properties of the ADP-bound filaments (black
curve) do not deviate significantly from the other conditions (red, blue and green curves) we
assume that the length of the ADP-bound filament is comparable to that of the ATP-bound
extended conformation. (B) For comparison, 6 individual force-relaxation curves measured
under the same conditions (ATP, Ca2+ and Mg2+) are shown. Variation between curves in
(A) is in the same order as the variation between the curves in (B), showing that the variation
in (A) is caused by molecule-to-molecule variation and not by the different experimental
conditions.
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Supplementary Figure 6.5: Structural transitions in the absence of ATP/ADP
(A),(B),(C) Same experiments as shown in Figure 6.4 in the presence of Ca2+ and Mg2+

(20 mM Tris pH 7.5, 2 mM CaCl2, 10 mM Mg(OAc)2, 1 mM DTT). NPFs were formed in
the presence of ATP, but there was no ATP or ADP in the observation channel. Under these
conditions, ATP hydrolysis can occur and thus hRAD51 can disassemble from the ssDNA,
but reloading of ATP to the NPF after ATP hydrolysis and ADP release is impossible. The
differences between the extension and relaxation curves (A), the total fluorescence intensity
(B) and hysteresis area (C) decrease over time. In (A) blue curve is indistinguishable from
grey curve of bare ssDNA. The disassembly rate can be determined by an exponential fit to
the data in (B), giving a rate of (4±1)10−4 s−1, or by an exponential fit to the data in (C),
giving a rate of (4±1)10−4 s−1.

Supplementary Figure 6.6: Structural transitions in ATP and Mg2+ Force-extension
and force-relaxation curve measured in a buffer containing ATP and Mg2+. Under these condi-
tions ATP hydrolysis and NPF disassembly can occur. We observe a slight hysteresis between
extension and relaxation curves. However, the disassembly rate under these conditions is rel-
atively high, such that the assumption that the amount of hRAD51 bound remains constant
during 1 extension-relaxation cycle is no longer valid. Therefore, under these conditions, no
quantitative analysis (such as shown for other conditions in Figure 6.4) of the hysteresis and
the structural transitions can be performed.
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