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Visualizing human RAD52 interacting with individual DNA molecules

5.1 Abstract

In many organisms, Rad52 has been shown to be a crucial component in DNA
double-strand break repair by homologous recombination. Two main functions
have been attributed to Rad52: facilitating the loading of Rad51 on RPA-coated
single-stranded DNA and promoting the annealing of complementary single-
stranded DNA. In humans, however, the mediatory role of hRAD52 in hRAD51
loading is thought to be fulfilled by hBRCA2. Therefore, the sole function of
hRAD52 is believed to be the annealing of complementary single-stranded DNA.
Here, we use an approach combining microfluidics, optical trapping and fluores-
cence microscopy to obtain insight in the mechanism of hRAD52 at the single-
molecule level, by directly visualizing individual fluorescent hRAD52 complexes
while they interact with single- and double-stranded DNA. For single-stranded
DNA, we find rapid, static and tight interactions of hRAD52 complexes with the
DNA. The single-stranded DNA appears to wrap around hRAD52 complexes.
With double-stranded DNA, the interaction of hRAD52 is slower, weaker and
often diffusive, which is consistent with hRAD52 preferentially localizing on
single-stranded DNA. In addition, force-spectroscopy experiments show that
hRAD52 profoundly alters the mechanical properties of double-stranded DNA
by substantially enhancing DNA flexibility and slightly increasing DNA length,
features that may be advantageous for localizing DNA double-stranded breaks.
Finally, hRAD52 binding changes the nature of the overstretching transition of
double-stranded DNA and appears to prevent melting of the DNA, which might
be advantageous for strand clamping during or after annealing. Together, these
effects may help key mechanistic steps during homologous recombination such
as second-end capture.
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5.2 Introduction

Homologous Recombination (HR) is a process that is crucial for the exchange
of genetic information between DNA molecules by creating genetic diversity
and for maintaining genomic integrity by repairing DNA double-strand breaks
(DSBs) and single-strand gaps [94]. Two classes of proteins are involved in HR
processes: proteins that have ATP-dependent functions (e.g. RecA (bacteria),
hRAD51 (human) and ScRad51 (budding yeast) and proteins that act indepen-
dently of ATP (e.g. Redβ (bacteriophage λ), hRAD52 (human) and ScRad52
(budding yeast) [95]). Generally, ATP-dependent proteins assemble in a nucle-
oprotein filament around single-stranded DNA (ssDNA), supporting homology
recognition and catalyzing strand exchange [18]. In the current study, we ad-
dress the ATP-independent protein RAD52, which is thought to play a role in
annealing of complementary ssDNA strands.

In budding yeast, extensive genetic and biochemical studies have revealed
two major functions of ScRad52 during HR. On the one hand, ScRad52 me-
diates the assembly of ScRad51 nucleoprotein filaments on Replication Protein
A (RPA)-coated ssDNA [96, 97]. On the other hand, ScRad52 catalyzes the
annealing of complementary strands of ssDNA [98, 99]. This second activity is
important in multiple DNA-repair pathways: in the classical DSB-repair path-
way, it is involved in second-end capture, leading to double Holliday-junction
formation. In the synthesis-dependent strand-annealing pathway it is involved
in annealing the newly synthesized strand to the other end of the DSB. Finally,
it plays a role in the ScRad51-independent single strand-annealing pathway
(SSA).

In human cells, the exact function of hRAD52 has remained unclear since
genetic knockouts of hRAD52 show little phenotype [100, 101]. In contrast to
yeast cells, human cells contain breast cancer susceptibility protein 2 (hBRCA2)
[102]. Previous studies [103] have shown that hBRCA2 is responsible for mediat-
ing the loading of hRAD51 onto RPA-coated ssDNA. Therefore, it was assumed
that the function of hRAD52 is only to promote annealing of complementary
ssDNA in these HR pathways. A recent study [102], however, has shown that
hRAD52-BRCA2 double-mutant cells are synthetically lethal, suggesting that
hRAD52 and BRCA2 are functionally more intimately related than was previ-
ously assumed. These studies lead to a regain of interest in studying the exact
function of hRAD52.

Previous studies have revealed that both ScRad52 and hRAD52 proteins
form ring-shaped structures in vitro [104]. In solution at high concentrations,
full-length hRAD52 exists as a stable heptameric ring with a large central chan-
nel, a structural organization reminiscent of hexameric DNA helicases [105].
However, unlike hexameric DNA helicases, there is no evidence indicating that
DNA passes through the channel of the hRAD52 ring. In contrast, it has been
proposed that ssDNA wraps around the outer surface of the hRAD52 ring inter-
acting with an exposed positively charged groove [106]. Annealing of comple-
mentary ssDNA strands might then involve the interaction of multiple hRAD52
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Figure 5.1: N-terminally tagged eGFP-hRAD52 is functional in DNA single-
strand annealing (A) SDS-PAGE and Coomassie staining analysis of purified wild-type
hRAD52 and eGFP-hRAD52. Lane 1: molecular size marker. Lanes 2 and 3: 0.5 µg of
hRAD52 and eGFP-hRAD52, respectively. (B) Kinetics of single-strand annealing reactions
mediated by hRAD52, eGFP-hRAD52 or in the absence of protein using a FAM-labeled 50-
mer oligonucleotides and its unlabeled complementary strand as described in Materials and
Methods. Progressive annealing was detected by taking samples at different time points. After
fractionation of the samples by native PAGE fluorescence signal was collected using a CCD
camera. (C) Quantification of annealing activities detected as in (B). The extent of annealing
is assessed as the percentage of dsDNA formed over time for hRAD52 (black dataset) eGFP-
hRAD52 (red dataset) and spontaneous annealing in the absence of protein (grey dataset).
Error bars: standard error of the mean (S.E.M.) from four independent experiments.

rings [107, 108].

More recently however, studies of Redβ, the bacteriophage λ hRAD52 or-
thologue, have revealed that rings might not be the active species during strand
annealing [95]. In solution, ring-like structures or, more precisely, shallow right-
handed helices [109] have only been observed for Redβ at concentrations far
above physiological levels. In addition, another study indicated that Redβ
monomers weakly hold ssDNA strands together to initiate the strand-annealing
reaction. Next, Redβ dimerization occurs, clamping the strands together, fol-
lowed by monomer-by-monomer growth of a Redβ filament [110]. Only at the
end of the annealing process, Redβ is thought to adopt a ring-like conformation
on double-stranded DNA (dsDNA) [110]. These findings suggest that ring-
mediated annealing models for ATP-independent proteins such as Redβ and
hRAD52 need to be reconsidered.

To further resolve the molecular mechanism of action of hRAD52 during
strand annealing, the current study is aimed at characterizing the interactions of
hRAD52 complexes with DNA. We used a single-molecule approach combining
optical trapping with microfluidics and fluorescence microscopy [9] to directly
visualize and quantify the interaction of fluorescently labeled hRAD52 with
individual ssDNA and dsDNA molecules. We report intrinsic properties op
eGFP-hRAD52-DNA interactions including binding stoichiometry, diffusivity
and its effect on DNA mechanics. Although the natural template for hRAD52
loading might be RPA-coated ssDNA, understanding of the intrinsic interaction
between hRAD52 and DNA is a key step towards understanding its mechanism
of action.
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5.3 Results

Experimental approach

To directly visualize hRAD52 interacting with individual DNA molecules, we
made a genetic fusion of enhanced Green Fluorescent Protein and hRAD52, such
that eGFP was attached to N-terminus of hRAD52 (eGFP-hRAD52). eGFP-
hRAD52 was expressed in E. coli and purified (Figure 5.1(A)). Tagged versus
untagged hRAD52 variants were tested in strand annealing kinetic assays (Fig-
ure 5.1(B),(C)) and we found that the eGFP tag did not appreciably affect
activity, in agreement with cell biology data where eGFP-hRAD52 rescued the
synthetic lethality of BRCA2 hRAD52 double deficient cells [102, 111].

To study the interaction of eGFP-hRAD52 with individual DNA molecules
we used a combination of optical trapping, fluorescence microscopy and mi-
crofluidics. Using two independent optical traps, individual DNA molecules
can be manipulated while simultaneously detecting the tension on the DNA.
Individual dsDNA molecules biotinylated on the 3′ ends of both top and bot-
tom DNA strands [37] can be tethered to optically trapped streptavidin-coated
polystyrene microspheres (Figure 5.2(A)). Single ssDNA tethers(Figure 5.2(C))
were generated by detaching the bottom strand of a dsDNA molecule biotiny-
lated on both the 5′ and the 3′ end of only the top strand by force-induced
melting [37]. After incubation of these dsDNA and ssDNA constructs in an

Figure 5.2: Experimental assay and setup (A) Schematic of a dsDNA molecule (purple)
tethered between two optically trapped micrometer-sized polystyrene beads (grey) with eGFP-
hRAD52 complexes (green) bound to the dsDNA 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 fluorescence microscopy. (B) Typical fluorescence signal image
emitted by eGFP-hRAD52 complexes bound to dsDNA such as schematically shown in (A).
Scale bar: 2 µm. (C) Schematic such as shown in (A) but for eGFP-hRAD52 complexes
bound to ssDNA complex. (D) Typical fluorescence signal image emitted by eGFP-hRAD52
complexes bound to ssDNA such as shown schematically in (C). Scale bar: 2 µm. (E)
The experiments are 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) Capture 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. Then either; (4) the dsDNA is incubated in a channel with the eGFP-hRAD52 and
(5) the construct is brought back to the buffer channel where it can be imaged in the absence of
fluorescence protein in the background, or (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 construct is brought into the buffer for imaging. Imaging of the
eGFP-hRAD52 complexes bound to DNA was always performed in the absence of buffer flow.
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eGFP-hRAD52 solution, the DNA tethers are brought into a buffer channel
where DNA-bound proteins can be visualized in the absence of buffer flow or
fluorescent proteins in solution (Figure 5.2(B),(D)).

To facilitate in situ generation of ssDNA templates and DNA-protein com-
plexes our approach included laminar flow microfluidics, which allows fast ex-
change between buffers containing microspheres, DNA, protein-free buffer solu-
tions and protein solutions (Figure 5.2(E)). The combination of these techniques
[31] with quantitative wide-field fluorescence microscopy allows studying the in-
teractions of eGFP-hRAD52 with both ssDNA and dsDNA, focusing on the
stoichiometry, diffusivity, their dependence on the presence of divalent cations
and applied tension on the DNA, as well as the effect of the binding of eGFP-
hRAD52 on DNA mechanical properties.

Interaction of eGFP-hRAD52 with ssDNA

The affinity of hRAD52 for ssDNA has been reported to be much higher than
for dsDNA [112, 113]. To quantitatively assess the affinity for ssDNA, single
ssDNA molecules were (unless otherwise indicated) incubated at a tension of 10
pN in a buffer containing 1 nM of eGFP-hRAD52, 20 mM Tris-HCl (pH 7.6), 100
mM KCl and either 1 mM Ca2+, 1 mM Mg2+ or no divalent salt. The formation
of protein complexes on the DNA molecule was assessed from the fluorescence
intensity (500 ms exposure/frame) immediately after incubation and subsequent
transfer of the construct to a protein-free environment (Figure 5.3(A)). We ob-
serve discrete patches along the ssDNA constructs, with each patch correspond-
ing to a DNA-bound eGFP-hRAD52 complex. In the presence of Ca2+, loading
of eGFP-hRAD52 is remarkably fast: after incubating for 5 s in 100 pM eGFP-
hRAD52 significant amounts of fluorescent protein were bound to the ssDNA
(Figure 5.3(A), left panel). Under these conditions, the observed nucleation rate
was 15±1 s−1nM−1. In the presence of Mg2+, a much lower nucleation rate of
(6±1)10−2 s−1nM−1 was observed and loading of similar amounts of protein on
the ssDNA substrate required a much longer incubation time (100 s) at a 10-
fold higher eGFP-hRAD52 concentration (Figure 5.3(A), middle panel). When
no divalent cation was present, binding of eGFP-hRAD52 was slightly less ef-
ficient and the nucleation rate was (5±2)10−2 s−1nM−1 (Figure 5.3(A), right
panel). Interactions appeared independent of DNA sequence (Supplementary
Figure 5.1), most patches detected on ssDNA were static (see detailed analysis
of protein diffusion below), and dissociation of the protein complexes could not
be observed since experiments were limited by photobleaching (on a time scale
of 3 s per monomer, resulting in in a bleaching time of ∼30 s for an average-
sized complex) (Supplementary Figure 5.2). We thus show that eGFP-hRAD52
interacts efficiently and statically with ssDNA in a cation-dependent manner.

Next, we determined the stoichiometry of the DNA-bound complexes under
different conditions by quantifying the fluorescence intensity of complexes nor-
malized to that of an individual eGFP (Supplementary Figure 5.2). Stoichiom-
etry distributions were typically very broad, ranging from 1 to several tens of
eGFP-hRAD52 monomers per complex (Figure 5.3(B)). We found no evidence
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Figure 5.3: Binding of eGFP-hRAD52 to ssDNA (A) Fluorescence images (top panels)
and kymographs (bottom panels) of eGFP-hRAD52 on ssDNA in the presence of indicated
divalent cations. In all cases, the ssDNA molecule was held at a tension of 10 pN and was
incubated in a buffer containing 100 pM eGFP-hRAD52 for 5 s in the presence of CaCl2 or 1
nM eGFP-hRAD52 for 100 s in the presence of MgCl2 or the absence of divalent salt. Scale
bars: 2 µm and 5 s. (B) Typical size distribution of eGFP-hRAD52 oligomers bound to
ssDNA, measured in CaCl2 at 100 pM with an average of 11±1 monomers (N=238, S.E.M.).
Dashed blue lines indicate location of heptamers and structures containing exact multiples of
7 monomers. Similar distributions were obtained for all conditions tested. (C) Histogram
showing how the average patch size varies with varying salt conditions, shown for both 1 nM
eGFP-hRAD52 and 100 pM eGFP-hRAD52. At 100 pM, no binding was detected within
our incubation times in the presence of Mg2+ or in the absence of divalent salt. Error bars
indicate S.E.M. (D) Force-extension curves during successive extension and retraction of
eGFP-hRAD52-ssDNA complexes formed by incubation of the ssDNA in a solution containing
5 nM eGFP-hRAD52 and a buffer containing 30 mM KCl. Red trace shows corresponding
(calculated) contour length during the extension trace. Inset: cartoon of possible cause of the
observed rupture events. (E) Top panel: kymograph of fluorescence corresponding to (D).
Bottom panel: enlargement of rupture events indicated by (1), (2) and (3) in panel (D) and
(E) showing clear ruptures of protein-protein bridges. Scale bars: 5 µm and 10 s.
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for the strict heptameric structure predicted previously (blue dotted lines in Fig-
ure 5.3(B)) [105]. In the presence of Ca2+ the average patch stoichiometry was
significantly larger than in the presence of Mg2+ or in the absence of divalent
cations (Figure 5.3(C)). Applying tension to the ssDNA substrate did not have
a significant effect on the patch stoichiometry (Supplementary Figure 5.3(A)).
Also, the average patch size did not depend on incubation time (Supplementary
Figure 5.4), showing no evidence for a mechanism of nucleation-growth as has
been observed for other DNA repair proteins such as hRAD51 [114].

We also studied the impact of eGFP-hRAD52 binding on the mechanical
properties of ssDNA. To this end, we incubated an ssDNA molecule in a buffer
containing eGFP-hRAD52 at very low tension, allowing different segments of
the ssDNA to interact with each other. Next, the construct was brought into a
protein-free buffer channel, where force-extension and force-relaxation curves of
the molecule were measured. In these curves, two clear effects were observed.
In the extension curves (Figure 5.3(D)), rupture events were observed, where
a large, abrupt increase in DNA extension was observed without an increase
in force (indicated by red arrows). The average increase in contour length for
a single rupture event was 0.35±0.02 µm (mean±S.E.M., Supplementary Fig-
ure 5.5). The relaxation curves, on the other hand, show no such ruptures
and appear smooth but significantly shorter than naked ssDNA. This short-
ening persists up to forces above 100 pN. We attribute the rupture events to
tension-induced disconnection of intra-molecular protein-protein bridges (see in-
set Figure 5.3(D)), as evidenced in the corresponding fluorescence kymographs
(Figure 5.3(E)). In addition, the shortening of the eGFP-hRAD52-ssDNA con-
struct with respect to naked ssDNA can be attributed either to very strong
protein-protein bridges or to ssDNA that is wrapped around the protein com-
plexes. Taken together, these results show that eGFP-hRAD52 binds with high
affinity with ssDNA, forming stable oligomeric complexes. The size distribu-
tion of these eGFP-hRAD52-ssDNA complexes depends on the divalent cation
present, but not on the tension in the DNA template or the DNA sequence.
Upon binding, eGFP-hRAD52 forms protein-protein bridges and might bind by
wrapping ssDNA around the protein complexes.

Interaction of eGFP-hRAD52 with dsDNA

Although biochemical studies have mostly focused on the binding of hRAD52
to ssDNA, there is also evidence for hRAD52 interacting with dsDNA [112].
Here, we used our single-molecule approach to directly observe the binding of
eGFP-hRAD52 to dsDNA (Figure 5.4(A)). Binding could only be detected when
200-fold higher eGFP-hRAD52 concentrations were used compared to the ss-
DNA experiments, in line with a much lower affinity for dsDNA than for ssDNA.
Like for the interaction with ssDNA, binding was dependent on the divalent
cation present: eGFP-hRAD52 binds to dsDNA more readily in the presence
of Ca2+ (nucleation rate (29±2)10−3 s−1nM−1 at 5 pN and and (12±2)10−3

s−1nM−1 at 50 pN), than in the presence of Mg2+ ((37±5)10−4 s−1nM−1 and
(22±4)10−4 s−1nM−1 at 5 and 50 pN respectively) or in the absence of divalent
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Figure 5.4: Binding of eGFP-hRAD52 to dsDNA (A) Fluorescence images (top pan-
els) and kymographs (bottom panels) of eGFP-hRAD52 on dsDNA DNA in the presence of
indicated divalent cations and at indicated dsDNA template tensions. The dsDNA molecule
was incubated in a channel containing 20 nM eGFP-hRAD52. Incubation time varied between
20 s (in CaCl2 at 5 pN), 30 s (in CaCl2 in 50 pN), 50 s (in MgCl2 at both forces and without
divalent salt at 50 pN) and 300 s (without divalent salt at 5 pN). As on ssDNA, most binding
is observed in the presence of Ca2+, slightly less binding is observed in presence of Mg2+

and the lowest affinity is observed in the absence of divalent salt. In addition, eGFP-hRAD52
shows a much more dynamic behavior at low force and binds in a more static fashion at higher
forces. Scale bars: 2 µm and 5 s. (B) Typical size distribution (N=242) of eGFP-hRAD52
oligomers bound to dsDNA with an average of 34±3 monomers (mean ± S.E.M.), measured at
20 nM eGFP-hRAD52 at 50 pN in the presence of CaCl2. Dashed blue lines indicate location
of heptamers and structures containing multiples of 7 monomers. Similar distributions were
obtained for all conditions tested. A broad range of sizes is observed with no strong correlation
to the heptameric structure. (C) Relation between average patch size and DNA tension in
each of the 3 salt conditions studied. As the tension in the dsDNA molecule increases, the av-
erage patch size decreases a 4-fold over a force range of 5-50 pN. In addition, a slight influence
of the salt conditions on the patch size is observed. Error bars indicate S.E.M. (D) Mechanical
properties of eGFP-hRAD52-dsDNA complexes are determined by measuring force-relaxation
curves (red curve). Up to 30 pN, the curves are well described by the eWLC model (dark grey
curve). Compared to the mechanical properties of bare dsDNA (blue and light-grey curves), a
significant decrease in persistence length and a slight increase in contour length are observed
(see Table 5.1). Inset shows fluorescence image recorded before the stretching cycle, which
exhibits significant coverage of the dsDNA molecule with eGFP-hRAD52. Scale bar: 2 µm.
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salts (2±2)10−4 s−1nM−1 and (7±1)10−4 s−1nM−1 at 5 and 50 pN respectively)
(Figure 5.4(A)). The interaction of eGFP-hRAD52 with dsDNA appeared not
to depend on DNA sequence (Supplementary Figure 5.2) and dissociation was
slower than photobleaching, just like binding of the protein to ssDNA. Unlike
eGFP-hRAD52 binding to ssDNA, which only involved static complexes, bind-
ing to dsDNA involved both static and diffusive complexes (Figure 5.4(A)),
depending on cation and dsDNA tension.

Stochiometry distributions of complexes bound to dsDNA were even broader
than for ssDNA (Figure 5.4(B)), but also for dsDNA we did not observe a clear
preference for heptameric complexes. A slight dependence of the stoichiometry
on the divalent cation present was observed, as well as a strong dependence
on the tension applied to the DNA molecule (Figure 5.4(C)). At lower DNA
tensions, eGFP-hRAD52 oligomers were larger than at higher tensions. This
observation is in contrast to the interaction with ssDNA, which did not show
tension dependence.

Conditions Stretching Lp Lc S
direction (nm) (µm) (pN)

eGFP-hRAD52-dsDNA Relaxation 5.5±0.9 19.4±0.4 (21±7)102

complexes
Naked dsDNA Extension 45±1 15.96±0.02 (17±1)102

Naked dsDNA Relaxation 48±2 16.0±0.02 (18±1)102

Table 5.1: eGFP-hRAD52-dsDNA complexes as an extensible Worm-Like-Chain
Table showing persistence length, contour length and stretch modulus of hRAD52-dsDNA
complexes and naked dsDNA measured in a buffer containing CaCl2. A clear decrease of the
persistence length and a slight increase in contour length is observed upon hRAD52 binding.
Error bars indicate S.E.M.

Next, we investigated the effect of eGFP-hRAD52-binding on the mechan-
ical properties of dsDNA using dsDNA that was nearly saturated with eGFP-
hRAD52. We observe smooth force-extension and relaxation curves (Fig-
ure 5.4(D), Supplementary Figure 5.6), which did not show evidence for protein-
protein bridges or DNA wrapping, in contrast to our observation for ssDNA.
The individual force-extension curves show substantial variation (Supplemen-
tary Figure 5.6(A)), most likely due to DNA-bound protein complexes sticking
nonspecifically to the microspheres. Relaxation curves, however, were repro-
ducible and smooth (Supplementary Figure 5.6(B)). For forces below 30 pN,
these curves can be accurately described by the Extensible-Worm-Like-Chain
(eWLC) model [115] (Figure 5.4(D)). From the obtained fit parameters in the
presence and absence of eGFP-hRAD52 (Table 5.1), we deduce that eGFP-
hRAD52 binding results in a (9±1)-fold decrease of the persistence length and
a (1.21±0.03)-fold increase in contour length while the stretch modules not af-
fected. At forces above 30 pN, extension-relaxation cycles of bare dsDNA typ-
ically show a saw-tooth like overstretching transition in the buffer conditions
used for hRAD52 binding with a large hysteresis between the extension and re-
laxation curve (Supplementary Figure 5.6(C)), signatures of the force-induced
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melting of the DNA strands. For dsDNA coated with eGFP-hRAD52 the behav-
ior is different: the curves remain smooth and the hysteresis between extension
and relaxation curves is much smaller, indicating that the force-induced melting
of the DNA strands no longer occurs.

In summary, our results show that the interaction of eGFP-hRAD52 with
dsDNA is quite different from that with ssDNA. On dsDNA, eGFP-hRAD52
predominantly binds as static or difusing oligomers. The size of these oligomers
depends on the tension on the DNA. Upon binding, eGFP-hRAD52 strongly
increases dsDNA flexibility and length, while preventing force-induced melting
of the DNA strands.

Diffusion of eGFP-hRAD52 along DNA

When examining the binding of eGFP-hRAD52 to dsDNA (Figure 5.4(A))
we observed that, depending on the buffer and DNA template tension, a frac-
tion of the fluorescent patches moved along the DNA in a diffusive manner. To
quantify this diffusive motion, we used custom-written tracking software to de-
termine the trajectories of each individual fluorescent patch over time and used
mean squared displacement (MSD) analysis to determine the one-dimensional
diffusion coefficient of each patch (Supplementary Figure 5.7). Then we applied
a threshold of 583 nm2/s (the minimal detectable diffusion coefficient in our
experimental conditions, see supplementary information) to determine whether
the complex was static or diffusive. For each tension and buffer condition stud-
ied, we then obtained a distribution of above-threshold diffusion constants (Fig-
ure 5.5(A),(B)) and used two parameters to quantify the diffusive behavior at
each experimental condition: the average diffusion coefficient (calculated based
on only the diffusive particles) and the diffusive fraction (the fraction of particles
that diffused).

Diffusion was most prominent at forces below ∼30 pN (Figure 5.5(C),(D)),
where almost 100% of the particles were mobile. Both the average diffusion co-
efficient (Figure 5.5(C)) and the diffusive fraction (Figure 5.5(D),(E)) decrease
with increasing tension. The transition between static and diffusive behavior
is reversible: when the force is increased, particles switch from a diffusive to a
static state, and when the force is decreased once more, particles may switch
back to the diffusive mode (Figure 5.5(E)). In addition, a slight dependence
of the diffusion coefficient on dsDNA on the nature of the divalent cation was
observed (Figure 5.5(F)), although the diffusive fraction did not change accord-
ingly (Supplementary Figure 5.8). Finally, our data shows no strong correlation
between the diffusion constant and the stoichiometry of the fluorescent patches
(Figure 5.5(G)), indicating that the diffusion is not limited by the drag force
acting on the protein complex. On ssDNA, we also observed some diffusive
behavior. In total, (25±3)% of the complexes bound to ssDNA showed dif-
fusive behavior (compared to (47±2)% on dsDNA), but the average diffusion
coefficient was roughly 50-fold lower for particles diffusing on ssDNA than on
dsDNA (Supplementary Figure 5.3). For diffusion on ssDNA, no dependency of
diffusion on force was observed (Supplementary Figure 5.3). From these data
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Figure 5.5: eGFP-hRAD52 can diffuse along DNA (A) Histogram showing the dis-
tribution of diffusion constants of all diffusive eGFP-hRAD52 complexes, measured in 20 nM
hRAD52 at 5 pN and in the presence of CaCl2. (B) Histogram showing the distribution of dif-
fusion constants of eGFP-hRAD52 along ssDNA, measured in 100 pM eGFP-hRAD52 in the
presence of CaCl2. Note the 20-fold lower values for the diffusion constant on the horizontal
axis. (C) Relation between average diffusion constant and dsDNA tension. A clear ∼8-fold
decrease in diffusion rate is observed as the tension in the dsDNA molecule increases. Error
bars indicate S.E.M. (D) The fraction of particles that is mobile decreases with increasing
tension. At low force, virtually all particles show diffusive behavior, while at high tension,
only a very small fraction of particles is mobile. Error bars: S.E.M. (E) Kymograph recorded
during successive extension-relaxation cycles of a eGFP-hRAD52-dsDNA complex showing a
clear force-dependence of the diffusion: at low force, most complexes diffuse. When the force
is increases, particles may switch to a static binding mode. When the force is decreased,
particles may switch back to diffusive behavior. Intensity is scaled logarithmically. (F) The
average diffusion constant in different divalent cations. Diffusion is fastest in the presence of
Ca2+, slightly slower in presence of Mg2+ and slowest in the absence of divalent salt. Error
bars: S.E.M. (G) Relation between diffusion constant and particle size, measured on dsDNA
with a tension of 5 pN in the presence of Ca2+. Grey dataset shows all individual data points,
red dataset shows average diffusion constant and size over 20 consecutive data points. Error
bars: S.E.M.

we conclude that eGFP-hRAD52 can interact with DNA templates in either
static or diffusive binding modes. The diffusive binding mode is predominantly
observed on dsDNA and is strongly dependent on the tension in the dsDNA
template.

5.4 Discussion and Conclusion

Here, we have shown that hRAD52 readily interacts with both ssDNA and
dsDNA, but the binding affinity of hRAD52 to dsDNA is significantly lower that
for ssDNA: a 100-fold higher concentration of hRAD52 was needed to observe
binding to dsDNA than to ssDNA. In addition, the nature of the interaction is
quite different for ssDNA and dsDNA. On both DNA templates, hRAD52 forms
oligomeric complexes, but on dsDNA the complexes are, on average, larger
than on ssDNA. On both templates, the size of these complexes depends on
the presence of Ca2+ and Mg2+ divalent cations. While this difference in the
presence or absence of divalent salt can be explained by the shielding effect
of their positive charges on the negatively charged phosphodiester backbone of
DNA, the difference between Ca2+ and Mg2+ cannot be directly explained. On
both ssDNA and dsDNA, eGFP-hRAD52 binds in oligomers of varying sizes,
and that heptamers, which could be the dominant species in solution [105],
rearrange into different oligomeric complexes when the protein interacts with
ssDNA.

Upon binding to ssDNA, hRAD52 alters the mechanical properties of the
ssDNA template since binding most likely occurs in a combination of wrapping
and protein-protein bridging. Previous work [106] has suggested that upon
binding, the ssDNA bases become exposed and point outwards. This model is
consistent with the observed overall shortening of DNA and the observation of
rupture events upon DNA extension, which can be attributed to the extension
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of a short section of ssDNA as it partially detaches from the hRAD52. This
particular mode of binding ssDNA might make the bases accessible for strand
annealing and homology search, two key steps in HR.

hRAD52 interacts with dsDNA quite differently than with ssDNA. First of
all, the stoichiometry of the DNA-bound hRAD52 complexes is dependent on
dsDNA tension. Most likely, this is due to structural changes of (bare) ds-
DNA upon application of tension, causing disruption of base pairing resulting
in force-induced melting or other structural states that are more ssDNA-like
[10]. For ssDNA, such structural transitions do not occur. Next, we observed
that hRAD52 complexes bound to dsDNA can diffuse in a tension-dependent
way. Finally, hRAD52 binding also has a profound effect on the mechanics of
dsDNA. In contrast to the postulated wrapping and bridging binding modes ob-
served for ssDNA, smooth force-extension curves are observed for dsDNA coated
with hRAD52. The mechanical properties can be modeled by the eWLC model,
revealing a substantial decrease in persistence length and a slight increase in
contour length upon hRAD52 binding, corresponding to an increased flexibility
and DNA length. In addition, the overstretching behavior of dsDNA is pro-
foundly altered in the presence of hRAD52: the hysteresis between extension
and relaxation curves disappears. This suggests that hRAD52 prevents force-
induced melting and the formation of ssDNA at high forces and thus provides
evidence for hRAD52 strand annealing and clamping activity, which are remi-
niscent of the role proposed for bacteriophage λ heterolog Redβ [110] , which is
thought to clamp ssDNA strands together, promoting strand annealing.

By combining optical trapping with quantitative fluorescence microscopy, we
provide new insights into the interaction of hRAD52 with DNA. The diffusive
binding, increased flexibility and the prevention of ssDNA formation during
overstretching of hRAD52-bound dsDNA might be advantageous for hRAD52
in DNA repair. First of all, the diffusive binding mechanism might suggest a
role for hRAD52 in a diffusive search mechanism for localizing HR structural
intermediates such as ssDNA-dsDNA transitions. In addition, the enhanced
flexibility of the hRAD52-dsDNA complex might be advantageous for DNA
sequence homology recognition. Finally, the prevention of ssDNA formation
when hRAD52-dsDNA complexes are exposed to high tension suggests that
hRAD52 is capable of clamping two individual ssDNA strands together, similar
to what has been suggested for Redβ [110]. This could be advantageous for both
second-end capture and strand annealing. The methodogy and findings reported
here can be used in future experiments to analyze how hRAD52 interacts with
RPA-coated ssDNA or with dsDNA wrapped around nucleosomes.

5.5 Supplementary Information

DNA constructs for optical trapping experiments

For the optical trapping experiments with both ss and dsDNA, biotinylated
DNA constructs based on the 48-kb λ phage DNA were used in combination with
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streptavidin-coated beads with a diameter of 4.5 µm (Spherotech). The prepara-
tion of the construct for the dsDNA experiments was described previously [116]
but in brief consists of using Klenow DNA Polymerase 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 described 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 oligonucleotides (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.

Annealing assay

Two complementary 50-mer oligonucleotides, oligo 1 (5′- TAA ATG CCA
ATG CTG CTG ATA CGT ACT CGG ACT GAT TCG GAA CTG TAA CG-
3′), and oligo 2 (5′-CGT TAC AGT TCC GAA TCA GTC CGA GTA CGT ATC
AGC AGC ATT GGC ATT TA-3′) were purchased from Eurogentec. Oligo 1
was 5′-end labeled with FAM. FAM-labeled oligo 1 (final concentration 10 nM),
complementary oligo 2 (10 nM), hRAD52 protein (final concentration 100 nM)
or eGFP-hRAD52 (final concentration 100 nM) were added in reaction buffer
(final volume 90 µl) containing 0.25 mM DTT, 0.25 mM EDTA, 5 mM Tris
(PH 8.0), 40 mM KCL, 2.5% Glycerol, 50 µg/mL BSA, 2.5 mM MgCl2, kept at
room temperature. At the time indicated, 10 µl of reaction mixture were taken
out and quenched by addition of 2 µl of stop buffer containing 5 µM unlabeled
oligo 1, 5% SDS, 250 mM EDTA and 2.5 mg/ml proteinase K for 15 min at
room temperature. DNA products were fractionated by native polyacrylamide
gel electrophoresis using a Tris-Borate buffer system. Fluorescent signal was
detected and quantified using a ChemiDoc MP imaging system (BIO-RAD).

Experimental Conditions

Catching of the beads 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 channel and imaging channel were 20 mM Tris, pH 7.6,
100 mM KCl and either 1 mM MgCl2, 1 mM CaCl2 or no divalent salt.

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
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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 collecting
the transmitted light using an oil-immersion condenser and rejection of the un-
wanted 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 illumina-
tion. For fluorescence imaging of hRAD52-eGFP, a 491-nm excitation laser was
simultaneously coupled into the microscope and imaged on an EMCCD cam-
era. 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.

Method for protein purification

Two plasmids pET28a-His-hRAD52 and pET28a-eGFP-His-hRAD52
(pET28a backbone from Novagen, constructs areavailable upon request and
deposited in the addgene collection) were constructed for inducible expression
of recombinant full-length hRAD52 in bacteria, either with a N-terminal poly-
histidine or a N-terminal eGFP-polyhistidine tag. The DNA sequences of the
constructs were verified by DNA sequencing. Expressions were performed in
Rosetta(DE3)pLysS cells (Novagen) grown in LB medium containing kanamycin
at 25 µg/ml and chloramphenicol at 34 µg/ml chloramphenicol. Two liters of the
same medium was inoculated with 20 ml of a saturated overnight pre-culture
and incubated at 37 °C with shaking. Expression was induced with 0.5 mM
IPTG when the optical density at 600 nm reached 0.5. After overnight growth
at 16 °C, the cells were harvested by centrifugation (4,500 x g, 15 min, 4 °C),
resuspended with 15 ml PBS and stored at -20 °C. The cell paste was thawed
and one volume of lysis buffer (40 mM Tris-HCl, pH 7.5, 1600 mM NaCl, 4 mM
2-mercaptoethanol, 20 mM Imidazole, 10% glycerol) supplemented with 1 tablet
of protease inhibitors without EDTA (Pierce), 1 mM PMSF, 10 mg lysozyme
and 1 ml of 10% Triton X-100. After resuspension the lysate was treated by
sonication to reduce the viscosity. The lysate was clarified by centrifugation
(25,000 x g, 60 min, 4 °C). The supernatant was collected and passed through
a 5 ml HisTrap FF Crude column (GE Healthcare) equilibrated with 20 mM
Tris-HCl, pH 7.5, 800 mM NaCl, 2 mM 2-mercaptoethanol, 10 mM Imidazole
and 10% glycerol. The column was washed extensively with 20 column volumes
of the same buffer) and proteins were eluted with 25 ml of the same buffer but
containing 300 mM. The eluate was dialyzed against 2 liters of 20 mM Tris-HCl,
pH 8.0, 50 mM KCl, 1 mM EDTA, 1 mM DTT, 10% glycerol, overnight at 4 °C
and applied to a 5 ml Heparin column (GE Healthcare) equilibrated with the
dialysis buffer, washed by raising the salt to 100 mM and eluted with 0.1 to 1
M KCl gradient. The peaks of hRAD52 and eGFP-hRAD52 eluting around 300
mM KCl, were collected, divided in aliquots and flash frozen in liquid nitrogen
before storage at -80 °C.
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Quantification of fluorescence intensities

To obtain the stoichiometry of DNA-bound hRAD52 complexes, we applied
a step-fitting algorithm [117] to the photobleaching traces of all individual flu-
orescent patches and determined the average intensity of a single eGFP from a
Lorentzian fit to the histogram of step intensities (Supplementary Figure 5.2).
From this, the total number of eGFP molecules in each patch could be deter-
mined directly from the total fluorescence intensity of each patch.

Quantification of protein diffusion

The diffusion of hRAD52 complexes along dsDNA and ssDNA was quan-
tified by tracking the proteins for a large number of frames (on average 29±2
s). The corresponding diffusion constant is calculated using 1-dimensional mean
square displacement (MSD) analysis [93]. Because the pixel size of our camera
is 130 nm, we estimate that the minimal diffusion we could observe would be
if the particle moves a distance of 1 pixel during the average interaction time.
Therefore, we estimate the minimum detectable diffusion of hRAD52 interac-
tions using our system to be 583 nm2/s. We thus define that a particle is static
if its diffusion coefficient is lower than this value and that it is diffusive when
its diffusion coefficient is higher than this value.
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5.7 Supplementary Figures

Supplementary Figure 5.1: eGFP-hRAD52 binding is sequence-independent (A)
Relative position along the DNA of all detected eGFP-hRAD52 complexes. Because the
orientation of the DNA molecule between the two beads is unknown in the experiments, the
distance to the closest bead is used as a measure for the position. Error bars indicate S.E.M.
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Supplementary Figure 5.2: Calibration of intensity and bleaching time of indi-
vidual eGFP (A), (B), and (C) Example traces of fluorescence intensities of individual
hRAD52 complexes as a function of time from the three different datasets (see below). Step
values are obtained from such traces using a step fitting algorithm developed by Jacob Kersse-
makers1. (D), (E), and (F) Histograms of step intensities obtained from 3 different datasets
with different imaging conditions. Lorentzian fits are used to determine the most likely value,
giving 59.9±0.2, 233±6 and 345±10 for (D), (E) and (F) respectively. (G), (H), and (I)
Histograms of photobleaching times obtained from the same datasets as (D), (E) and (F)
respectively. Obtained bleaching times from exponential fits are 2.68±0.03 s, 2.91±0.08 s and
2.17±0.03 s respectively. Error bars indicate S.E.M.
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Supplementary Figure 5.3: On ssDNA, eGFP-hRAD52 patch size, D and dif-
fusive fraction are independent of force (A) Relation between average patch size and
force on ssDNA at indicated eGFP-hRAD52 concentrations and given salt conditions. In
contrast to what is observed on dsDNA (Figure 5.3(C)), eGFP-hRAD52 patch size on ssDNA
is independent of force. Error bars indicate S.E.M. (B) Relation between average diffusion
constant and force for ssDNA at the indicated salt conditions. On dsDNA we observed a clear
dependence of the diffusion constant on force (Figure 5.4(D)) but on ssDNA no dependence
on force is observed. Error bars indicate S.E.M. (C) Relation between fraction of observed
patches observed on ssDNA that is diffusive as a function of force at indicated salt conditions.
Contrary to dsDNA, where diffusive fraction depends on force (Figure 5.4(E)), no correlation
is observed on ssDNA. Error bars indicate S.E.M.

Supplementary Figure 5.4: eGFP-hRAD52 patch size is not strongly dependent of
incubation time (A) Average patch size as a function of incubation time, shown for the data
measured on dsDNA at a eGFP-hRAD52 concentration of 20 nM, in the presence of CaCl2
and with a DNA tension of 50 pN. For other conditions, similar results were obtained. Data
shows no dependence of patch size on incubation time, showing no evidence for a mechanism
of cooperative patch growth. Error bars: S.E.M.
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Supplementary Figure 5.5: Distribution of contour length changes in hRAD52-
ssDNA force extension curves (A) Histogram of contour length changes observed in the
rupture events in ssDNA. These were obtained by applying a step-fitting algorithm [117] to
the traces such as shown in Figure 5.3(D). On average, the contour length changes in step of
0.35±0.02 µm.

Supplementary Figure 5.6: Mechanical properties of naked dsDNA and eGFP-
hRAD52 hRAD52-dsDNA complexes (A) Force-extension curves of 11 different eGFP-
hRAD52-dsDNA complexes shows irregular force-extension behavior, caused by aspecific stick-
ing of DNA-bound hRAD52 to the beads. This made it impossible to obtain reliable eWLC
fits to this data. (B) Force-relaxation curves of 8 different eGFP-hRAD52-dsDNA complexes.
These curves are more regular and reliable eWLC fits can be performed on these. (C) Ex-
ample of force-extension data recorded during a stretching-relaxation cycle in the absence of
eGFP-hRAD52. Blue curve shows extension curve and red curve relaxation data. Up to 30
pN, the curves are well described by a fit to the eWLC model, to which fits are shown in
light grey (extension data) and dark grey (relaxation data). Fit parameters (see Table 5.1)
for extension and relaxation curves are not significantly different.
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Supplementary Figure 5.7: Analysis of eGFP-hRAD52 diffusion (A) Typical ex-
ample of a kymograph of diffusive eGFP-hRAD52 particles. This example was measured at
20 nM eGFP-hRAD52 in the presence of CaCl2 on dsDNA with a tension of 5 pN. Scale
bars: 2 µm, 10 s. (B) Typical example of a kymograph of static eGFP-hRAD52 particles.
This example was measured at 20 nM eGFP-hRAD52 in the presence of MgCl2 on dsDNA
with a tension of 50 pN. Scale bars: 2 µm, 10 s. (C) Displacement from the initial position
for a mobile particle (red dataset, see (A)) and static particle (black dataset, see (B)). (D)
Mean-squared displacement analysis of the particles in (C). Linear fit to the first 5 datapoints
of these graphs reveal a diffusion constant of 0.044 µm2/s (red dataset) and 91 nm2/s (black
dataset). Error bars indicate S.E.M.

Supplementary Figure 5.8: eGFP-hRAD52 diffusive fraction is independent of
salt (A) eGFP-hRAD52 diffusive fraction for dsDNA at different forces and ssDNA as a
function of salt conditions shows no significant dependency of diffusive fraction on salt. Error
bars indicate S.E.M.
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