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In Brief

Brouwer et al. show that human RAD52
swiftly and tightly wraps ssDNA around
itself. With dsDNA, interactions are
weaker and diffusive but drastically
change DNA mechanics, suggesting
double helix intercalation. DNA-bound
RADS52 efficiently captures ssDNA in
trans. These features seem favorable for
strand annealing, clamping, and second-
end capture.
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SUMMARY

Human RAD52 promotes annealing of complemen-
tary single-stranded DNA (ssDNA). In-depth knowl-
edge of RAD52-DNA interaction is required to under-
stand how its activity is integrated in DNA repair
processes. Here, we visualize individual fluorescent
RAD52 complexes interacting with single DNA mole-
cules. The interaction with ssDNA is rapid, static, and
tight, where ssDNA appears to wrap around RAD52
complexes that promote intra-molecular bridging.
With double-stranded DNA (dsDNA), interaction is
slower, weaker, and often diffusive. Interestingly,
force spectroscopy experiments show that RAD52
alters the mechanics dsDNA by enhancing DNA flex-
ibility and increasing DNA contour length, suggesting
intercalation. RAD52 binding changes the nature of
the overstretching transition of dsDNA and prevents
DNA melting, which is advantageous for strand
clamping during or after annealing. DNA-bound
RAD52 is efficient at capturing ssDNA in trans.
Together, these effects may help key steps in DNA
repair, such as second-end capture during homo-
logous recombination or strand annealing during
RAD51-independent recombination reactions.

INTRODUCTION

Human RAD52 belongs to a ubiquitous class of proteins that
helps to overcome the thermodynamic barrier required to
anneal complementary DNA strands under biological conditions
(lyer et al., 2002; Sugiman-Marangos et al., 2016). In mamma-
lian cells, RAD52 is important for repair of DNA double-strand
breaks (DSBs) by the mutagenic RAD51-independent single-
strand annealing pathway (SSA) (Bhargava et al., 2016; Morales
et al., 2015; Stark et al., 2004). However, unlike its yeast ortho-
log, vertebrate RAD52 does not seem to be crucial for recombi-
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national repair of DSBs via RAD51 (Rijkers et al., 1998; Yamagu-
chi-lwai et al., 1998). The reason for this is that the RAD52
function to facilitate the loading of RAD51 on replication pro-
tein A (RPA)-coated single-stranded DNA (ssDNA) appears to
have been taken over by breast cancer susceptibility protein 2
(BRCA2) (see commentary by Liu and Heyer, 2011 and refer-
ences therein). However, the finding that RAD52 deficiencies
are synthetically lethal with BRCA2 deficiencies suggests a
functional redundancy between RAD52 and BRCA2 (Feng
et al.,, 2011; Lok et al., 2013). These reports, together with the
recent discovery that RAD52 is implicated in promoting DNA
synthesis after replication stress (Bhowmick et al., 2016; Ciccia
and Symington, 2016; Sotiriou et al., 2016) and in modulating
antibody class-switch recombination (Zan et al., 2017), are
fueling a regain of interest in studying the function of RAD52
for both fundamental and therapeutic purposes (Hanamshet
et al., 2016).

RAD52 forms ring-shaped structures in vitro (Shinohara
et al., 1998). In solution, full-length RAD52 forms stable hep-
tameric rings with a large central channel, a structural orga-
nization reminiscent of hexameric DNA helicases (Stasiak
et al., 2000). However, unlike hexameric DNA helicases,
there is no evidence indicating that DNA passes through
the channel of the RAD52 ring. In contrast, it has been pro-
posed that ssDNA wraps around the outer surface of the
RADS52 ring, interacting with an exposed positively charged
groove (Singleton et al., 2002). Annealing of complementary
ssDNA might then involve ssDNA wrapping and dynamic in-
teractions between multiple RAD52 rings (Grimme et al,
2010; Rothenberg et al., 2008).

Here, we directly visualize and quantify the interaction of
fluorescently labeled human RAD52 with individual ssDNA
and double-stranded DNA (dsDNA) molecules using a single-
molecule approach that combines optical trapping with micro-
fluidics and fluorescence microscopy. We report intrinsic
properties of RAD52-DNA interactions, including binding stoi-
chiometry, diffusivity, and effect on DNA mechanics, and
discuss the implications of our findings on the biological roles
of RAD52.
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RESULTS AND DISCUSSION

Experimental Approach

After expression in bacteria, human RAD52 tagged at the N ter-
minus with EGFP (GFP-RAD52) was purified (Figure S1A) and
tested in strand-annealing kinetic assays (details of experimental
procedures can be found in Supplemental Experimental Proced-
ures). We found no appreciable differences in activity compared
to the untagged variant (Figures S1B and S1C), in agreement
with previous studies where GFP-RAD52 fully rescued the syn-
thetic lethality of BRCA2 RAD52 double-deficient cells (Feng
et al., 2011; Lok et al., 2013).

To study the interaction of GFP-RAD52 with individual DNA
molecules, we used a combination of optical trapping, fluo-
rescence microscopy, and microfluidics (Brouwer et al.,
2016; Heller et al., 2014a, 2014b). Using two independent
optical traps, individual DNA molecules could be manipu-
lated while simultaneously detecting the tension on the
DNA. dsDNA molecules were biotinylated on the 3’ ends of
both top and bottom DNA strands (Candelli et al., 2013)
and were tethered to optically trapped streptavidin-coated
polystyrene microspheres (Figure S1D). Single ssDNA tethers
(Figure S1E) were generated by biotinylation of both the 5’
and 3’ ends of the top strand of a dsDNA molecule and
subsequent detachment of the bottom strand by force-
induced melting (Candelli et al., 2013). After incubation of
the dsDNA and ssDNA constructs in a GFP-RAD52 solution,
the DNA tethers were brought into a buffer channel where
DNA-bound proteins could be visualized in the absence of
fluid flow and fluorescent proteins in solution (Figures S1F
and S1G). To facilitate in situ generation of ssDNA templates
and DNA-protein complexes, our approach included laminar
flow microfluidics, which allows fast exchange between
buffers containing microspheres, DNA, protein-free, and pro-
tein solutions (Figures S1H and S1l).

GFP-RAD52 Binding to ssDNA Is Avid and Shortens
ssDNA Contour Length

The affinity of RAD52 for ssDNA has been reported to be much
higher than for dsDNA (Van Dyck et al., 1998). To quantitatively
assess the affinity for ssDNA, single ssDNA molecules were (un-
less otherwise indicated) incubated at a tension of 10 pN in a
buffer containing 1 nM of GFP-RAD52; 20 mM Tris-HCI (pH
7.6); 100 mM KCI; and either 1 mM Ca?*, 1 mM Mg?*, or no
divalent cations. Protein complexes formation on the DNA was
assessed from the fluorescence intensity (under constant
continuous excitation with 500 ms exposure time/frame) imme-
diately after transfer of the construct to a protein-free environ-
ment. We observed discrete fluorescent patches along the
ssDNA constructs, with each patch corresponding to an oligo-
meric DNA-bound GFP-RAD52 complex. In the presence of
Ca?*, loading of GFP-RAD52 is remarkably fast: after 5 s incuba-
tion in 100 pM GFP-RAD52, significant amounts of fluorescent
protein were bound to the ssDNA (Figure 1A, left panel). Under
these conditions, the observed rate of patch formation was
35 + 3 oligomers s™' nM~" (n = 43). In the presence of Mg?*, a
much lower rate of (5 + 1)-1072 oligomers s™' nM~" (n = 11)
was observed and loading of similar amounts of protein on
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ssDNA required a much longer incubation (100 s) at 10-fold
higher GFP-RAD52 concentration (Figure 1A, middle panel).
When no divalent cation was present, binding of GFP-RAD52
was even less efficient and the patch formation rate was
(1.2 + 0.5)-1072 oligomers s~' nM~" (n = 25; Figure 1A, right
panel). Interactions appeared independent of DNA sequence
(Figure S2A); most patches detected on ssDNA appeared static
(see analysis of protein diffusion below); and within the (limited)
observation time of our experiments (about 2 min), we did not
observe dissociation of the GFP-RAD52 patches from the
DNA, which implies a dissociation rate smaller than 0.008 s,
We thus show that GFP-RAD52 interacts efficiently and statically
with ssDNA in a cation-dependent manner.

Next, we determined the stoichiometry of the DNA-bound
complexes by quantifying the fluorescence intensity of the
complexes and normalizing to that of an individual GFP (Fig-
ure S8). Stoichiometry distributions were typically very broad,
ranging from one to several tens of GFP-RAD52 monomers
per complex (Figure 1B). We found no evidence for the strict
heptameric structure reported previously (blue dotted lines in
Figure 1B; Stasiak et al., 2000). Heptamers, the dominant spe-
cies in solution, may thus rearrange into different oligomeric
complexes when the protein interacts with ssDNA. Neverthe-
less, further experiments are needed to directly observe this pu-
tative rearrangement and assess to what extent the deviation
from the 7-n distribution expected for heptamers and multiples
of heptamers is caused by quenching of the EGFP fluorescence
by homo-FRET or because of a dark, non-fluorescent fraction in
the GFP-RAD52 preparations. In the presence of CaZ*, the
average patch size was significantly larger than in the presence
of Mg?* or without divalent cations (Figure 1C). Applying tension
to the ssDNA substrate did not have a significant effect on
the average number of patches (Figure S2B) and their size
(Figure S2C). To further address how RAD52 interacts with
ssDNA, we performed an experiment where a ssDNA construct
was repeatedly incubated in the GFP-RAD52 channel, each in-
cubation lasting 2 s. The position of the fluorescent patches was
recorded and photobleached afterward. Subsequently, the re-
corded positions of the successive incubations were compared
(Figure S2D; representative example out of eight experiments).
The probability of detecting a fluorescent patch at the same po-
sition during successive incubations is in the order of 14% + 4%
(SEM), indicating that the rates of initial patch formation and of
patch growth are of the same order, unlike RAD51, which ex-
hibits rate-limiting nucleation and a fast polymerization rate
(Candelli et al., 2014).

We also studied the impact of GFP-RAD52 binding on the
mechanical properties of ssDNA. To this end, we incubated
ssDNA constructs in a buffer containing GFP-RAD52 at very
low tension, allowing different segments of the ssDNA to
interact with each other. Next, the constructs were brought
into a protein-free buffer channel, where force-extension and
force-relaxation curves were measured. In these curves, two
clear effects were observed. In the extension curves (Figure 1D),
rupture events were observed, where a large, abrupt increase
in DNA extension was observed without an increase in
force (orange arrows). The average increase in contour length
for a single rupture event was 0.35 + 0.02 um (mean + SEM,;
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Figure 1. Binding of GFP-RAD52 to ssDNA
(A) Fluorescence images (top panels) and kymo-

Position Position

graphs (bottom panels) of GFP-RAD52 on ssDNA
in the presence of the indicated divalent cations.
ssDNA molecules were held at 10 pN tension and
incubated in a buffer containing 100 pM GFP-
RAD52 for 5 s in the presence of CaCl, or 1 nM
GFP-RAD52 for 100 s in the presence of MgCl, or
in the absence of divalent cation. The scale bars
represent 2 um and 5 s.

(B) Size distribution of GFP-RAD52 oligomers

Position bound to ssDNA, measured in CaCl, at 100 pM

with an average of 11 + 1 monomers (mean + SEM;
n = 238). Dashed blue lines indicate multiples
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obtained for all the conditions tested.

(C) Bar plot showing how the average patch size
varies with varying divalent cations at 1 nM and 100
pM GFP-RAD52. At 100 pM, no binding was de-
tected within our incubation times in the presence
of Mg?* or in the absence of divalent cation. The
error bars represent statistical errors in the number
of counts.

(D) Force-extension curves during successive
extension and retraction of GFP-RAD52-ssDNA
complexes formed by incubation of the ssDNA with
5 nM GFP-RAD52 in 30 mM KCI. Red trace shows
the corresponding (calculated) contour length
during the extension trace.
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Although biochemical studies have
mostly focused on the binding of RAD52
to ssDNA, there is also evidence for
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Figure S2E). The relaxation curves, on the other hand, showed
no such ruptures and appeared smooth, but the ssDNA
was significantly shorter than naked ssDNA. This shortening
persists up to forces above 80 pN (Figure 1D). The rupture
events could be attributed to tension-induced rupture of pro-
tein-protein bridges, as can be observed in the corresponding
fluorescence kymographs (Figure 1E) or to the rupture of short
stretches of dsDNA that were formed through RAD52-mediated
annealing of partially complementary DNA segments. In addi-
tion, the shortening of the GFP-RAD52-ssDNA construct with
respect to naked ssDNA can be attributed either to very strong
(and thus unbroken) protein-protein bridges or to ssDNA that
is wrapped around the protein complexes. Hence, this behavior
is consistent with the proposal that ssDNA wrapping and ring-
ring contacts might be involved in RAD52-promoted strand an-
nealing (Grimme et al., 2010; Rothenberg et al., 2008).

RADS52 interacting with dsDNA (Hengel

etal., 2016; Van Dyck et al., 1998), despite

the biological relevance of such interac-
tion remaining subject of debate. To detect dsDNA binding, we
worked at 20 nM GFP-RAD52 concentration; as reference, the
RAD52 concentration in yeast is ~1 nM (Ghaemmaghami
et al., 20083). Interestingly, RAD52 has a secondary DNA binding
site that is important for dsDNA binding, likely regulated by phos-
phorylation, and required to introduce positive supercoiling in
dsDNA upon RAD52 binding (Honda et al., 2011; Kagawa
et al., 2008). Here, we used our single-molecule approach to
directly observe the binding of GFP-RAD52 to dsDNA. As for
the interaction with ssDNA, binding was dependent on the diva-
lent cation present: GFP-RAD52 binds to dsDNA more readily in
the presence of Ca®* (average patch formation rate [26 + 4]- 103
oligomers s~ nM~" [n = 66]), than in the presence of Mg?*
([3.9 + 0.3]- 103 oligomers s~ ' nM~" [n = 101]) or in the absence
of divalent cations ([2.9 + 0.5]-10~2 oligomers s~' nM~" [n = 38];
Figure 2A). From these numbers, it is clear that, in the presence
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Figure 2. Binding of GFP-RAD52 to dsDNA
Fluorescence images (top panels) and

kymographs (bottom panels) of GFP-RAD52 on
dsDNA in the presence of the indicated divalent
cations and dsDNA template tensions. The
dsDNA molecule was incubated in a channel
containing 20 nM GFP-RAD52. Incubation times
were 20 s for CaCl, at 5 pN, 30 s for CaCl, at 50
pN, 50 s for MgCl, at both forces and for no
divalent cation at 50 pN, and 300 s for no

divalent cation at 5 pN. As on ssDNA, most
binding is observed in the presence of Ca%*,
slightly less binding is observed in presence of
Mg?*, and the lowest affinity is observed without
divalent cation. GFP-RAD52 shows a dynamic
behavior at low force, whereas it binds in a more
static fashion at higher forces. The scale bars

represent 2 um and 5 s.

(B) Size distribution (n = 242) of GFP-RAD52
oligomers bound to dsDNA, average of 34 + 3
monomers (mean + SEM), measured at 20 nM
GFP-RAD52, 50 pN tension, in the presence of
CaCl,. Dashed blue lines indicate multiples of
seven monomers. Similar distributions were
obtained for all the conditions tested.

(C) Relation between average patch size and DNA
tension for the cationic conditions studied. As
dsDNA tension is increased, the average patch size
decreases by 4-fold in the 5-50 pN range. In
addition, cationic conditions slightly influence the
patch size. The error bars represent SEM.

(D) Mechanical properties of GFP-RAD52-dsDNA
complexes determined by force-relaxation experi-

A
+ MgCl, No divalent salt (A)
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described by the eWLC model (dark gray).
Compared to bare dsDNA (blue and light gray), a

significant decrease in persistence length and a slight increase in contour length are observed (see Table 1). The inset shows the fluorescence image of the
dsDNA, covered by more than 4,500 GFP-RAD52 proteins, recorded before the stretching cycle. The scale bar represents 2 pm.

of divalent ions, the affinity for dsDNA is one to three orders
of magnitude lower compared to the affinity for ssDNA. Again,
the interaction of GFP-RAD52 with dsDNA appeared not to
depend on DNA sequence (Figure S2A), and dissociation was
slower than photobleaching, as found for the interaction with
ssDNA. Unlike GFP-RAD52 binding to ssDNA, which predomi-
nantly involved static complexes, binding to dsDNA involved
both static and diffusive complexes (Figure 2A), depending on
the cation and applied tension. Also, when measured in Ca%*
and at 50 pN, the average patch size on dsDNA did not depend
on incubation time (Figure S4A), indicating that patch growth is
not cooperative.

Stoichiometry distributions of complexes bound to dsDNA
were even broader than for ssDNA (Figure 2B), and also for
dsDNA, we did not discern a clear 7-n distribution reminiscent
of heptameric complexes. Again, a dependence of the stoichi-
ometry distributions on the divalent cation present was
observed, as well as a significant dependence on the tension
applied to the construct (Figure 2C). At lower DNA tensions,
GFP-RAD52 oligomers were larger than at higher tensions.
This observation is in contrast to the interaction with ssDNA,
which did not show dramatic tension dependence. Most
likely, this is due to structural changes of bare dsDNA upon appli-
cation of tension, causing disruption of base pairing resulting in
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force-induced melting or other structural states that are more
ssDNA-like where RAD52 would preferentially bind with a stoi-
chiometry reminiscent of that observed for ssDNA (King et al.,
2013). For ssDNA, such structural transitions do not occur. On
both templates, the size of these complexes depends on the
presence of Ca?* and Mg?*. Whereas the difference in the pres-
ence or absence of divalent cation can be explained by the
shielding effect of their positive charges on the negatively
charged phosphodiester backbone of DNA, the difference be-
tween Ca?* and Mg2* cannot be directly explained. Neverthe-
less, it is interesting to note here that Ca®* greatly favors associ-
ation kinetics of GFP-RAD52 with DNA. In light of previous
studies that showed an important role of Ca?* in the control of
homologous recombination in human by affecting the ATPase
activity of RAD51 (Bugreev and Mazin, 2004; Mazina and Mazin,
2004), our findings suggest that Ca®* could have a much wider
impact on DNA recombination transactions in human cells not
only by stimulating RAD51-mediated strand exchange but also
RAD52-mediated strand annealing.

Next, we investigated the effect of GFP-RAD52 binding on the
mechanical properties of dsDNA using dsDNA constructs with a
high coverage of GFP-RAD52. We observe smooth force-exten-
sion and relaxation curves (Figures 2D, S4B, and S4C) that did
not show evidence for protein-protein bridges or DNA wrapping,



Table 1. GFP-RAD52-dsDNA Complexes as an Extensible Worm-like Chain

Conditions Stretching Direction Number of Experiments Ly (nm) L (wm) S (pN)

GFP-RAD52-dsDNA relaxation 8 5.5+0.9 19.4 + 0.4 (21 +7)-10?
Naked dsDNA extension 20 45 +2 15.96 + 0.02 (18 £ 1)-10?
Naked dsDNA relaxation 18 47 + 2 16.00 + 0.02 (17 £ 1)-10?

L., contour length; L, persistence length; S, stretch modulus. GFP-RAD52-dsDNA complexes and naked dsDNA were measured in a buffer containing

CaCl,. Errors: SEM.

in contrast to our observation for ssDNA. Individual force-exten-
sion curves show substantial variations (Figure S4B), likely due to
DNA-bound protein complexes sticking nonspecifically to the
microspheres. Relaxation curves, however, were reproducible
and smooth (Figure S4C). For forces below 30 pN, these curves
can be accurately described by the extensible-worm-like-chain
(eWLC) model (Broekmans et al., 2016; Figure 2D). From the
fit parameters in the presence and absence of GFP-RAD52
(Table 1), we deduce that GFP-RAD52 binding results in a
(9 + 1)-fold decrease of the persistence length and a
(1.21 + 0.03)-fold increase in contour length, whereas the stretch
modulus is not affected. These properties suggest a possible
binding mechanism of RAD52 to dsDNA through intercalation
and opening of the double helix, which might be crucial for
ATP-independent homology recognition and strand exchange
by RAD52 (Bi et al., 2004; Reddy et al., 1997).

In the buffer conditions used, at forces above 30 pN, exten-
sion-relaxation cycles of bare dsDNA typically show a saw-
tooth-like overstretching transition with a large hysteresis be-
tween the extension and relaxation curve (Figure S4D), signature
of the force-induced melting of the DNA strands (Gross et al.,
2011). For dsDNA coated with GFP-RAD52, the behavior is
different: the curves remain smooth and the hysteresis between
extension and relaxation curves is much smaller, indicating that
force-induced melting of the DNA strands no longer occurs. The
formation of ssDNA is thus prevented by GFP-RAD52, providing
evidence for strand annealing and clamping activity for RAD52
reminiscent of the activity proposed for the bacteriophage A
Redp ortholog, which is thought to clamp DNA strands together
to secure homology recognition (Ander et al., 2015). RAD52
DNA-strand clamping might be an important property during
second-end capture, for holding together annealed DNA repeats
to allow processing of ssDNA flaps and DNA repair synthesis
during the various types of homologous recombination after
D-loop formation. Moreover, as was discovered in yeast,
RADS52 could be part of a complex that tightly tethers the two
ends of broken chromosomes, allowing them to withstand the
pulling forces of the mitotic spindle (Lisby and Rothstein, 2004;
Lobachev et al., 2004).

GFP-RAD52 Slides along dsDNA

When examining the binding of GFP-RAD52 to dsDNA (Fig-
ure 2A), we observed that, depending on the buffer and the
tension applied on the construct, a fraction of the fluorescent
patches moved along the DNA in a diffusive manner. To quantify
this diffusive motion, we used custom-written tracking software
to determine the trajectory of each individual fluorescent patch
over time and used mean squared displacement (MSD) analysis

to determine the one-dimensional diffusion coefficient of each
patch (Figures S5A-S5D). Then, we applied a threshold of
583 nm?/s (the minimal detectable diffusion coefficient in our
experimental conditions; see Supplemental Experimental Pro-
cedures) to determine whether the complex was static or diffu-
sive. For each tension and buffer condition studied, we gener-
ated the distribution of above-threshold diffusion coefficients
(Figure 3A) and used two parameters to quantify the diffusive
behavior: the average diffusion coefficient (calculated based
on only the diffusive particles) and the diffusive fraction (the frac-
tion of particles that diffused). Diffusion was most prominent at
forces below 15 pN, where almost 100% of the particles were
mobile. Both the average diffusion coefficient (Figure 3B) and
the diffusive fraction (Figure 3C) decreased with increasing ten-
sion. 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 again,
particles may switch back to the diffusive mode (Figure 3D). Yet,
no dependence of the diffusion coefficient on the nature of the
divalent cation was observed (Figure 3E), and the diffusive frac-
tion also did not change accordingly (Figure S5E). Finally, our
data show no strong correlation between the diffusion coefficient
and the size of the fluorescent patch (Figure 3F), indicating that
diffusion is not limited by the drag force acting on the protein
complex. A quantitative analysis revealed that RAD52 com-
plexes also diffuse on ssDNA, albeit with smaller diffusion coef-
ficients and diffusive fractions than on dsDNA and in a manner
independent of the tension applied on the ssDNA construct (Fig-
ures S5F and S5G). In total, 25% + 3% of the complexes bound
to ssDNA showed diffusive behavior and the average diffusion
coefficient was roughly 50-fold smaller for particles diffusing
on ssDNA than on dsDNA (Figure 3E). From these data, we
conclude that GFP-RAD52 can interact with DNA in either static
or diffusive binding modes. The diffusive binding mode is pre-
dominantly observed on dsDNA and is slowed down when ten-
sion is applied on the dsDNA, which favors immobilization of
RAD52 complexes by intercalation in the double helix (Figure 3G,
top panel). This diffusive binding mechanism suggests a role for
RADS52 in a diffusive search mechanism for localizing DNA struc-
tural intermediates, such as ssDNA-dsDNA interfaces.

DNA-Bound GFP-RAD52 Captures ssDNA in trans

Given the involvement of RAD52 in second-end capture during
homologous recombination (Mcllwraith and West, 2008; Nimon-
kar et al., 2009; Shi et al., 2009), we explored its ability to capture
DNA in trans. GFP-RAD52 was first bound to dsDNA or to
ssDNA, and the constructs were subsequently exposed to a
solution of 60-mer ssDNA oligonucleotides fluorescently end
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Figure 3. GFP-RAD52 Can Diffuse along
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(C) The fraction of complexes that are mobile de-
creases with increasing tension. At low force,
virtually all complexes show diffusive behavior,
whereas at high tension, only a small fraction of
complexes is mobile. The error bars represent
statistical errors in the number of counts.

(D) Kymograph recorded during successive
extension-relaxation cycles of a GFP-RAD52-
dsDNA complex showing a clear force dependence
of the diffusion: at low force, most complexes
RAD diffuse. When the force is increased, complexes
switch to a static binding mode. When the force is
decreased, complexes may switch back to diffu-
sive behavior. Intensity is scaled logarithmically.
The scale bars represent 2 pym and 5 s.

(E) Bar plot of the average diffusion coefficient for
different divalent cations, forces, and DNA sub-
strates. Diffusion is fastest in the presence of Ca®,
slower in presence of Mg?*, and slowest in the
absence of divalent cations. The error bars repre-
sent SEM.
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(F) Relation between diffusion coefficient and patch size, measured on dsDNA with a tension of 5 pN in the presence of Ca®*. Grey dataset shows all individual data
points, and red dataset shows the average diffusion coefficient of 20 consecutive data points of increasing complex size. The error bars represent SEM.

(G) Schematic summarizing the interaction of RAD52 with DNA. GFP-RAD52 interacts with dsDNA in a diffusive mode at low tension (1-5 pN; top). As the applied
tension is increased, diffusion halts as GFP-RAD52 complexes intercalate the double helix. At high tension (>50 pN), GFP-RAD52 tightly clamps the DNA strands.
The process is reversible, as GFP-RAD52 complexes resume diffusion when the applied tension is brought back to 5 pN. GFP-RAD52 binding to ssDNA is rapid,
stable, and static, consisting of a combination of wrapping and bridging modes (bottom).

labeled with Atto647N. GFP-RAD52 bound to dsDNA exhibits a
remarkably efficient ability to capture the ssDNA oligonucleotide
in trans (Figure 4A). All out of 27 individual GFP-RAD52 fluores-
cent patches (green) observed on six independent dsDNA
molecules held at 50 pN captured at least one ssDNA oligo
(red). Under the same conditions, no Atto647N signal was de-
tected on constructs that were not incubated with GFP-RAD52
(Figure 4B). Next, we performed similar experiments on ssDNA
constructs held at 5 pN (Figure 4C). Again, analysis of six inde-
pendent molecules pre-incubated with GFP-RAD52 showed
detection of Atto647N signal co-localizing with the GFP-RAD52
patches. Control experiments with ssDNA constructs not pre-
incubated with GFP-RAD52 revealed that the oligonucleotides
bind to naked ssDNA to a much lesser extent than in the pres-
ence of GFP-RAD52 (Figure 4D). We conclude that DNA-bound
GFP-RAD52 is efficient at capturing ssDNA from solution, remi-
niscent of its role in second-end capture.

Conclusions

We have provided a quantitative assessment of the interaction of
human RADS52 with DNA, suggesting properties important for its
physiological roles as summarized in Figure 3G. While interacting
tightly with ssDNA through a combination of wrapping and
bridging, RAD52 complexes bound to dsDNA profoundly affect
dsDNA mechanics and can diffuse in a tension-dependent way
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along dsDNA. The substantial decrease in persistence length
and slight increase in contour length observed upon RAD52 bind-
ing indicate that RAD52 binding increases dsDNA flexibility prob-
ably by destabilizing and intercalating into duplex DNA. Our find-
ings suggest that the way by which RAD52 promotes strand
exchange in vitro is not by a strand-invasion mechanism like the
RAD51 or RecA nucleoprotein filament but rather results from
the ability of RAD52 to change dsDNA structure, intercalating in
the helix to make the bases available for pairing. Consistent with
our model, it was previously observed that increasing the frac-
tional A- T content of DNA increases the yields of in vitro strand ex-
change reactions by RADS52, likely because it would be easier for
RADS52 to intercalate in A-T regions (Bi et al., 2004; Kumar and
Gupta, 2004). Also, the overstretching behavior of dsDNA is
profoundly altered in the presence of RAD52, suggesting that
RADS52 prevents force-induced melting and thus providing evi-
dence for strand-clamping activity. The methodology and findings
reported here can now be used in future experiments to extend
this analysis by studying how RAD52 interacts with RPA, a pivotal
ssDNA-binding protein. Indeed, RAD52 will need to deal with
RPA-coated ssDNA in the physiological context, and its direct
physical and functional interaction with RPA appears to be essen-
tial for homologous recombination in yeast and mammalian cells,
especially when long ssDNA substrates need to be processed
(Jackson et al., 2002; Park et al., 1996; Sugiyama et al., 1998).
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Figure 4. GFP-RAD52 Captures ssDNA in trans

(A) Two representative experiments showing ssDNA capture by GFP-RAD52
bound to dsDNA (n = 6). AdsDNA construct held at 50 pN was first incubated in
a channel containing 50 nM GFP-RAD52 in the presence of Ca®* for 30 s and
then moved into a protein-free buffer channel to detect the binding positions of
GFP-RAD52 (green). Next, the construct was incubated in a channel con-
taining 10 nM Atto647N-labeled ssDNA Oligo for 30 s and subsequently
moved to the observation channel to detect the binding positions of the oligo
(red). Both signals were merged to detect where colocalization (yellow) has
occurred.

(B) Two representative control experiments as in (A) but without GFP-RAD52.
(C) Two representative experiments showing ssDNA capture by GFP-RAD52
bound to ssDNA (n = 6). A ssDNA construct held at 5 pN was first incubated in
a channel containing 5 nM GFP-RAD52 in the presence of Ca2* for 30 s and
then moved into a protein-free buffer channel to detect the binding positions
of GFP-RAD52 (green). Next, the construct was incubated in a channel
containing 10 nM Atto647N-labeled ssDNA Oligo for 30 s and subsequently
moved to the observation channel to detect the binding of the oligo (red).
Both signals were merged to detect where colocalization (yellow) has
occurred.

(D) Two representative control experiments as in (C) but without GFP-RAD52.
The scale bars represent 2 um.
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Further, the activities of BRCA2 could be similarly analyzed
and directly compared to the ones of RAD52 to explore
possible functional redundancies between the two proteins sug-
gested by studies of the Ustilago maydis orthologs (Mazloum
et al., 2007).

EXPERIMENTAL PROCEDURES

Expanded methods and details about proteins and DNA substrates and
annealing and ssDNA oligo capture assays are provided in Supplemental
Experimental Procedures.

Single-Molecule Experiments

Single-molecule experiments have been executed using a custom-build in-
strument (Gross et al., 2010) integrating optical trapping, wide-field fluores-
cence microscopy, and microfluidics. Beads and DNA catching were done
in PBS buffer (pH 7.3-7.5). DNA melting for generation of ssDNA templates
was performed in 20 mM Tris-HCI (pH 7.6). Protein, imaging, and ssDNA oligo
buffer consisted of 20 mM Tris-HCI (pH 7.6); 100 mM KCI; and either 1 mM
MgCl,, 1 mM CaCl,, or no divalent cations.

Quantification of Fluorescence Intensity

The stoichiometry of the DNA-bound GFP-RAD52 complexes was inferred
from the number of GFP molecules in each fluorescent patch, calculated
dividing the initial fluorescence intensity of the patch by the average intensity
of a single GFP. We used a step-fitting algorithm (Kerssemakers et al., 2006) to
extract the intensity of single GFPs from photo-bleaching traces (Figure S3A)
of individual patches. The average GFP intensity was obtained from a Lorent-
zian fit to the histogram of step intensities (Figure S3B).

Quantification of Protein Diffusion

Diffusion was analyzed tracking GFP-RAD52 complexes for a large number of
frames (on average 29 + 2 s) and quantified using 1D MSD analysis (Heller
et al., 2014b). Diffusion coefficients were calculated by linear fit to the first
five points of the MSD curves (Figure S5D).

Statistical Analysis

Data are presented as mean = SEM, and histograms show statistical errors in
the number of counts. Data and images have been analyzed using custom-
written LabView routines.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and five figures and can be found with this article online at http://dx.doi.org/
10.1016/j.celrep.2017.02.068.
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Figure S1. Functionality of GFP-RADS52 and experimental assay, related to Figures 1, 2, 3, and 4.

A) SDS-PAGE and Coomassie Blue staining analysis of purified wild-type RADS52 and N-terminally tagged GFP-RADS52.
Lane 1: molecular size marker. Lanes 2 and 3: 0.5 pg of RAD52 and GFP-RADS52, respectively.

B) Kinetics of single-strand annealing reactions mediated by RADS52, eGFP-RADS52 or in the absence of protein using a
FAM-labeled 50-mer oligonucleotide and its unlabeled complementary strand as described below in Supplemental
Experimental Procedures. 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 RADS52 (black dataset), GFP-RADS52 (red dataset), and spontaneous annealing in the absence of
protein (grey dataset). Error bars: standard error of the mean (SEM) from four independent experiments.

D) Schematic of a dsSDNA molecule (purple) tethered between two optically trapped micrometer-sized polystyrene beads
(grey) with GFP-RADS52 complexes (green) bound to the dSDNA molecule. By manipulating 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 wide-field fluorescence microscopy.

E) Schematic, such as shown in (D), but for GFP-RAD52 complexes bound to ssDNA complex.

F) Typical fluorescence image emitted by GFP-RAD52 complexes bound to dsDNA such as schematically shown in (D).
Scale bar: 2 pm.

G) Typical fluorescence image emitted by GFP-RADS52 complexes bound to ssDNA such as schematically shown in (E).
Scale bar: 2 pm.



H) Schematic of the 5-channel flow cell used (top panel), indicating the solutions in the different channels. For the dsSDNA
binding experiments, the solutions in the channels were as follows: channel 1, beads; channel 2, DNA; channels 3 and 4,
experiment buffer (buffers indicated in the text/captions of the manuscript); and channel 5, GFP-RADS52 solution. For the
ssDNA experiments, they were as follows: channel 1, beads; channel 2, DNA; channel 3, melting buffer (20 mM Tris-HCI
pH 7.6); channel 4, experiment buffer (buffers indicated in the text/captions of the manuscript; and channel 5, GFP-RAD52
solution. The imaging experiments were done deep into channel 4 (blue rectangle: “Imaging”) after stopping the flow in all
channels. The mixing there is very slow (longer than the timescale of the experiments). As can be seen using red and blue
colored aqueous solutions, when all channels are flowing (middle panel) the fluids in the 5 channels do not mix. Next,
channels 1 and 2 were closed, and after 30 s of flow all channels were closed. 180 s after stopping the flow there is no
mixing deep into channel 4 in the imaging area (bottom panel). Scale bar: 2 cm.

I) Schematic explaining the imaging assays. A typical experiment comprises the following steps: step 1, capture of 2 beads;
step 2, capture of a single dSDNA-molecule between these beads; step 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 step 4, the
dsDNA is incubated in a channel with the GFP-RADS52 and step 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 step 4°, the tension on the dsDNA molecule is
increased to generate an ssSDNA molecule by force-induced melting; step 5°, the ssDNA is incubated in the protein channel;
and step 6°, the construct is brought into the buffer channel for imaging. Imaging of the GFP-RADS52 complexes bound to
DNA was always performed in the absence of flow as indicated in panel (H).
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Figure S2. GFP-RADS2 binding to ssDNA, related to Figure 1.

A) Relative position along the DNA of all detected GFP-RADS52 complexes on ssDNA (red, N = 282) and on dsDNA
(blue, N = 720). Because the orientation of the DNA molecule between the two beads is unknown in the experiments, the
distance to the closest bead was used as a measure for the position. Error bars: statistical errors in the number of counts.

B) Relation between the average number of patches and the force on ssDNA at the indicated GFP-RADS52 concentrations
and given cationic conditions.

C) Relation between the average patch size and the force on ssDNA at the indicated GFP-RADS52 concentrations and given
cationic conditions. In contrast to what was observed on dsDNA (Figure 2C), GFP-RADS52 patch size on ssDNA is
independent of force. Error bars: SEM.

D) For the ssDNA molecule shown in the figure, the probability of a new RADS52 patch to bind to a location of a
previously bound one is on average 7.5 £ 3 % (SEM) over the 5 subsequent 2 s-long dipping. Globally, we observed 21 co-
localizing patches over the 144 detected patches on 8 different ssDNA constructs with an overall average patch grow
probability of about 14 + 4 % (SEM). Scale bar: 5 um.

E) Histogram of contour length changes observed in the rupture events for ssDNA. Data were generated by applying a
step-fitting algorithm (Kerssemakers et al., 2006) to the traces such as the red curve shown in Figure 1D. On average, the
contour length changes in step of 0.35 + 0.02 um (SEM, N = 143).
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Figure S3. Intensity calibration and bleaching time of individual GFP-RADS2 proteins, related to Figures 1 and 2.

A) Example of fluorescence intensity trace of an individual GFP-RADS52 complex as a function of time. Step values were
obtained from such traces using a step fitting algorithm (Kerssemakers et al., 2006).

B) Histogram of step intensities (N = 8188). Lorentzian fit (blue curve) was used to determine the most likely value giving
345 + 10 intensity a.u., which we assume as the average intensity value of a single GFP.

C) Histogram of photobleaching times from the dataset shown in (B). The bleaching time obtained from an exponential fit
(blue curve) to the data is 2.17 + 0.03 s. Error bars: statistical errors in the number of counts.
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Figure S4. GFP-RADS52 binding to dsDNA, related to Figure 2 and Table 1.

A) Average patch size as a function of the incubation time, shown for the data measured on dsDNA at a GFP-RADS52
concentration of 20 nM, in the presence of CaCl, and with a DNA tension of 50 pN. For the other conditions, similar
results were obtained. Data display no dependence of the patch size on the incubation time, showing no evidence for a
mechanism of cooperative patch growth. Error bars: SEM.

B) Force-extension curves of 11 different GFP-RADS52-dsDNA complexes shows irregular force-extension behavior,
caused by nonspecific sticking of DNA-bound RADS52 to the beads. This made it impossible to obtain reliable eWLC fits to
this data. Nevertheless, the data do not show the typical plateau at around 65 pN indicating the melting of the duplex DNA.
Instead the curves show a continuous raise of the force during extension.

C) Force-relaxation curves of 8 different GFP-RAD52-dsDNA complexes. These curves are more regular and reliable
eWLC fits can be performed on them. Fit parameters are reported in Table 1.

D) Example of force-extension data recorded during a stretching-relaxation cycle in the absence of GFP-RADS52. 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. Fits are shown in light grey (extension data) and dark grey (relaxation data). Fit parameters for extension and
relaxation are reported in Table 1.
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Figure SS5. Analysis of GFP-RADS2 diffusion, related to Figures 1, 2, and 3.

A) Typical example of a kymograph of diffusive GFP-RADS52 particles. Data were recorded at 20 nM GFP-RADS52 in the
presence of CaCl, on dsDNA with a tension of 5 pN. Scale bars: 2 um, 10 s.

B) Typical example of a kymograph of static GFP-RADS52 particles. Data were recorded at 20 nM GFP-RADS52 in the
presence of MgCl, on dsDNA with a tension of 50 pN. Scale bars: 2 um, 10 s.

C) Displacement from the initial position for a mobile particle (red dataset, corresponding to the particle indicated by the
red dot in (A)) and static particle (black dataset, corresponding to the particle indicated by the black dot in (B)).

D) Mean-squared displacement analysis of the particles in (C). Linear fits to the first 5 points of the MSD reveal a diffusion
coefficient of (4.4-10%) nm%/s (red dataset) and 91 nm*/s (black dataset). Error bars: SEM.

E) GFP-RADS2 diffusive fraction as a function of cationic conditions for dSDNA at different forces and for ssDNA. Error
bars: statistical errors in the number of counts.

F) Effect of the tension on ssDNA constructs on the diffusion coefficients of GFP-RADS52 complexes in CaCl, or MgCl,.
G) Effect of the tension on ssDNA constructs on the diffusive fraction of GFP-RADS52 complexes in CaCl,, MgCl, or
without divalent cation.



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Proteins purification

Plasmid pET28a-eGFP-polyHis-hRADS52 for the expression of N-terminally tag GFP-RADS52 was constructed by
modification of pET28a-polyHis-hRADS2 (de Jager et al., 2001). RAD52 and GFP-RADS52 expression was performed in
Rosetta(DE3)pLysS cells (Novagen) grown in LB medium containing kanamycin at 25 pg/ml and chloramphenicol at
34 pg/ml. 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 mixed with one volume of lysis buffer (40 mM Tris-HCI pH 7.5,
1600 mM NacCl, 4 mM 2-Mercaptoethanol, 20 mM Imidazole, 10 % glycerol) supplemented with 1 tablet of protease
inhibitors without EDTA (Pierce), | 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-HCI pH 7.5, 800 mM NacCl, 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 NaCl. The eluate was dialyzed against 2 liters of 20 mM Tris-HC1 pH 8.0, 50 mM KClI,
1 mM EDTA, | mM DTT, and 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 0.1-1 M KCI gradient. The
peaks of RADS52 and GFP-RADS2 eluting around 300 mM KCI (Figure S1A), were collected, divided in aliquots and flash
frozen in liquid nitrogen before storage at -80°C.

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), RADS52 protein (final concentration 100 nM) or
GFP-RADS52 (final concentration 100 nM) were added in reaction buffer (final volume 90 pl) containing 0.25 mM DTT,
0.25 mM EDTA, 5 mM Tris-HCI pH 8.0, 40 mM KCI, 2.5 % Glycerol, 50 ug/ml BSA, and 2.5 mM MgCl,, kept at room
temperature. At the time indicated, 10 pl of reaction mixture were taken out and quenched by addition of 2 pl of stop buffer
containing 5 pM 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 images (Figure S1B) were acquired using a ChemiDoc MP imaging system (Bio-Rad).

DNA constructs for optical trapping experiments

For optical trapping experiments with both ss and dsDNA, biotinylated DNA constructs based on the 48 517 nt-long
A phage DNA were used in combination with streptavidin-coated beads with a diameter of 4.5 um (Spherotech). The
preparation of the construct for the dsDNA experiments was described previously (van den Broek et al., 2005). In brief, it
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 (Candelli et al., 2013). 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 A DNA molecule.

Experimental conditions for optical trapping experiments

Catching of the beads and the DNA were performed in PBS buffer (10 mM phosphate, 150 mM NaCl, pH 7.3-7.5). DNA
melting for generation of ssDNA templates was performed in 20 mM Tris-HCI pH 7.6. Buffer conditions in the protein and
imaging channels were 20 mM Tris-HC1 pH 7.6, 100 mM KCI and either 1 mM MgCl,, 1 mM CacCl,, or no divalent
cations.

Experimental apparatus combining optical trapping, fluorescence microscopy, and microfluidics

The custom-built instrument was described in detail elsewhere (Gross et al., 2010). Briefly, it is built around a Nikon
inverted microscope equipped with a 1064 nm trapping laser, where the two traps which can be manipulated independently
using steerable mirrors are generated by splitting the laser into two perpendicularly polarized beams using a half-wave plate



and polarizing beam splitter cube. Using a second polarizing beam splitter, 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 unwanted light by a third polarizing beam splitter, the force can be detected on a position-
sensitive diode. The bead-to-bead distance was measured using real time template matching of bright field images obtained
by blue LED illumination. For fluorescence imaging, 491 nm and 639 nm excitation lasers were simultaneously coupled
into the microscope and imaged on an EMCCD camera. A multichannel laminar flow cell was used to enable fast buffer
exchange between beads, DNA, buffer, and protein solutions.

Quantification of fluorescence intensity

To obtain the stoichiometry of the DNA-bound GFP-RADS52 complexes, we applied a step-fitting algorithm
(Kerssemakers et al., 2006) to the photobleaching traces of all individual fluorescent patches and determined the average
intensity of a single GFP from a Lorentzian fit to the histogram of step intensities (Figure S3). From this, the total number
of eGFP molecules in each patch could be inferred from the initial fluorescence intensity of each patch.

Quantification of protein diffusion

The diffusion of GFP-RADS52 complexes along dsDNA and ssDNA was quantified by tracking the proteins for a large
number of frames (on average 29 + 2 s). The corresponding diffusion coefficient was calculated using 1-dimensional mean
square displacement (MSD) analysis (Heller et al., 2014b). 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 RADS52 interactions using our system to be
583 nm?/s. We therefore assume 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.

Experiments of ssDNA oligonucleotide capture in trans by RADS2

The sequence of the 60-mer fluorescent oligonucleotide was Atto647N-5’-ACA-GCC-AGA-CCC-GGA-CGC-TGA-CGC-
TCG-ACC-GTG-AAA-TCA-CGC-TGC-CAT-CCT-CCG-GTA-CCG-3’. Experiments were performed in a flow cell with
six channels. DNA molecules with GFP-RAD52 bound were incubated for 30 s in a 10 nM solution of the oligonucleotides
in 20 mM Tris-HCl pH 7.6, 100 mM KCIl and 1 mM CaCl, and visualized in the same buffer in the absence of
oligonucleotides in solution.
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