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Article 
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Abstract: Human RAD51 protein (HsRad51)-promoted DNA strand exchange, a crucial step in 
homologous recombination, is regulated by proteins and calcium ions. The activator protein Swi5-
Sfr1 and Ca2+ ions stimulate different reaction steps and induce a perpendicular orientation of DNA 
bases in the presynaptic complex. To investigate the importance of base orientation in the strand 
exchange reaction, we examined the Ca2+ concentration dependence of strand exchange activities 
and structural changes in the presynaptic complex. Our results show that optimal D-loop formation 
(strand exchange with closed circular DNA) requires Ca2+ concentrations greater than 5 mM, while 
1 mM is sufficient for strand exchange between two oligonucleotides. The structural change, which 
is evidenced by an increase in fluorescence intensity of poly(dεA) (a poly(dA) analog), reaches a 
plateau at 1 mM Ca2+. Meanwhile, the linear dichroism signal intensity at 260 nm, which is indicative 
of rigid perpendicular DNA base orientation, requires >2 mM Ca2+ for saturation and thus correlates 
with the stimulation of D-loop formation. Therefore, Ca2+ exerts two different effects. Thermal 
stability measurements suggest that HsRad51 binds two Ca2+ ions with KD values of 0.3 mM and 2.5 
mM, implying that one step is stimulated by one Ca2+ bond and the other by two Ca2+ bonds. We 
further discuss the parallels between Mg2+ activation of RecA and Ca2+ activation of HsRad51. 

Keywords: Rad51 protein; homologous recombination; DNA strand exchange; calcium ion; D-loop 
 

Introduction 

The RAD51 protein, a eukaryotic ortholog of the RecA protein, plays a crucial role in 
homologous recombination by catalyzing strand exchange between two DNAs of identical sequence 
[1,2]. This function is important for repairing double-strand breaks, resolving stalled replication forks 
[3], and facilitating chromosome pair formation during meiosis [4]. In vertebrates, the absence of 
Rad51 is lethal [5], and mutations in Rad51 or regulatory proteins that lead to defects in homologous 
recombination increase the risk of cancer in humans [6–9]. In vivo, Rad51 activity is tightly regulated 
by various proteins [10–15], and this regulation also extends to its in vitro activity, which is influenced 
by accessory and regulatory proteins [11,13,16,17]. Notably, both human (HsRad51) and fission yeast 
Rad51 proteins (SpRad51) are stimulated by Ca2+ ions in vitro [17,18]. 

Conversely, frequent overexpression of the human Rad51 protein (HsRad51) in cancer cells has 
been associated with poor prognosis [9,19–23]. HsRad51 plays a role in counteracting radiotherapy 
and chemotherapy by repairing DNA damage caused by these treatments, contributing to the 
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survival of cancer cells [9,21–23]. Inhibition of HsRad51 activity has been proposed as a potential 
cancer treatment [24,25], leading to the development of inhibitors for HsRad51 [25–27]. A 
comprehensive understanding of the molecular mechanisms underlying the strand exchange 
reaction and the regulation of HsRad51 is crucial for drug development and elucidating the 
complexity of homologous recombination.  

Fluorescence resonance energy transfer (FRET)-based real-time analyses of the strand exchange 
reaction mediated by SpRad51 have revealed a three-step process that follows the formation of the 
presynaptic complex with single-stranded DNA (ssDNA): (1) the formation of a three-stranded 
complex (C1 complex) upon homologous binding of double-stranded DNA (dsDNA) to the 
presynaptic complex; (2) isomerization of the complex, possibly with topological changes in DNA 
(C2 complex); (3) release of the displaced strand from the filament [17,28].  

The activator protein Swi5-Sfr1 and Ca2+ promote the perpendicular orientation of ssDNA bases 
in the presynaptic complex [29,30]. While this base orientation accelerates strand exchange by 
facilitating the formation of new base pairs, kinetic analyses indicate that Swi5-Sfr1 stimulates the 
second and third steps, whereas Ca2+ primarily stimulates the second step, suggesting distinct 
mechanisms of stimulation [17]. This study explores the possible connection between the 
perpendicular base orientation and the stimulation of the strand exchange reaction by examining the 
Ca2+ concentration dependence of structural changes and strand exchange stimulation under 
identical buffer conditions.  

To ensure an accurate comparison, we first identified a buffer condition compatible with all 
measurements. Strand exchange activity was then assessed using two protocols: (1) strand exchange 
between two short oligonucleotides and (2) between a single-stranded oligonucleotide and a closed 
circular dsDNA (D-loop formation). The former is widely used for kinetic analyses with FRET 
measurements and allows robust assessments [17,28,31], while the latter, closer to in vivo conditions, 
involves topological changes in the closed circular dsDNA. Our observations suggest that higher Ca2+ 
concentrations are required for D-loop formation compared to oligonucleotide strand exchange, 
suggesting that HsRad51 may bind two Ca2+ ions. 

We examined the binding stoichiometry by independent measurement and demonstrated Ca2+ 
binding by assessing changes in the thermal stability of HsRad51. The analyses provided support for 
a stoichiometry of 2 Ca2+/HsRad51. 

Subsequently, we examined the Ca2+ concentration dependence of structural changes in the 
presynaptic complex. Measurements of linear dichroism (LD) signal and poly(dεA) fluorescence 
were performed at different Ca2+ concentrations. Poly(dεA) serves as a fluorescent analog of 
poly(dA), with its fluorescence quenched by collisions between εA bases [32]. The intensity increases 
upon binding of HsRad51, probably due to the restriction of base movements by HsRad51 [33]. The 
LD signal at 260 nm is directly associated with the perpendicular orientation of the DNA bases in the 
complex [29,30,34]. Given the observed aggregate formation of the presynaptic complex at high Ca2+ 
concentrations, we also examined the Ca2+ concentration dependence of the light scattering signals 
[35,36]. Our results suggest that the saturation of LD signal modification and the stimulation of D-
loop formation require the binding of two Ca2+. In contrast, one Ca2+ is sufficient to saturate the 
fluorescence change of poly(dεA) and stimulate the exchange of short oligonucleotide strands. 

Notably, Ca2+ binding led to a decrease in the thermal stability of HsRad51, similar to how Mg2+ 
affects the thermal stability of RecA [37]. Studies on RecA have shown that Mg2+ binds to the C-
terminal acidic tail of RecA, preventing its interaction with the RecA core, where DNA binds [37–39]. 
Mg2+ thereby relieves the inhibitory effect of the C-terminal tail and stimulates RecA activity. This 
suggestion is consistent with the destabilization of RecA by Mg2+ and the Mg2+-independent strand 
exchange activity of C-terminal tail-deleted RecA [38,39]. We discuss the possible similarity of the 
activation mechanisms of RecA by Mg2+ and HsRad51 by Ca2+. 
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Results 

Optimization of experimental conditions 

To ensure compatibility of all the experiments, we initially established a reaction condition by 
excluding bovine serum albumin (BSA) from the buffer to avoid interference with circular dichroism 
(CD) and fluorescence measurements. However, removing BSA led to decreased reproducibility in 
the strand exchange reaction, possibly due to defects in the surfaces of Eppendorf tubes promoting 
spontaneous strand exchange without HsRad51. To counteract this, we tested various detergents and 
surface coating agents and found that adding a low concentration (0.0075% V/V) of Tween 20 
(polyethylene glycol sorbitan monolaurate) significantly improved the reproducibility of the strand 
exchange reaction and fluorescence measurements. Tween 20 likely prevented the adsorption of 
Rad51 to the surfaces of quartz cuvettes used for fluorescence measurements.  

To minimize interference caused by the binding of Ca2+ to free ATP, we reduced the ATP 
concentration to 300 μM. High ATP concentrations can chelate free Ca2+ [40] and interfere with CD 
measurements due to strong UV absorption. We verified that 300 μM ATP was sufficient for optimal 
strand exchange without affecting CD measurements. The strand exchange reaction remained 
unaffected by ATP concentrations ranging from 100–800 μM when experiments were conducted with 
1 mM CaCl2. Notably, a slight decrease in strand exchange was observed at 1 mM ATP, likely due to 
a reduction in Ca2+ ion availability for HsRad51. 

Furthermore, we introduced sodium hydrochloride (NaCl) (50 mM) to mitigate the nonspecific 
binding of Ca2+ to DNA [41]. Experiments were performed without Mg2+ to avoid potential 
complications arising from the eventual competition and cooperation between the two divalent ions. 

Higher Ca2+ concentration required for D-loop formation than oligonucleotide strand exchange 

We investigated the Ca2+ concentration dependence of HsRAD51-mediated D-loop formation 
and strand exchange between two short oligonucleotides. D-loop formation, involving strand 
separation of closed circular DNA and being topologically more constrained than short linear DNA, 
required a higher concentration of Ca2+ than oligonucleotide strand exchange. Figure 1 illustrates that 
the oligonucleotide strand exchange was stimulated with approximately 0.3 mM Ca2+ for the half-
maximum effect, whereas D-loop formation required 2.5 mM Ca2+ for the half-maximum effect. These 
findings suggest that Ca2+ has dual effects on HsRad51, and each HsRad51 protomer binds two Ca2+ 

ions. 
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Figure 1. Differential Ca2+ concentration dependence for D-loop formation and oligonucleotide strand 
exchange. 

HsRad51-mediated D-loop formation (magenta) and strand exchange between two short 
oligonucleotides (black) were measured at various Ca2+ concentrations. 

HsRad51 binds more than two Ca2+ ions: thermal denaturation measurements 

To determine the binding stoichiometry of Ca2+ ions to HsRad51, we conducted thermal 
denaturation measurements of HsRad51 at various Ca2+ concentrations. Ligand binding often alters 
protein thermal stability [42], as evidenced by the binding of Mg2+, an activating ion for RecA, to 
RecA, decreasing its thermal stability [37]. 

The denaturation experiments were performed without any other elements (ATP, DNA) to 
observe the direct and selective effect of Ca2+ on HsRad51. Thermal denaturation was monitored by 
changes in the CD signal at 222 nm, reflecting alpha-helix content [43]. HsRad51 exhibited a complex 
denaturation pattern with three apparent transitions: Tm1 = 38 °C, Tm2 = 65 °C, and Tm3 = 90 °C in the 
absence of Ca2+ (Fig. 2A), possibly corresponding to the independent unfolding of three domains in 
HsRad51. Structural analyses of Rad51 by X-ray crystallographic studies have shown that HsRad51 
comprises small N-terminal and C-terminal domains and a large core domain [44,45].  

Ca2+ was found to decrease the thermal stability of HsRad51 (Fig. 2). The lowering of the first 
transition temperature (Tm1) occurred with less than 1 mM Mg2+ (Figs. 2B and 2C). The concentration 
of Ca2+ required for the half-maximum effect was approximately 0.2 mM (Fig. 2C). In contrast, 
changes in the second and third transition temperatures (Tm2 and Tm3) required higher Ca2+ 
concentrations for saturation (Figs. 2A and 2D). The concentration for the half-maximum effect on 
the second transition was approximately 2.5 mM (Fig. 2D). These results suggest that HsRad51 binds 
two Ca2+ ions per protomer with KD1 = 0.2 mM and KD2 = 2.5 mM. While the stimulation of 
oligonucleotide strand exchange requires the binding of only one Ca2+, D-loop formation requires the 
binding of two Ca2+. 
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Figure 2. Ca2+ concentration dependence of HsRad51 thermal denaturation. (A) Ca2+ binding of 
HsRad51 was evaluated by measuring its thermal denaturation at different Ca2+ concentrations, as 
noted in the figure. The denaturation was monitored by measuring changes in the CD signal at 220 
nm following temperature elevation. Three fleshes indicate the three transitions. (B) Detailed changes 
in the denaturation profile with increasing Ca2+ concentrations (0–0.8 mM) are shown. (C) Change in 
the Tm of the first transition (Tm1) with Ca2+ concentrations. A theoretical curve generated with KD1 = 
0.2 mM and KD2 = 2.5 mM is shown. (D) Change in the Tm of the third transition (Tm3) with Ca2+ 
concentrations. A theoretical curve generated with KD1 = 0.2 mM and KD2 = 2.5 mM is shown. 

Saturation of poly(dεA) fluorescence change requires less than 1 mM Ca2  

To investigate the Ca2+-promoted structural changes in the presynaptic complex, we measured 
the fluorescence of the poly(dA) analog, poly(dεA). The fluorescence intensity of poly(dεA) is much 
lower than that of monomeric εA nucleobase due to base/base collisions and stacking [32,33]. The 
binding of HsRad51 to poly(dεA) increased the fluorescence intensity of poly(dεA) in a Ca2+ 
concentration-dependent manner (Fig. 3). The change plateaued at a Ca2+ concentration of less than 
1 mM. The concentration of Ca2+ required to reach the half-maximum effect was 0.2 mM. Mg2+ ion, 
which activates less HsRad51, increased the fluorescence intensity of poly(dεA) to a lesser extent, 
indicating this fluorescence change would be related to the activation of the strand exchange reaction. 
Therefore, the binding of one Ca2+ ion is sufficient to increase the fluorescence intensity of poly(dεA), 
attributed to a decrease in base/base collisions caused by the restriction of DNA base motion by 
HsRad51 in the presence of Ca2+.  

 

Figure 3. Effect of Ca2+ on the poly(dεA) fluorescence intensity. 

The fluorescence intensity of poly(dεA) in the HsRad51-ATP filament was measured at various 
Ca2+ (red symbols) or Mg2+ concentrations (black symbols). 

More than 2 mM of Ca2+ was required to saturate the LD signal  

We performed flow LD measurements of the HsRad51-ssDNA-ATP filament at different Ca2+ 
concentrations. In flow LD, a shear force is applied to align sample molecules, and the difference in 
absorption between light polarized parallel to the sample orientation axis and light polarized 
perpendicular to the axis was measured [34]. Flow LD provides information about the chromophore 
orientation relative to the filament axis, and the signal intensity depends on the degree of filament 
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orientation itself with respect to its stiffness [34]. Only non-moving chromophores in a stiff filament 
result in a significant LD signal [34]. 

The LD spectrum of the HsRad51 presynaptic complex contains information regarding the 
orientation of all chromophores in the complex, i.e., DNA bases, ATP, and tyrosine residues of 
HsRad51 [29,30,34]. The signal around 260 nm is dominated by DNA and reflects DNA base 
orientation. Signals around 230 and 280 nm primarily indicate the tyrosine residue orientations of 
HsRad51 [29,30,34]. Our prior experiments showed that HsRad51 binding to ssDNA in the presence 
of Mg2+ and ATP exhibited LD signal, showing the formation of stiff filament. However, the LD 
spectrum showed no significant signal from the DNA [29,30], suggesting local movements or random 
orientations of the DNA bases. In contrast, Ca2+ induces a large negative LD signal from DNA bases, 
indicating the perpendicular orientation of DNA bases relative to the filament axis in the presence of 
Ca2+ [30].  

At various Ca2+ concentrations, we measured the LD spectra of the HsRad51/poly(dT)/ATP 
complex (Fig. 4A). No LD signal was observed in the absence of Ca2+ (and Mg2+), suggesting that stiff 
filaments were not formed without divalent ion. A negative LD signal at 260 nm appeared at 0.4 mM 
Ca2+ and intensified with increasing Ca2+ concentrations up to 2 mM (Figs. 4A and 4B). The results 
showed that 1 mM Ca2+ was insufficient to produce a maximum change in LD signal intensity at 260 
nm, contrasting the effect of 1 mM Ca2+ on the fluorescence of poly(dεA). The LD signal decreased at 
3 mM Ca2+ and almost disappeared at 5 mM Ca2+, certainly due to aggregate formation (Fig. 4B). 
Estimation of the Ca2+ concentration for the half-maximum effect on the LD signal change was 
therefore difficult. However, the requirement of more than 2 mM Ca2+ for the maximum signal change 
suggests that the binding of 2 Ca2+ ions is needed for the LD signal modification. 

 

Figure 4. LD spectra of the ATP-poly(dT)-HsRad51 complex at various Ca2+ concentrations. (a) The 
LD spectra of the ATP-poly(dT)-HsRad51 complex were recorded at various Ca2+ concentrations, as 
indicated in the figure. (B) The LD signal intensity at 260 nm was plotted as a function of Ca2+ 
concentration. 

The change in LD signal may result from a modification in the structure or the stiffness of the 
filamentous molecule. Stiffness-related modification changes the intensity of the LD signal without 
altering the spectral shape. Ca2+ modified the spectral shape: the ratio of the LD signal at 260 nm to 
that at 230 nm changed with increasing Ca2+ concentrations, suggesting that Ca2+ alters the structure 
of the synaptic complex, possibly resulting in better aligned DNA bases. 

The decrease in signal intensity at Ca2+ concentrations higher than 3 mM may be associated with 
the reduced orientation of the presynaptic filament due to aggregate formation, supported by the 
increase in light-scattering-related signals above 300 nm.  
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Light scattering promoted at high Ca2+ concentrations 

We subsequently examined the aggregate state of the presynaptic complex by performing light 
scattering, which increases with molecular size and can be used to detect aggregate formation [35,36].  

Light scattering was more pronounced at Ca2+ concentrations above 3 mM (Fig. 5) and correlated 
with the decrease in the HsRad51 activation observed at high Ca2+ concentrations (Fig. 1). 

 

Figure 5. Light scattering of the ATP-poly(dT)-HsRad51 complex at various Ca2+ concentrations. 

Light scattering of the ATP-poly(dT)-HsRad51 complex with various Ca2+ concentrations was 
measured at 400 nm. Relative signal intensity was plotted as a function of Ca2+ concentration. 

DISCUSSION 

To elucidate the molecular mechanisms controlling Ca2+-mediated activation of HsRad51, we 
examined HsRad51/Ca2+ interactions, Ca2+-dependent structural changes in the presynaptic complex, 
and HsRad51 activities under uniform reaction conditions. Our findings suggest that HsRad51 binds 
two Ca2+ molecules. The binding of one Ca2+ is sufficient to stimulate strand exchange between two 
short oligonucleotides and to restrict DNA base movements. The second Ca2+ binding stimulated D-
loop formation and promoted the perpendicular alignment of DNA bases in the presynaptic complex. 
New questions include how Ca2+ induces the perpendicular alignment of DNA bases and why the 
formation of a D-loop requires a higher concentration of Ca2+. These results also have parallels with 
Rad51 activation by Swi5/Sfr1 and RecA activation by Mg2+ ions. 

Similarity with the activation of strand exchange by Swi5-Sfr1 protein 

Ca2+ specifically stimulates the C1 to C2 transition step of the reaction and slows the release of 
the displaced strand [17,28]. In contrast, Swi5-Sfr1 accelerates the release of the displaced strand 
release and the transition from C1 to C2, indicating some difference in the activation mechanism 
[17,28]. However, both facilitate the perpendicular orientation of DNA bases in the presynaptic 
complex [29,30] and accelerate the C1 to C2 transition. The perpendicular orientation of DNA bases 
facilitates base pair formation with the complementary strand and accelerates the strand exchange 
reaction. The different effect on the strand displacement step between Swi5-Sfr1 and Ca2+ is likely due 
to a different mechanism, possibly related to ATP hydrolysis. Swi5-Sfr1 increases the ATPase activity 
of Rad51, while Ca2+ inhibits it [17,18]. 

The need for higher Ca2+ concentrations to stimulate D-loop formation may be attributed to the 
difficulty of inducing base-pair opening in closed circular DNA than in short linear dsDNA [46]. 
Base-pair opening of closed circular DNA leads to topological constraints. The opening of closed 
circular DNA probably occurs rarely or for short-period of time. The ssDNA should be ready to pair 
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with it. The perpendicular base orientation is required. Our preliminary experiments with SpRad51 
show that maximal stimulation of the C1 to C2 transition requires more than 5 mM Ca2+, supporting 
the requirement of two Ca2+ for this step and the association of this step with a topological change in 
DNA. It would be informative to examine whether the concentrations of Swi5/Sfr1 needed to 
stimulate D-loop formation exceed the concentrations required for oligonucleotide strand exchange, 
similar to the observations with Ca2+.  

Potential Ca2+-binding site at the N-terminal extremity of HsRad51 

To better understand the activation mechanism, we first searched potential Ca2+-binding sites, 
by locating a cluster of acidic negatively charged residues. In the case of RecA, Mg2+ binds to the 
acidic residue cluster at the C-terminal tail [38].  We observed a small cluster of acidic residues in 
the N-terminal end (from residue 8 to 18) (Fig. 6). To confirm this suggestion, we compared the amino 
acid sequence of HsRad51 with those of SpRad51 and budding yeast Rad51 (ScRad51). Ca2+ stimulates 
SpRad51 [17,28] but not ScRad51 [18]. We expected some difference in the amino acid sequence of 
Ca2+-binding site between HsRad51 and ScRad51. Their overall sequences are well conserved except 
for the N-terminal end (Fig. 6). ScRad51 has a longer N-terminal end than HsRad51 and SpRad51. 
This difference supports the idea that Ca2+ binds at the N-terminal end of HsRad51. This part is 
important for the regulation of Rad51. N-terminal acetyltransferase NatB regulates Rad51 [47]. 
Phosphorylation at positions 13 and 14 regulates Rad51 [48]. We prepare a HsRad51 lacking the N-
terminal end to test our hypothesis. However, this cluster of acidic residues is too small to bind two 
Ca2+ ions. There would be another Ca2+-binding site. 

 

Figure 6. A cluster of negatively charged amino acid residues at the N-terminal of HsRad51. 

The amino acid sequence of HsRad51 is shown in comparison with that of SpRad51 and 
ScRad51. Negatively charged residues are indicated in magenta.  

Similarity with the activation of RecA-promoted strand exchange by Mg2+ 

In parallel with the effect of Mg2+ on RecA, Ca2+ reduces the thermal stability of HsRad51. 
Typically, ligand binding increases the thermal stability of protein [42]. This unusual effect of divalent 
ions on RecA and HsRad51 implies a common activation mechanism. Mg2+ binds to the C-terminal 
acidic tail of RecA, preventing its interaction with the core of RecA, where DNA binding occurs [37–
39]. RecA lacking the C-terminal tail becomes insensitive to the Mg2+ concentration for thermal 
stability and strand exchange activity [37–39]. Thus, Mg2+ alleviates the inhibitory effect of the C-
terminal tail and stimulates RecA activity.  

It is possible that Ca2+ binds at the N-terminal end and prevents its interaction with the DNA-
binding site. The interaction of the N-terminal end with the DNA-binding site would hinder the 
formation of the stable presynaptic complex. DNA may quickly dissociate from and reassociate to 
Rad51. This unstable binding allows movements of the DNA backbone and bases. This slows the 
formation of new base pairs, an important step of the strand exchange reaction. Ca2+ may release this 
inhibitory effect of N-terminal end and promote a close interaction between DNA and HsRad51. 
Burgreev and Mazin reported stabilization of the presynaptic complex by Ca2+ [18]. Ca2+ may 
strengthen the contact between DNA and HsRad51 and immobilize the DNA bases. The increase in 
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fluorescence intensity of poly(dεA) and the strong negative LD signal at 260 nm by Ca2+ showed the 
restriction of DNA base movements. The binding of one Ca2+ may not be sufficient to completely 
stabilize the presynaptic complex and immobilize the DNA bases.  

We investigate the validity of this explanation by experiments and molecular simulations. 
Interestingly, Swi5-Sfr1 dimer also stabilizes the presynaptic complex by slowing down the 
dissociation rate [17,28]. Although Ca2+ may not play a regulatory role in vivo [49], understanding its 
action clarifies the action of biological regulatory elements. 

MATERIALS AND METHODS 

Materials 

Poly(dT), poly(dA), ATP, and Tween-20 were obtained from Sigma-Aldrich. HsRad51 was 
purified according to the procedure described in [50]. Poly(dεA) was synthesized by chemical 
modification of poly(dA) using chloroacetaldehyde (Aldrich), according to the method described 
[51]. The degree of modification was determined spectroscopically to be approximately 93%, using 
the formula provided by Ledneva et al. [52]. Concentrations were determined based on UV 
absorption, utilizing the following extinction coefficients: ε263 nm = 8520 M−1 cm−1 for poly(dT), ε257 
nm = 3800 M−1 cm−1 for poly(dεA), and ε260 nm = 15400 M−1cm−1 for ATP.  

Experimental conditions 

Experiments were performed in a buffer containing 30 mM Tris/hydrochloric acid (pH 7.5), 50 
mM NaCl, 0.1 mM ethylenediamine tetraacetic acid (EDTA), 0.07% Tween 20, and the specified 
concentrations of Ca2+. ATP concentration, if present was maintained at 300 μM. In the text, the 
concentration of free Ca2+ (after deduction of 0.1 mM Ca2+ chelated by EDTA) is given without 
additional mention. Tween-20 was added to prevent the adsorption of HsRad51 on the surface of the 
quartz cell or plastic tube. 

LD measurements 

LD spectra were recorded with a Jasco J-810 CD spectrometer in step mode (data interval: 0.1 
nm; time constant: 0.175 s; bandwidth: 2 nm) and LD mode. The samples were aligned using a mini-
Couette cell (Jasco Europe), and the baseline was determined by slowly rotating the Couette cell filled 
with the sample to average defects in the cell.  

CD measurements of thermal unfolding 

Thermal unfolding of HsRad51 was monitored by tracking the change in the CD signal at 222 
nm (bandwidth, 5 nm; data interval, 0.1°C; time constant, 2 s) with temperature elevation (1°C/min). 
A mini-cuvette of 1 × 0.2 cm (Hellman) with a path length of 1 cm was utilized in these measurements. 
The temperature was controlled with a Peltier effect controller. 

Fluorescence measurements 

The fluorescence of poly(dεA) was measured with a Jasco FP-8300 fluorometer. The emission 
signal at 380 nm (bandwidth: 10 nm) was recorded upon excitation at 320 nm (bandwidth: 5 nm). The 
results from 20 measurements were averaged, and the temperature was kept at 20°C using a Peltier 
effect controller. 

Strand exchange and D-loop formation 

DNA strand exchange between two short oligonucleotides was performed as described in [30]. 

Author Contributions: A. R-C. prepared HsRad51 and performed strand exchange reactions; T. M. measured 
LD and CD and analyzed the results; N. K. prepared HsRad51 and conducted preliminary LD and CD 
measurements; K. I. measured the fluorescence values and participated in experimental design; D. L. proposed 
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