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Summary

Srs2 dismantles presynaptic Rad51 filaments and prevents its re-formation as an anti-recombinase. 

However, the molecular mechanism by which Srs2 accomplishes these tasks remains unclear. 

Here we report a single molecule fluorescence study of the dynamics of Rad51 filament formation 

and its disruption by Srs2. Rad51 forms filaments on ssDNA by sequential binding of primarily 

monomers and dimers in a 5’ to 3’ direction. One Rad51 molecule binds to 3 nucleotides and six 

monomers are required to achieve a stable nucleation cluster. Srs2 exhibits ATP-dependent 

repetitive scrunching of ssDNA and this activity prevents reformation of the Rad51 filament. The 

same activity of Srs2 cannot prevent RecA filament formation, indicating its specificity for Rad51. 

Srs2’s DNA unwinding activity is greatly suppressed when Rad51 filaments form on duplex 

DNA. Taken together, our results reveal an exquisite and highly specific mechanism by which 

Srs2 regulates Rad51 filament formation.

Introduction

DNA double strand breaks (DSBs) are the principle cytotoxic damage repaired by 

homologous recombination (HR), which is mediated by the Rad51 recombinase in 

eukaryotes (Paques and Haber, 1999; Symington, 2002). However, inappropriate or 
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untimely HR leads to mutagenic and oncogenic consequences. Therefore, specific 

mechanisms have evolved to regulate HR and to minimize deleterious outcomes (Hu et al., 

2007; Sung and Klein, 2006; Wu and Hickson, 2006). In the budding yeast Saccharomyces 

cerevisiae, Srs2 is one of the major HR regulators that functions in the early stages of the 

HR pathway. Srs2 is an ATP-dependent 3’-5’ DNA helicase and ssDNA translocase 

(Antony et al., 2009) that prevents HR by dismantling Rad51 filaments(Krejci et al., 2003; 

Le Breton et al., 2008; Veaute et al., 2003). Srs2 mutants that cannot bind or hydrolyze ATP 

fail to disrupt Rad51 filaments and display a hyper-recombination phenotype when 

subjected to genotoxic stress (Krejci et al., 2004). This anti-recombinase activity requires 

direct interaction of Srs2 with Rad51 and may require Srs2 translocation along ssDNA 

(Antony et al., 2009). Consistent with this view, Srs2 cannot remove a Rad51 mutant that 

lacks the Srs2 interaction domain (Colavito et al., 2009; Seong et al., 2009). This same 

mechanism may be preserved in the human helicase RECQ5 which also disrupts human 

Rad51 filaments via direct physical contact (Schwendener et al., 2010).

We used single molecule fluorescence to investigate the molecular mechanism controlling 

the balance between Rad51 filament formation and disruption by Srs2. Using single 

molecule FRET (Förster resonance energy transfer), we find the Rad51 site size to be three 

nucleotides and its nucleation cluster to be six monomers. We employed an alternative 

detection method, PIFE (protein induced fluorescence enhancement) (Fischer et al., 2004; 

Hwang et al., 2011; Myong et al., 2009) to determine that Rad51 loading on a ss/ds DNA 

occurs directionally from the 5’ duplex junction to the 3’ ssDNA end. We also report a novel 

activity for Srs2 – a repetitive scrunching mechanism that enables an Srs2 monomer to 

prevent reformation of Rad51 filaments. This activity occurs after the initial clearance of 

Rad51. Together, both activities contribute to its anti-recombinase function. Finally, the 

DNA unwinding activity of Srs2, which requires multimers of Srs2 (Antony & Lohman, 

unpublished data) was greatly diminished by Rad51 bound to duplex DNA, indicating a 

further balance between the helicase and anti-recombinase activity of Srs2. Our study 

reveals novel mechanistic details that govern the early stages of the HR DNA repair 

pathway.

Results

Rad51 monomers bind to a 3 nucleotides and six monomers form a nucleation cluster

To visualize Rad51 filament formation, we prepared DNA substrates that mimic a resected 

DNA intermediate found during homologous recombination, which are the preferred 

substrates for Rad51 formation and strand invasion (Mazin et al., 2000). These are partial 

DNA duplexes with variable lengths of 3’ single stranded (ss) DNA composed of poly 

deoxythymidine, T10, 13, 15, 18 and 20, which we will refer to as pdT10 to pdT20 hereafter 

(Figure 1A). Each DNA possesses two fluorophores, Cy3 and Cy5 located at the 3' end of 

the ssDNA and at the duplex DNA end, respectively (Figure 1A), such that DNA alone 

exhibits high FRET due to the high flexibility of the ssDNA (Murphy et al., 2004) and a 

FRET decrease occurs upon Rad51 binding due to stretching of the ssDNA. The histograms 

of FRET values built from over 5,000 molecules of DNA show FRET peaks at around 0.85, 

0.8, 0.75, 0.7, 0.65 for pdT10, 13, 15, 18 and 20, respectively (Figure 1B, gray histograms). 
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Upon addition of Rad51 (1μM) with ATP (1mM) and MgCl2(10mM), the high FRET peaks 

disappear and another low FRET population arises within the first three minutes, indicating 

formation of Rad51 filaments on ssDNA (Figure 1B, orange histograms). The complete shift 

from high to low FRET observed for pdT18 and pdT20 indicates formation of stable Rad51 

filaments whereas the partial shift seen for pdT15 and shorter ssDNA suggests a less stable 

filament.

Examples of single molecule FRET traces show that the addition of Rad51 induces a 

transition from high FRET to low FRET in a stepwise manner, likely representing the 

sequential binding of Rad51 molecules (Figure 1C). For pdT10, 13 and 15, a maximum of 

three, four and five steps of FRET decrease were observed, suggesting the binding of up to 

three, four and five Rad51 monomers. We collected FRET values from 40-50 single 

molecule traces that display clear steps and built a transition density plot (TDP) where the y- 

and x- axes represent FRET before and after the transition, respectively. As shown in Figure 

1D, three, four and five peaks are observed in the TDP for T10, 13 and 15, above the 

diagonal line, reflecting that one Rad51 monomer binds to three nucleotides (nt). This is 

consistent with the observations in the crystal structure of the Rad51 filament (Conway et 

al., 2004) and the RecA-ssDNA filament (Chen et al., 2008; Joo et al., 2006) Due to the 

unstable binding of Rad51 to these shorter lengths of ssDNA, we obtained mirror image 

peaks below the diagonal line, reflecting dissociation of Rad51. This set of data suggests 

that a Rad51 monomer binds 3 nucleotides of ssDNA and that six monomers are required to 

form a stable nucleation cluster.

In addition to the FRET steps arising from monomer binding, we also observe single 

molecule traces with larger steps of FRET decrease and increase representing binding and 

dissociation, respectively, of larger Rad51 oligomers (Figure S1B). Based on the well-

defined FRET states corresponding to monomer Rad51 binding, the observed FRET values 

(>800 molecules) were assigned as monomers to tetramers (Figure S1A-C). The analysis 

suggests that approximately 75% of Rad51 binds as either a monomer or dimer to pdT15 

(Figure S1D). We note that binding of Rad51 oligomers larger than tetramers cannot be 

distinguished from photobleaching of the Cy5 dye, yet over 95% of the molecules exhibited 

smaller FRET changes corresponding to binding of Rad51 monomers, dimers or trimers.

Rad51 filaments form in the 5’ to 3’ direction from the duplex junction toward ssDNA

Next, we examined the directionality of Rad51 filament formation. Ensemble stopped-flow 

experiments suggest a 5’ to 3’ directional bias for Rad51 filament formation, however the 

substrate used was ssDNA without a duplex junction (Antony et al., 2009). The DNA 

substrates used in our experiments mimic a resected DNA, an intermediate found in early 

stage of homologous recombination. Although FRET is useful for visualizing monomer 

binding, it does not inform us whether filament growth occurs with directionality on ssDNA 

(e.g. growing from 3’ to 5’ or 5’ to 3’). We took advantage of an alternative fluorescence 

method, smPIFE whereby the intensity of a Cy3 fluorophore increases upon protein binding 

in its vicinity (Antony et al., 2009; Fischer et al., 2004; Hwang et al., 2011; Myong et al., 

2009). The two DNA constructs used in the PIFE assay had a Cy3 fluorophore located at 

either the 3’ or near the 5’ end of the ssDNA (Figure 2A, C)(Modesti et al., 2007; Ristic et 
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al., 2005). When Rad51 was added, the DNA with Cy3 at the 3’ end showed a multi-step 

Cy3 fluorescence increase (Figure 2B) whereas the one with Cy3 positioned at the duplex 

junction showed a single step increase in Cy3 fluorescence immediately after Rad51 

addition (Figure 2D). This result indicates that the Rad51 filament extends from the 5’ 

toward the 3’ end of the ssDNA. We note that the intensity increase is greater for Cy3 at the 

3' end because the dye is located at a conformationally more flexible position which is more 

sensitive to the PIFE effect. In contrast, the Cy3 near the duplex is more sterically restricted 

due to the neighboring DNA bases on both sides, resulting in a lower enhancement of the 

fluorescence (Sanborn et al., 2007; Sorokina et al., 2009). The same pattern is also observed 

when the intensities of single molecule traces are averaged. The intensity increase was 

normalized by its minimum value to allow a more direct comparison of the rates of increase 

at both positions (Figure 2E). The rate is approximately 3.3 fold higher for the 5’Cy3 than 

the 3’Cy3, indicating that the filament initiates preferentially from the 5’ end (duplex 

junction). Both sets of data are consistent with initiation of the Rad51 filament at the duplex 

junction and assembly/extension towards the 3’ end of the ssDNA. Rad51 can also form a 

filament on double stranded (ds) DNA (Krogh and Symington, 2004; Modesti et al., 2007; 

Ristic et al., 2005), but the rate of filament assembly on dsDNA is approximately 6 fold 

lower (0.05 s−1) than the rate observed for assembly on ssDNA (0.28 s−1; Figure S2A-E). 

Based on these results, Rad51 binding to dsDNA does not influence the directionality of 

filament formation on the ssDNA substrates tested here.

Srs2 monomer displays repetitive movement on DNA

To probe the translocation activity of Srs2 which is believed to be necessary for its anti-

recombinase function (Antony et al., 2009), we examined its ATP stimulated movement on 

pdT20 (Figure 3A). We examined a well characterized C-terminal deletion mutant, 

Srs2CΔ276 which exhibits ATP-driven translocation and anti-recombinase activity (Antony et 

al., 2009). When Srs2 was added with ATP, we obtained single molecule traces of highly 

repetitive FRET fluctuations reflecting repeated motion of Srs2 on ssDNA which induces 

repetitive distance changes between the two ends of the ssDNA (Figure 3B). These 

fluctuations require ATP hydrolysis since they are not seen in the absence of ATP or 

presence of ATPγS (Figure S3A). Furthermore, the periodicity measured by collecting dwell 

times (δt) from over three hundred events shows a dependence on ATP concentration 

(Figure S3B, C). A fit of these data to the Michaelis-Menten equation yields Km = 

9.26±1.72 μM ATP and Vmax = 0.64±0.02/sec (Figure 3C). To test if the FRET fluctuations 

arise from the action of a monomer of Srs2 protein or successive binding of multiple 

monomers, we tethered a histidine tagged Srs2 (0.5-1nM) to a surface treated with 

biotinylated Ni-NTA (Figure 3D) and added Cy3-Cy5 labeled DNA substrate (non-

biotinylated). Here, we monitored FRET fluctuations, sometimes in bursts representing the 

repetitive motion of a Srs2 monomer on a single DNA (Figure 3E-F)). The DNA binding is 

highly specific to the presence of surface tethered Srs2 as we do not see any fluorescence 

spots in the absence of Ni-NTA or Srs2. This tethered Srs2 assay enables us to clearly 

distinguish the moment of DNA binding as an abrupt appearance of FRET, duration of 

repetitive motion as a continuous FRET fluctuation (gray bars) and the DNA dissociation as 

the disappearance of FRET (Figure 3E, F). This provides direct evidence that a monomer of 

Srs2 is sufficient for the repetitive motion on the resected DNA. We note that this activity is 
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not the initial directional translocation of Srs2 on ssDNA, which occurs at a rate of 300 

nts/sec (Antony et al., 2009), which is beyond our time resolution of 30-100 ms, but what 

occurs after the fast translocation.

Srs2 displays repetitive scrunching of ssDNA at ss/ds junction

The FRET traces obtained above suggest that Srs2 repeatedly brings the 3’ end of the 

ssDNA close to the duplex junction. To probe the mechanistic basis of this repetitive action, 

we varied the lengths of the ssDNA from pdT13 to pdT70 (Figure 4A). We observe similar 

FRET fluctuations when the tail length is between 13 and 20, with similar amplitude 

changes as depicted both in single molecule traces (Figure 4B) and FRET histograms taken 

from over one hundred events per given tail length (Figure 4C). As the tail length is 

increased to 25 and 30 nts, FRET fluctuations occur at a lower FRET range with less 

pronounced FRET peaks. Such FRET patterns completely disappear for the pdT70 DNA 

(Figure 4B, C). Dwell time analyses performed on all of the tail lengths (T13-30) suggest 

that the fluctuations are not length dependent beyond 20 nts, indicating that the repetitive 

movement is limited to ~18-20 nts of ssDNA length (Figure 4D, E). Both the FRET pattern 

and dwell time analysis point to a mechanism whereby Srs2, while bound at the junction 

periodically reels in a finite segment of ssDNA of approximately 18-20 nts, rather than the 

entire length of ssDNA. To test this hypothesis further, we prepared three substrates with tail 

lengths of pdT30, pdT40 and pdT50, but with each containing two dyes separated by a fixed 

contour length of 15 nts (Figure S4A). Consistent with the previous experiment, we 

observed the same FRET fluctuation with similar periodicity for all three DNA substrates 

(Figure S4B-D). Based on these data, we propose a mechanism in which Srs2 after the initial 

translocation on ssDNA, situates itself near the duplex junction while pulling in a finite 

length of ssDNA in a repetitive manner. Experiments with fluorescently labeled Srs2 further 

support this model of junction anchored Srs2 repetitively scrunching the 3’ tail as FRET 

fluctuations are only seen on a short tail with a dye at 3’ end of DNA (Figure S4E-L). It is 

interesting to note that this activity involves an apparent 5’ to 3’ directed movement, 

opposite of its 3’ to 5’ directional translocation (Antony et al., 2009). We refer to the 

repetitive Srs2 activity as a "scrunching" of ssDNA. Such scrunching activity for a protein 

was first defined in the context of RNA polymerase (RNAP) whereby the single stranded 

DNA template strand is accumulated in the active site pocket of RNAP in the transcription 

initiation phase (Brieba and Sousa, 2001; Cheetham and Steitz, 1999; Garcia-Diaz et al., 

2009; Kapanidis et al., 2006; Revyakin et al., 2006; Tang et al., 2009; Tang et al., 2008). 

Here, we describe a similar scrunching activity of a helicase that functions in a DNA repair 

pathway. It really does not seem to be the same phenomenon. It might be better to call it 

something else.

Srs2 anti-recombinase activity

Next, we tested if the scrunching activity of Srs2 contributes to its anti-recombinase activity. 

We formed a Rad51 filament on Cy3/Cy5 labeled pdT20 DNA (Figure 5A) and added Srs2 

(20-200nM) together with Rad51 to maintain the same Rad51 concentration. The 

representative single molecule trace shows a steady low FRET transitioning to a high FRET 

followed by FRET fluctuations, suggesting a complete clearance of the Rad51 filament 

(Figure 5B). The initial FRET increase corresponds to the dismantling of Rad51 by Srs2 
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translocation (Antony et al., 2009) whereas the FRET fluctuation reflects the repetitive 

scrunching of Srs2 that occurs after the removal process. This result suggests that after Srs2 

removes Rad51 filament, it stays on the DNA and prevents re-binding of Rad51 by 

repeatedly scrunching the ssDNA. This can also be advantageous for subsequent binding of 

RPA to reinforce the clearance of the Rad51 filament.

While the repetitive scrunching by Srs2 serves to maintain the ssDNA clear of Rad51, this 

activity is transient, as more than 60% of single molecule traces display a dynamic exchange 

between the steady low FRET and the FRET fluctuations, representing reformation of 

Rad51 filaments and subsequent clearance by Srs2, respectively (Figure 5C). To test if the 

stability of the Rad51 filament influences its clearance by Srs2, we measured the dwell times 

corresponding to the duration of the Rad51 filament formation (δt-R, low FRET) and Srs2 

induced clearance (δt-S, FRET fluctuation) (Figure 5C) for varying lengths of the ssDNA 

tail. We measured the two dwell times from over 50 traces for each tail length and calculated 

the ratio between δt-R and δt-S. This ratio provides a measure of the propensity for Rad51 

filament formation over clearance (Figure 5D). The result shows that the longest ssDNA 

(T25) is five times more likely to be occupied by a Rad51 filament than the shortest ssDNA 

(T13). In other words, the T13 ssDNA is five times more likely to remain cleared of Rad51 

by Srs2 than the longer T25 ssDNA. The ratio appears to be the same for T20 and T25, 

reflecting the similar stability of a Rad51 nucleation above T20. When Srs2 was added to 

the DNA prior to Rad51, the duration of Srs2 scrunching before Rad51 formation was 

substantially longer (Figure S5A-D) than when Srs2 was added post Rad51 formation, 

indicating an enhanced ability of Srs2 to prevent Rad51 binding. Nevertheless, Rad51 

filaments eventually reform even under these circumstances and a dynamic exchange 

between Rad51 filament formation and removal by Srs2 follows as before (Figure 5C).

To test if Rad51 removal can be accomplished by an Srs2 monomer, we used the protein 

tethered assay where DNA pre-bound with a Rad51 filament was applied to the surface 

tethered Srs2 (Figure 5E). We observed a brief low FRET binding followed by high FRET 

and FRET fluctuations, indicating the binding of a Rad51-ssDNA filament to Srs2, followed 

by a quick clearance of Rad51 and Srs2 mediated scrunching of ssDNA respectively (Figure 

5F). This assay offers two unique advantages. First, it enables a direct monitoring of a Srs2 

monomer to clear Rad51. Second, it allows for precise measurement of the time required for 

a Srs2 monomer to clear a Rad51 filament, δt (Figure 5F). We collected the δt for the 

different ssDNA tail lengths (pdT13-pdT25). Consistent with the stability of Rad51 

filaments shown above (Figure 5D), the removal time to clear the longest (T20, T25) was 

4-5 fold higher than the shortest Rad51 filament (T13). The similar fold difference obtained 

in Figure 5D and 5G indicates that the overall filament stability of Rad51 on T20/25 is 

approximately five fold higher than on T13.

Srs2 cannot disassemble a RecA filament

To examine the specificity of Srs2 in clearing Rad51, we tested its ability to remove RecA 

filaments. We formed a stable RecA filament (Joo et al., 2006) and added Srs2 (200nM). In 

this case, less than 5% of the molecules showed FRET fluctuations induced by Srs2, 

indicating negligible removal of RecA (Figure S5E). Based on this result, we confirm that 
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Srs2’s scrunching activity is specific for dismantling Rad51 filaments as the anti-

recombinase activity of Srs2 requires a direct physical contact with Rad51 (Antony et al., 

2009; Colavito et al., 2009).

Srs2 unwinding of DNA is suppressed by Rad51

As a helicase, Srs2 can unwind double stranded (ds)DNA with a flanking 3’ ssDNA tail 

longer than 12 nucleotides (Krejci et al., 2004). We asked if this unwinding activity is 

modulated by the presence of a Rad51 filament. We confirmed Rad51 formation on dsDNA 

as shown before (Figure S2A-C). Complete unwinding is expected to result in the loss of the 

Cy3 (green) labeled strand because only the other strand (red) is immobilized to the surface 

(Figure 6A, B). Therefore, the unwinding kinetics was measured by the disappearance rate 

of the Cy3 (green) signal over time on all DNA constructs (Figure 6C). We counted 

molecules every 5-10 seconds after the addition of Srs2 on different regions of the 

microscope slide rather than continuous monitoring of one area to minimize photobleaching. 

Unwinding in the presence of Rad51 was performed by first forming the Rad51 filament and 

subsequently adding Srs2 and Rad51 together. Consistent with the previous finding (Krejci 

et al., 2004), the rate of unwinding is dependent on the length of the 3’ tail (Figure 6D, F). In 

the presence of Rad51, however, the unwinding rate was reduced to the same degree, 

independent of the tail length (Figure 6E, F). This agrees with results obtained in an 

ensemble study (Antony & Lohman, unpublished data). If the stability of the Rad51 filament 

on ssDNA were the main contributing factor, the unwinding rate is expected to show a tail 

length dependence. Our observation of a uniformly low unwinding rate regardless of tail 

length (Figure 6F) suggests that Rad51 formed on the duplex DNA is responsible for the 

inhibitory effect.

To examine this effect more directly, we prepared a DNA substrate which has two dyes 

located near the duplex junction such that unwinding can be monitored as a decrease in 

FRET (Figure 6G, H). In the absence of Rad51, Srs2 (>20nM) induces a rapid FRET 

decrease as seen in a representative trace (Figure 6I). The dwell time corresponding to the 

unwinding duration (δt) collected from over 100 events is approximately 6 seconds (Figure 

6K). In the presence of a Rad51 filament, however, unwinding is inhibited as seen by the 

long delay in the FRET decrease (Figure 6J), yielding an average unwinding time of 34 

seconds (Figure 6L).

DNA unwinding measured using ensemble methods indicate that multiple Srs2 monomers or 

Srs2 oligomers are required for DNA unwinding (Antony & Lohman, unpublished data). 

Hence, we employed the Srs2 monomer tethered assay to test if monomer can unwind 

(Figure S6A). Over 95% of the binding events showed a stable high FRET (Figure S6B), 

indicating no DNA unwinding activity. Therefore, we conclude that Srs2 monomers cannot 

unwind DNA efficiently and that the unwinding seen with immobilized DNA is likely due to 

higher oligomeric forms of Srs2 or multimers of Srs2 binding to one DNA, consistent with 

ensemble studies (Antony & Lohman, unpublished data).
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Discussion

Rad51 site size, nucleation cluster

We have used single molecule FRET to detect the formation of Rad51 filaments on ssDNA 

with lengths in the 10-20 nucleotide range where the distance change induced by Rad51 

binding is detectable by FRET (Ha, 2001). We observed that Rad51 formed a stable filament 

on ssDNA as short as 18 nucleotides (Figure 1B). Based on the detection of three, four and 

five steps for Rad51 binding to pdT10, 13 and 15, we deduced a site size of three 

nucleotides per Rad51 monomer. Combining the site size with the minimum ssDNA length 

required for forming a stable Rad51 filament (pdT18), we infer a nucleation cluster size of 

six Rad51 monomers. These numbers are similar to those inferred for RecA (Joo et al., 

2006) and consistent with the structural resemblance between the two proteins (Chen et al., 

2008; Conway et al., 2004). Previous studies with human Rad51 (hRad51) reported that 

nucleoprotein filaments grow in multiples of trimers as a stable nucleation cluster (Hilario et 

al., 2009). However, this assay was performed on purely dsDNA (λ DNA) on which a 

Rad51 filament may have a different stability. Similar to our finding that the majority of 

Rad51 binds as monomers and dimers, a recent study by Bell et al demonstrated that RecA 

filament formation on ssDNA involves primarily monomer and dimer units and the net 

growth favors the 5’ to 3’ direction (Bell et al., 2012).

Rad51-ssDNA filaments grow directionally from 5’ to 3’

Although Rad51 binding is expected to be similar to RecA (Register and Griffith, 1985), 

Rad51 binding directionality has never been demonstrated on a resected DNA mimic with 

high resolution. In humans, Rad51 binding to resected DNA is controlled by BRCA2 where 

BRCA2 positions itself at the duplex junction and initiates nucleation of Rad51 in a 5’ to 3’ 

direction (Carreira and Kowalczykowski, 2011). In agreement with our finding, the overall 

net growth directionality for RecA, hRad51 and yeast Rad51 was shown to be 5’ to 3’ on 

both ssDNA and dsDNA although bi-directionality was also demonstrated (Bell et al., 2012; 

Galletto et al., 2006; Hilario et al., 2009; Joo et al., 2006). To directly monitor the 

directional bias of yeast Rad51 filament formation, we utilized a recently developed single 

molecule assay, smPIFE (Hwang et al., 2011; Myong et al., 2009). The 5’ to 3’ assembly 

was demonstrated in two ways; the difference in the rate of overall signal increase and the 

shape of the intensity increase (Figure 2B, D). In addition, the larger PIFE effect seen for the 

3’ Cy3 is in agreement with our previous finding in which RecA binding to a similar 

substrate resulted in 3-4 fold increase in the fluorescence signal (Hwang et al., 2011).

Repetitive scrunching contributes to anti-recombinase activity

Previous single molecule studies have identified numerous helicases that translocate or 

unwind repetitively (Myong et al., 2007; Myong et al., 2009; Myong et al., 2005; Park et al., 

2010; Tomko et al., 2010; Yodh et al., 2009). Two bacterial homologs of Srs2, Rep (Myong 

et al., 2005) and PcrA (Park et al., 2010) display repetitive translocation that resembles that 

of Srs2 in two aspects. First, all three translocases exhibit repetitive activity on single 

stranded DNA and second, they all involve looping of ssDNA although the mechanistic 

details differ. One clear difference is that Srs2 only acts on a small segment of ssDNA rather 

than the entire ssDNA length. Based on our results, we propose a scrunching model whereby 
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Srs2 stations itself near the junction of ssDNA and dsDNA and repetitively reels in a short 

segment of ssDNA (Figure S4M). We hypothesize that this scrunching involves ATP 

stimulated conformational changes within Srs2 which results in a periodic tugging of a finite 

length of ssDNA.

Srs2 is a functionally unique helicase in yeast in that its recruitment is highly specific for the 

removal of Rad51 filaments (Antony et al., 2009; Krejci et al., 2003; Liu et al., 2011). As a 

control, we showed that Srs2 is unable to remove a RecA filament from ssDNA (Figure 

S5E). The repetitive scrunching by Srs2 we demonstrate here is not the dismantling of a 

Rad51 filament, but what is likely to occur after disruption of the filament. Hence our 

findings expand on the previously known role of Srs2’s anti-recombinase function (Antony 

et al., 2009; Krejci et al., 2003; Le Breton et al., 2008; Veaute et al., 2003). This repetitive 

mechanism at the site of a duplex junction can offer two advantages. First, the repetitive 

nature of scrunching can effectively maintain ssDNA clear of Rad51 binding. Second, the 

scrunching at the duplex junction enables efficient sequestering of ~18-20 nts of ssDNA, 

which coincides with the ~18 nt length required for formation of a stable Rad51 nucleation 

cluster. Taken together, the Srs2 mechanism we present here (Figure 7) represents a highly 

specific activity of an anti-recombinase both in terms of motion and position. It is important 

to note that the anti-recombinase activity of Srs2 does not prevent Rad51 formation 

permanently, but only acts to transiently counterbalance Rad51 filament formation.

Suppressed unwinding activity of Srs2 in the presence of Rad51

The helicase activity of Srs2 is not correlated with its anti-recombinase function (Krejci et 

al., 2003; Prakash et al., 2009; Van Komen et al., 2003) whereas the ATP fueled translocase 

activity is required, but not sufficient for Rad51 filament removal (Antony et al., 2009; 

Krejci et al., 2004). Furthermore, it has been shown for other SF1 helicases that their 

translocation and unwinding activities are functionally separable in that enzyme 

oligomerization is often required for DNA unwinding activity (Lohman et al., 2008). We 

find that monomeric Srs2 can dislodge Rad51 filaments on ssDNA, but cannot unwind 

dsDNA, in agreement with ensemble studies (Antony & Lohman, unpublished data). Hence, 

Srs2 monomers are capable of removing Rad51 filaments from ssDNA without unwinding 

the duplex DNA. This behavior is thus similar to what has been observed and proposed for 

E. coli UvrD in its role as an anti-recombinase to remove RecA filaments (Tomko et al., 

2010). Previous studies revealed that Rad51 plays a dual role; it targets Srs2 to homologous 

recombination intermediates and triggers ATP hydrolysis within the Rad51 filament, 

inducing Rad51 dissociation from the DNA (Antony et al., 2009). Here, we demonstrate yet 

another role of Rad51 in preventing DNA unwinding by Srs2. In contrast, one study 

reported that Rad51 enhances Srs2 unwinding (Dupaigne et al., 2008). However, those 

studies were performed uder very different conditions including the presence of RPA, use of 

up to a 25 fold higher Srs2 concentration (500nM) and a DNA with a much longer ssDNA 

tail (209 nts), all of which may favor the DNA unwinding reaction. Due to these differences, 

a direct comparison cannot be made. Our more direct real time assay shows that in the 

absence of RPA Rad51 inhibits the ability of Srs2 to unwind DNA.
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In conclusion, we present a comprehensive step-by-step process of the roles of Rad51 and 

Srs2 in the early stages of homologous recombination. Our results reveal an exquisite 

mechanism that controls the balance between the recombinase, Rad51 and the anti-

recombinase, Srs2.

Experimental Procedures

Oligonucleotides

Unlabeled, Cy3-labeled and Cy5-labeled Oligonucleotides were purchased from Integrated 

DNA technologies (Coralville, IA). Internally labeled oligos contain amino modifier dT 

subsequently labeled using Cy3 monofunctional NHS esters (GE Healthcare, Princeton, NJ) 

as described (Joo and Ha, 2008).

Proteins

The wildtype Rad51 protein and Srs2 truncation mutant Srs21-898 (Srs2CΔ276) were 

overexpressed and purified as described (Antony et al., 2009). The bacterial wildtype RecA 

protein was purchased from New England Biolabs (Ipswich, MA).

Reaction Conditions for Rad51, RecA and Srs2

Standard Rad51 reaction buffer was 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 10 mM 

MgCl2; standard RecA reaction buffer was 100 mM NaAc, 25 mM Tris-HCl (pH 7.5), 10 

mM MgAc, with an oxygen scavenging system containing 0.8% v/v dextrose, 1 mg/ml 

glucose oxidase, 0.03 mg/ml catalase (Joo and Ha, 2008), and 2-mercaptoethanol (1% v/v), 

all items were purchased from Sigma Aldrich (St. Louis, MO). The measurements were 

performed at room temperature (21°C ± 1°C). 1 mM ATP was used in all experiments 

unless otherwise specified.

Data Analysis

Single molecule traces were analyzed using codes written in Matlab. FRET efficiency values 

were calculated as a ratio between acceptor intensity and total donor and acceptor intensity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Rad51 has a site size of 3 nts and requires 6 monomers for a stable nucleation.

• Srs2 translocates to near ss/ds DNA junction and scrunches in finite lengths of 

ssDNA.

• Repetitive scrunching of Srs2 prevents reformation of Rad51 filament.

• Srs2 unwinding is impeded by Rad51 filament formed on double stranded DNA.
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Figure 1. 
Rad51 monomer binds 3 nucleotides and a stable nucleation requires 6 monomers (A) 

Schematic diagram of DNA constructs used in Rad51 binding experiment. Partially 

duplexed DNA of various poly-Thymidine tail lengths (T10-T20) contain donor (Cy3) at 3’ 

end and acceptor (Cy5) at duplex junction, FRET value decreases upon Rad51 formation. 

(B) FRET values collected over 5000 single molecules are built into a FRET histogram. 

DNA-only high FRET molecules (gray) transition to low FRET (orange) upon Rad51 

formation. A complete shift to low FRET is observed in T18 and T20. (C) Single molecule 

FRET traces show up to three, four and five steps observed for T10, T13 and T15, reflecting 

a monomer binding steps. (D) Transition Density Plot (TDP) for each DNA built by 

collecting FRET values before (y-axis) and after (x-axis) transition from single molecules 

that show monomer binding steps.

Qiu et al. Page 15

Nat Commun. Author manuscript; available in PMC 2014 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Rad51 binds in 5’ to 3’ direction (A) Schematic of 3’ Cy3 labeled DNA used in PIFE assay. 

(B) Single molecule trace displaying a gradual and stepwise increase in Cy3 signal. (C) 

Schematic of 5’ Cy3 labeled DNA used in PIFE assay. (D) Single molecule trace showing 

an abrupt increase in Cy3 signal. (E) Normalized average intensity plot for both DNA 

constructs showing slower increase in 3’ Cy3 DNA compared to 5’ Cy3 DNA. Errors in fit 

results are in standard error of mean (SEM). (F) Schematic summary of Rad51 binding in 5’ 

to 3’ direction.
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Figure 3. 
Srs2 exhibits repetitive motion on ssDNA (A) Schematic diagram of FRET DNA used in 

Srs2 assay. (B) Single molecule traces displaying Srs2 induced FRET fluctuation. (C) The 

inverse of FRET peak to peak dwell time was fitted to Michaelis-Menten equation. Errors in 

fit results are in SEM. (D) Schematic diagram of tethered protein assay. Histidine (9x) 

tagged Srs2 was immobilized to surface and non-biotinylated FRET-DNA substrate was 

applied. (E) Single molecule traces show that the repetitive motion arises from a single 

monomer of Srs2. DNA binding, Srs2 mediated repetitive motion and dissociation from Srs2 

are shown as an appearance of FRET, FRET fluctuation and disappearance of FRET, 

respectively. (F) Single molecule trace shows multiple bursts of repetitive events arising 

from single Srs2 monomer.
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Figure 4. Srs2 repetitively scrunches short segment of ssDNA
(A) Schematic of FRET-DNA constructs with various tail lengths (T13-T70). (B) Single 

molecule traces show similar range of FRET fluctuation in T13-T20, but much less 

prominent and lower FRET range fluctuation in T25-T30 and no fluctuation in T70. (C) 

FRET histograms of single molecule traces of Srs2 on various ssDNA tail lengths. (D) 

FRET peak to peak dwell time δt. (E) Dwell times collected from various tail lengths. Error 

bars denote SEM.
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Figure 5. Srs2 repetitive scrunching prevents Rad51 formation
(A) Schematic of FRET DNA used in Rad51 removal assay. (B) Single molecule trace 

showing low to high FRET followed by FRET fluctuation. (C) Single molecule trace 

displaying dynamic exchange between Rad51 filament formation and Srs2 clearance/

scrunching. (D) Ratio between filament formed duration and Srs2 cleared duration tested on 

varying tail. Error bars denote SEM. (E) Schematic of immobilized Srs2 assay to test if 

clearance and scrunching activity arises from Srs2 monomer. (F) Single molecule traces 

showing monomer Srs2 removing Rad51 filament and preventing reformation. (G) Dwell 

times corresponding to removal duration for different tail length. Error bars denote SEM.

Qiu et al. Page 19

Nat Commun. Author manuscript; available in PMC 2014 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Rad51 suppresses Srs2 induced unwinding
(A, B) FRET-DNA constructs with varying tail lengths (T13-T25) without and with Rad51. 

(C) Fluorescence spots left on surface can be counted for unwinding rate analysis. (D-F) 

Unwinding rate of Srs2 is substantially lower in the presence of Rad51. Error bars denote 

SEM. (G, H) Schematic of unwinding DNA constructs. Cy3 and Cy5 are located near 

duplex junction such that unwinding will result in FRET decrease. (I, J) Unwinding in the 

presence of Rad51 is delayed as indicated by slower FRET decrease. (K, L) Histograms and 

a Gaussian distribution fit show that the Srs2 unwinding duration is about 5-6 times longer 

in the presence of Rad51. Errors in fit results are in SEM.
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Figure 7. 
Schematic summary of Srs2 scrunching as an anti-recombinase mechanism for Rad51 

clearance. Srs2 first translocates in the 3’ to 5’ direction along ssDNA to displace Rad51, 

then remains bound near the duplex junction and repetitively scrunches a short segment of 

ssDNA to prevent Rad51 reformation.
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