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Highlights

1. The influence of filament lengths on RecA mediated DNA repair has been unclear.

2. We show some products created by filaments with lengths ≤ 420 nt reverse rapidly.

3. 420 nt filaments also create products that last > 2000 seconds.

4. Experiment and theory suggest lengths > 200 nt improve repair speed and accuracy.

5. We propose that filaments with lengths from ~250 to ~500 nt optimize DNA repair.

Introduction

Bacterial genomes suffer frequent double strand breaks (DSB). Repair of double strand breaks often follows the RecBCD pathway (Figure 1), which includes RecA mediated homologous recombination [START_REF] Kowalczykowski | An overview of the molecular mechanisms of recombinational DNA repair[END_REF][START_REF] Symington | End resection at double-strand breaks: mechanism and regulation[END_REF]. Genomic rearrangement can occur if RecA mediated homologous recombination forms irreversible products that join regions of accidental homology [START_REF] Rocha | Functional and evolutionary roles of long repeats in prokaryotes[END_REF]. Genomic rearrangement can be fatal, but it can also allow bacteria to adapt rapidly [START_REF] Rocha | Functional and evolutionary roles of long repeats in prokaryotes[END_REF]. Importantly, in E. coli there are many repeats longer than 300 bp, and the majority of repeats longer than 300 bp are parts of multicopy repeat families (60%) [START_REF] Treangen | Genesis, effects and fates of repeats in prokaryotic genomes[END_REF]. When two or more nearly identical sequences are present in a chromosome, a single, homology-based crossover between them will cause genome rearrangement. That rearrangement results in deletion, duplication, or inversion, depending on the configurations and orientations of the repeated units [START_REF] Rocha | Functional and evolutionary roles of long repeats in prokaryotes[END_REF]. Thus, RecA's ability to reject attempted repairs that join different copies of repeats longer than 75 bp is of great relevance in vivo [START_REF] Rocha | Functional and evolutionary roles of long repeats in prokaryotes[END_REF].

After a double strand break (DSB) has arisen in a double-stranded DNA (dsDNA) (Figure 1(a)), repair of the break can follow the RecBCD pathway (Figure 1). On each side of the break, protein-DNA interactions form single-stranded DNA (ssDNA) with a 3′ tail (Figure 1(b)) [START_REF] Kowalczykowski | An overview of the molecular mechanisms of recombinational DNA repair[END_REF][START_REF] Symington | End resection at double-strand breaks: mechanism and regulation[END_REF]. RecA binds to each of these ssDNA tails, forming a helical ssDNA-RecA filament with one RecA per 3 nt and 18 nt per helical turn [START_REF] Kowalczykowski | An overview of the molecular mechanisms of recombinational DNA repair[END_REF][START_REF] Chen | Mechanism of homologous recombination from the RecA-ssDNA/dsDNA structures[END_REF]. In each filament, the L nt in the ssDNA is bound to the primary binding site (site I) in RecA [START_REF] Chen | Mechanism of homologous recombination from the RecA-ssDNA/dsDNA structures[END_REF].

Each of the two helical ssDNA-RecA filaments can bind to dsDNA and test whether one strand in that dsDNA is homologous to the invading strand in the ssDNA-RecA filament. The homology dependence of early steps in the RecBCD repair pathway has been extensively studied in vitro and in vivo [START_REF] Schutte | Homology-dependent changes in adenosine 5'-triphosphate hydrolysis during recA protein promoted DNA strand exchange: Evidence for long paranemic complexes[END_REF][START_REF] Schutte | Homology-dependent underwinding of duplex DNA in recA protein generated paranemic complexes[END_REF][START_REF] Kowalczykowski | Homologous pairing and DNA strand exchange[END_REF][START_REF] Bazemore | RecA tests homology at both pairing and strand exchange[END_REF][START_REF] Shibata | Homologous pairing in genetic-recombinationformation of D-loops by combined action of RecA protein and a helix-destabilizing protein[END_REF][START_REF] Hsieh | The synapsis event in the homologous pairing of DNAs: RecA recognizes and pairs less than one helical repeat of DNA[END_REF][START_REF] Qi | DNA Sequence alignment by microhomology sampling during homologous recombination[END_REF][START_REF] Rosselli | Energetics of RecA-mediated recombination reactions-without ATP hydrolysis RecA can mediate polar strand exchange but is unable to recycle[END_REF][START_REF] Lee | DNA recombination base triplet stepping by the Rad51/RecA family of recombinases[END_REF]. The first homology test considers 8 bases [START_REF] Qi | DNA Sequence alignment by microhomology sampling during homologous recombination[END_REF][START_REF] Danilowicz | The poor homology stringency in the heteroduplex allows strand exchange to incorporate desirable mismatches without sacrificing recognition in vivo[END_REF]. If at least 7 of the 8 bases tested are homologous, the complementary strand in the dsDNA pairs with the invading ssDNA present in the helical ssDNA-RecA filament, pushing out its original dsDNA partner [START_REF] Qi | DNA Sequence alignment by microhomology sampling during homologous recombination[END_REF][START_REF] Danilowicz | The poor homology stringency in the heteroduplex allows strand exchange to incorporate desirable mismatches without sacrificing recognition in vivo[END_REF][START_REF] Yang | Integrating multi-scale data on homologous recombination into a new recognition mechanism based on simulations of the RecA-ssDNA/dsDNA structure[END_REF]. This base pairing transfer is referred to as strand exchange [START_REF] Cox | Motoring along with the bacterial RecA protein[END_REF]. Strand exchange creates a heteroduplex dsDNA product in which the invading and complementary strands are base paired (Figure 1(c)) [START_REF] Kowalczykowski | An overview of the molecular mechanisms of recombinational DNA repair[END_REF] and bound to site I in RecA [START_REF] Chen | Mechanism of homologous recombination from the RecA-ssDNA/dsDNA structures[END_REF]. After strand exchange, the complementary strand′s original base pairing partner, the outgoing strand, remains unpaired (Figure 1(c)) and bound to the secondary binding site in RecA (site II) [START_REF] Mazin | The function of the secondary DNA-binding site of RecA protein during DNA strand exchange[END_REF], forming a structure known as a D-loop. For simplicity we show only one contact between the ssDNA-RecA filament and the dsDNA; however, multiple simultaneous contacts can occur and may play important roles in vivo [START_REF] Forget | Single-molecule imaging of DNA pairing by RecA reveals a threedimensional homology search[END_REF][START_REF] Shan | DNA Strand Exchange Promoted by RecA K72R: two reaction phases with different Mg requirements[END_REF][START_REF] Prentiss | Structure/function relationships in RecA protein-mediated homology recognition and strand exchange[END_REF][START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF].

If sufficient homology is present, strand exchange can progress in the 5′ to 3′ direction with respect to the invading strand [START_REF] Cox | Motoring along with the bacterial RecA protein[END_REF]. Once a heteroduplex product extends beyond ~ 75 bp, ATP hydrolysis drives RecA unbinding that progresses in the 5′ to 3′ direction with respect to the invading strand (Figure 1(d)) [START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF].

As long as the 3′ end of the invading strand in the ssDNA-RecA filament extends beyond the heteroduplex, strand exchange can continue to progress along the homoduplex dsDNA, even after some RecA has unbound from the heteroduplex on the 5′ side of the invading strand [START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF]. Thus, since RecA unbinding progresses at approximately the same rate as strand exchange, once the heteroduplex extends over ~ 75 bp, a "strand exchange window" [START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF] consisting of ~ 75 bp of heteroduplex dsDNA bound to RecA progresses along the homoduplex dsDNA in the 5′ to 3′ direction with respect to the invading strand (Figure 1(d) and (e)). Once strand exchange reaches the 3′ end (Figure 1(e)), strand exchange cannot continue on the 3′ side [START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF] (Figure 1(f)), so the "strand exchange window" begins to shrink as the heteroduplex continues to unbind from RecA on the 5′ side. When RecA unbinding reaches the 3′ end, the heteroduplex is RecA-free (Figure 1(g)).

In vivo, the heteroduplex is flanked by homoduplex dsDNA tails in which the outgoing and complementary strands remain base paired (Figure 1(c-f)). Thus, after RecA has completely unbound from the heteroduplex product (Figure 1(e)), the homoduplex tails flanking the heteroduplex can expand inwards at the expense of the RecA-free heteroduplex. At either junction between heteroduplex and homoduplex dsDNA, the homoduplex tail expands when a complementary strand base transfers base pairing from the invading strand back to its original partner in the outgoing strand.

Completion of the repair requires that a DNA polymerase (light green rectangle) extends the invading strand and replaces bases degraded by RecBCD (Figure 1(f)). The direction of polymerization is indicated by the light green block arrow. Importantly, synthesis by DNA polymerase Pol IV has been observed in vivo at the 3′ end of the RecA filament [START_REF] Henrikus | Single-molecule livecell imaging reveals RecB-dependent function of DNA polymerase IV in double strand break repair[END_REF], and RecA may promote that synthesis [START_REF] Tashjian | Residues in the fingers domain of the translesion DNA polymerase DinB enable its unique participation in error-prone doublestrand break repair[END_REF]. There is a competition between reversal of the RecA-free product from the 5′ end of the invading strand and the extension of the heteroduplex by DNA synthesis at the 3′ end of the invading strand (Figure 1). If synthesis dominates, repair completes. If reversal dominates, the two chromosomes completely separate. Thus, the rate of DNA synthesis may play an important role in kinetic proofreading that promotes rapid and accurate double strand break repair [START_REF] Lu | Slow extension of the invading DNA strand in a D-loop formed by RecA-mediated homologous recombination may enhance recognition of DNA homology[END_REF].

As indicated by the red arrow, if the heteroduplex product completely reverses, the two chromosomes separate, and the invading strand ssDNA can form a new RecA filament that resumes homology searching (Figure 1(b)). To avoid kinetic trapping or the persistence of unresolved joint molecules that block chromosome segregation, it is desirable for the RecA-free heteroduplex (Figure 1(e)) to rapidly completely reverse if the heteroduplex joins different copies of a long repeat. The importance of the reversal of strand exchange products has also been highlighted in work on eukaryotes [START_REF] Piazza | Moving forward one step back at a time: reversibility during homologous recombination[END_REF].

Finally, we note that the RecBCD pathway includes additional possibilities that are not shown in Figure 1 (Figure S1). For example, a heteroduplex product extends over all L nucleotides in the invading strand (Figure 1); however, it is possible that long filaments with length L could create products with lengths less than L bp [START_REF] Lin | A 5-to-3 strand exchange polarity is intrinsic to RecA nucleoprotein filaments in the absence of ATP hydrolysis[END_REF] (Figure S1(a)-(c)). In addition, long filaments may establish multiple simultaneous separate sequence matched heteroduplex products, each of which will be significantly shorter than L (Figure S1(d)) [START_REF] Shan | DNA Strand Exchange Promoted by RecA K72R: two reaction phases with different Mg requirements[END_REF].

To determine whether the outcome of attempted repairs that combine different copies of repeated sequences might depend on L, the length of the filament participating in the repair, we considered how the stability of strand exchange products depends on L for homologous filaments with 48 < L < 500 nt, which is the range of filament lengths found in vivo [START_REF] Gataulin | The ATPase activity of E-coli RecA prevents accumulation of toxic complexes formed by erroneous binding to undamaged double stranded DNA[END_REF]. Discrimination against a region of accidental homology extending over N bp requires a filament with length L > N, suggesting that longer filaments can discriminate against longer regions of accidental homology.

Of course, the ability to discriminate against heteroduplex products that join different copies of long repeats may not be the only factor that favors long filament lengths in vivo. For example, both experimental data and theory indicate that filaments longer than 160 nt offer search time advantages in vivo [START_REF] Forget | Single-molecule imaging of DNA pairing by RecA reveals a threedimensional homology search[END_REF][START_REF] Prentiss | Structure/function relationships in RecA protein-mediated homology recognition and strand exchange[END_REF][START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF]; however, if heteroduplex product stability increases with L, increasing L is not useful once L is large enough that heteroduplex products do not reverse on a biologically relevant timescale. These factors suggest that there is an optimal filament length that is long enough to offer rapid searching and discrimination against heteroduplex products formed between different copies of moderately long repeated sequences, but short enough that products with L = N reverse on biologically relevant timescales.

Importantly, in vitro work suggested that 370 nt filaments could join different copies of long repeats and form products that do not reverse on a biologically relevant timescale (e.g. the typical < 1-hour replication time for E. coli) [START_REF] Helmstetter | Rate of DNA synthesis during the division cycle of Escherichia coli B/r[END_REF][START_REF] Helmstetter | DNA synthesis during the division cycle of rapidly growing Escherichia coli Br[END_REF]. That result implies that the optimal filament lengths should be < 370 nt [START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF], even though in vivo measurements suggest that filament lengths can be as long as 500 nt [START_REF] Gataulin | The ATPase activity of E-coli RecA prevents accumulation of toxic complexes formed by erroneous binding to undamaged double stranded DNA[END_REF].

In this work, we investigate how the reversal of the RecA-free heteroduplex products depends on L, the length of the invading strand that forms the ssDNA-RecA filament. We probe the L dependence of the stability of heteroduplex products for the range of filament lengths observed in vivo and investigate the L dependence of the initial product formation rate to elucidate some filament length dependent factors that may influence RecA mediated homologous recombination in vivo. Our results suggest that for homologous filaments initial product formation rates increase with filament length for L ≤ 320 nt, implying that search times may decrease with increasing filament length for L ≤ 320 nt. Importantly, our gel assay and ensemble fluorescence measurements show that when L ≥ 320 nt, RecA mediated homologous recombination sometimes forms extremely long-lived products that are consistent with the previous single molecule observation [START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF]; however, our ensemble results also suggest that when L ≤ 420 nt some heteroduplex products reverse in < 30 seconds. Finally, we discuss implications of these results for the filament length range that might optimize double-strand break repair in vivo.

Results

Strand exchange gel assay

Previous in vitro experiments indicate that ATP hydrolysis drives unbinding of RecA from heteroduplex products once product lengths exceed ~ 75 bp and that with ATP hydrolysis homologous filaments with L ≳ 350 nt form RecA-free heteroduplex products that survive for thousands of seconds [START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF]. Previous work has shown that with ATP hydrolysis, heteroduplex products shorter than ~ 75 bp remain quite reversible [START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF]; however, the length dependence of the reversibility of heteroduplex products with lengths between 75 bp and 370 bp has not been investigated. In some systems, ATP hydrolysis driven transitions create extremely stable products, but it has been unclear whether the ATP hydrolysis driven unbinding of RecA from ~ 75 bp long heteroduplex creates products that survive for thousands of seconds or whether the observed stability of 370 bp products results from a length dependent increase in the stability of RecA-free heteroduplex products that are quite unstable when product lengths are only ~ 75 bp. Thus, for these initial assays probing the length stability of RecA-free products formed by homologous filaments, we compared the results of strand exchange for homologous filaments with L = 82 nt with L = 362 nt since both should produce RecA-free products.

For experiments with L = 82 nt, we studied the interaction between a helical 82 nt ssDNA RecA nucleoprotein filament homologous to an 82 bp region in PhiX174 (Figure 2(a)). The RecA filament has an additional 82 bp dsDNA heterologous sequence at the 5' end of the invading strand labeled at the 3' end with three fluorescein labeled bases (Figure 2(a), green stars). We performed strand exchange experiments between the fluorescein labeled filaments and PhiX174, that was either supercoiled or a relaxed (nicked) circle. Strand exchange progressed for 30 minutes after which SDS and proteinase K were added to degrade RecA protein. Agarose gel electrophoresis was used to separate the strand exchange products. It was expected that a stable strand exchange product would be detected as a distinct band that would migrate in the gel either as a supercoiled or relaxed PhiX174. Fluorescein labeled products were initially visualized using a 488 nm excitation scanner, whereas ethidium bromide dyed products were visualized with a 302 nm trans-illuminator. Remarkably, comparison of the scans at 488 and 302 nm shows that for N = 82 nt, we did not detect any band corresponding to fluorescein labeled products in the regions of the gel for relaxed (nicked) or supercoiled PhiX174 (Figure 2(b) and (c)).

In contrast, when we performed similar experiments in which the region of homology with PhiX174 is L = 362 nt (Figure 2(d)), scanning the gel with 488-nm light showed distinct bands overlapping with the corresponding bands for either relaxed or supercoiled PhiX174 dsDNA (Figure 2(d) and (e)), as indicated by the corresponding results for the ethidium bromide-stained gel (Figure S2).

Finally, we measured band intensity as a function position in the agarose gels and graphed the difference between intensity of the bands in lanes 2, 3, and 4 (Figure S2) minus the intensity in the control lane (lane 1, Figure 2(e)). The results of the integration of all band intensities were plotted as a bar graph (Figure 2(f)). The heights of the bars indicate that heteroduplex products were not detected when the PhiX174 was linear, but heteroduplex products were easily detected when the dsDNA was a relaxed or supercoiled circle. Importantly, bacterial DNA are dominantly negatively supercoiled [START_REF] Dorman | DNA supercoiling and transcription in bacteria: a two-way street[END_REF] .

In sum, these results indicate that filaments with L = 362 nt interacting with relaxed or supercoiled circular dsDNA can form strand exchange products that are easily observable after treatment with SDS and proteinase K followed by migration through a gel, whereas when L = 82 nt no heteroduplex products were observable under the same conditions. These results clearly show that the ATP hydrolysis driven unbinding of RecA does not produce very long lived RecA-free products that can survive migration through a gel; however, the results suggest that the stability of RecA-free products increases sufficiently with length and that filaments with L = 362 nt create some RecAfree products that survive for thousands of seconds, consistent with previous single molecule results for filaments that created 370 bp products [START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF].

Prediction of the L dependence of stability of strand exchange products based on a biased random walk model for reversibility of RecA-free heteroduplex products

In the gel assay, we were unable to detect RecA-free products with L = 82 nt, though we clearly detected RecA-free products when L = 362 nt. Such a result could occur if RecA-free heteroduplex products formed by filaments with L = 82 nt reverse much more quickly than RecA-free heteroduplex products formed by filaments with L = 362 nt. Previous work has suggested that branch migration and D-loops may evolve via a process that can be modeled as a random walk [START_REF] Radding | Uptake of homologous single-stranded fragments by superhelical DNA IV. branch migration[END_REF]. In addition, R-loop formation [START_REF] Landgraf | R-loop stability as a function of RNA structure and size[END_REF] and "toehold interactions" have been modeled as random walks [START_REF] Simmel | Principles and applications of nucleic acid strand displacement reactions[END_REF][START_REF] Srinivas | On the biophysics and kinetics of toehold-mediated DNA strand displacement[END_REF]. In what follows, we use biased random walks to gain some insight into how a slight free energy bias in favor of a D-loop configuration could make RecA-free products with L = 362 nt have lifetimes more than 100,000 times longer than RecA-free products with L = 82 nt. We will also discuss what range of modeling-based predictions are consistent with our experimental observations.

In the model, we assume that all the filaments are completely homologous and that RecA-free heteroduplex products initially extend over all L nt in the invading strand. Thus, if heteroduplex products can only reverse from the 5' end of the invading strand, then the initial random walk position is L nt from the 3' end of the invading strand. In the RecA system, RecA-free products are rarely created if L ≤ 75 bp [START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF][START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF]; however, to provide insight into how the system would behave if shorter RecA-free products were created, we also include L values that are too short to create RecA-free heteroduplex products.

We considered two theoretical cases: 1. The heteroduplex can reverse only from the end on the 5' side of the invading strand (Figure 3). 2. The heteroduplex reverses from both ends (Figure S3). We define the random walk bias p as the probability that a random walk step will increase the length of the heteroduplex product. If p > 0.5, then the bias favors increasing the length of the heteroduplex, which implies that the free energy of the heteroduplex with the outgoing strand wrapped around it is more favorable than the free energy of the homoduplex plus a free invading strand.

To illustrate how L influences survival probability, we graphed the time required for 50% of the heteroduplex to completely reverse as a function of L for different values of p (Figure 3(a)). The unbiased random walk has p = 0.5 and is represented by the black curve. The magenta, lavender, blue, green, dark orange, and dark red curves correspond to random walk biases of 0.51, 0.505, 0.49, 0.45, 0.4, and 0.1 in favor of the heteroduplex. When p > 0.5, the graphs become straight lines at large L. Those straight lines indicate that the lifetime increases exponentially with L. In contrast, for p ≤ 0.5, the curves are not straight lines even at high L because the half lifetimes follow a power law.

The dramatic influence of p > 0.5 on the L dependence of the half lifetimes can be seen if the halflives for different L values are graphed as a function of p (Figure 3(b)). The curves are normalized to the results for L = 82 bp, so the red line representing L = 82 bp is flat line with value one. For p < 0.5, the half-lives are fairly insensitive to p and L. In contrast, for p > 0.5, the half-lives for large L increase extremely steeply with p. For example, for p = 0.51, the half lifetime for L = 500 bp is more than 10 7 times longer than the half-life for L = 82 bp, even for p = 0.505 the ratio of half-lives is almost 10,000, whereas for p = 0.5 the ratio is < 40.

Though the random walk model provides information on how the lifetime of RecA-free heteroduplex products could be influenced by L, the gel assays do not provide product lifetimes with which those predictions could be compared. In addition, connecting the gel assay results with conditions in vivo requires care since in the gel experiments RecA degradation and gel migration could destabilize strand exchange products [START_REF] Jain | Occurrence of three-stranded DNA within a RecA protein filament[END_REF] that would have otherwise survived in vivo.

Thus, to shed light on the L dependence of sequence incorporation in vivo and provide a comparison with predictions of the random walk model, we performed additional experiments in which we probed strand exchange products in real time using FRET and fluorescence measurements. These experiments allowed us to monitor strand exchange product formation without gel migration and to discriminate between RecA-free products created by ATP hydrolysis driven unbinding of RecA and RecA-free products created by degradation of RecA that was bound to heteroduplex dsDNA.

Strand exchange FRET assay

We presented theory indicating that if the reversal of RecA-free products is governed by a biased random walk that slightly favors the heteroduplex, then the lifetimes of products that extend over 362 bp could be many orders of magnitude larger than the lifetimes of products that extend over only 82 bp. Such a large difference in lifetimes is consistent with homologous 82-nt filaments not producing RecA-free products that are stable enough to survive gel migration (Figure 2), though filaments with L = 362 nt did produce RecA-free products that were stable enough to survive gel migration; however, as noted above, it is possible that when L = 82 nt stable RecA-free products were formed, but those products did not survive RecA degradation and propagation through the gel. Thus, we performed additional experiments to probe the stability of products in real time without requiring RecA degradation or gel migration. Previous work has shown that with ATP hydrolysis filaments with L < 30 nt are very unstable, but filament stability increases with L [START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF]. Filament instability may play an important role in limiting the range of filament lengths in vivo, but in this work, we are primarily concerned with the filament length dependence of RecA-mediated homologous recombination for interactions that can form RecA-free products. Thus, to assure filament stability with ATP hydrolysis, we only used filaments with L ≥ 90 nt; however, to provide insight into mechanisms that govern how product length affects reversal of RecA-free strand exchange products, we considered a broad range of product lengths, some of which are shorter than 98 bp. To obtain products shorter than 98 bp using 98 nt filaments, we did some experiments in which N, the number of contiguous nt in the invading strand, was less than the 98 nt filament length. For these interactions the maximum product length is ~ N [START_REF] Li | The positioning of Chi sites allows the RecBCD pathway to suppress some genomic rearrangements[END_REF], which can be significantly less than L.

Since ATP hydrolysis driven unbinding of RecA from heteroduplex products is known to occur for products that are at least ~ 75 bp long, we chose N = 82 nt for experiments in which we probe the reversibility of products that are barely long enough to become RecA-free. We will later compare those results with results for long homologous filaments that can create much longer RecA-free products. For L = 98 nt and N = 82 nt we compared strand exchange in the presence of a poorly hydrolyzed ATP analog, ATPγS, and with ATP hydrolysis using the following assays: 1. Fluorescein emission in a FRET system that monitors the progress of strand exchange by monitoring the separation between the outgoing and complementary strands. 2. A competitive displacement assay that tests the reversibility of heteroduplex products. 3. Restriction enzyme digestion experiments that test whether heteroduplex products remain bound to RecA. 4. RecA degradation after product formation that tests the stability of RecA-free products. After presenting results of all these assays, we will consider the L dependence of the reversibility of longer strand exchange products.

We will first consider results of a FRET assay that allowed us to monitor the progress of strand exchange as a function of time. Some care must be taken in interpreting the results since they represent ensemble averages over all the interactions present in the sample. The gel assay considered homologous filaments with length L nt, so L = N. For interactions involving filaments that are not completely homologous to the dsDNA, L ≥ N. In the remainder of this work, all the filaments considered will be completely homologous to the dsDNA, except for the filaments with 98 nt. For those filaments, we explore a range of N values from 20 to 82 nt.

To study strand exchange when N = 82 nt, we monitored the interaction between an unlabeled 98 nt RecA helical nucleoprotein filament (L = 98 nt) and 180 bp dsDNA with a fluorophore attached to each strand. The 3′ end of the filament is sequence-matched to 82 bases near the center of the dsDNA (N = 82 nt), whereas the 16 nt at the 5′ end are heterologous to the 180 bp dsDNA (Figure 4(a)). The dsDNA has fluorophores positioned 57 bp (fluorescein, star in Figure 4(a)) and 58 bp (rhodamine, red circle in Figure 4(a)) from the end of the dsDNA that is homologous to the 3′ end of the outgoing strand.

The ssDNA-RecA filaments were mixed with the 180 bp dsDNA. We then measured the resulting emission of the fluorescein label in the dsDNA over time. When dsDNA is base paired, the rhodamine fluorophore quenches the fluorescein label emission due to FRET. This is represented by a black star on the 180 bp dsDNA depiction and shown bigger near the top of the diagram (Figure 4(a)). The quenching effectiveness decreases as the distance between the fluorophores increases, so strand exchange increases fluorescein label emission because it increases the separation between the outgoing and complementary strands (Figure 4(a)). The medium green star indicates the increased emission resulting from strand exchange.

Previous work suggested that with ATPγS either a heteroduplex product reverses or the heteroduplex product and the outgoing strand both remain bound to RecA [START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF][START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF]. Thus, even after heteroduplex formation, some residual quenching is likely to remain because of the proximity of the RecA-bound complementary and outgoing strands. To monitor strand exchange, we measured ΔF, the difference between the emission measured at a given time and the baseline emission of the dsDNA alone in the absence of strand exchange.

With ATPγS comparison between the differential fluorescence emission (!F) vs. time curves for the heterologous filament (black line) and the results for the filament with N = 82 nt (green line) indicate that the increase in FRET emission is associated with the formation of strand exchange products (Figure 4(b)). During the 1800-second observation time, emission continues to increase with time, suggesting that product formation dominates over product reversal during the entire 1800-second observation time.

To test whether ATP hydrolysis influences strand exchange products when L = 82 nt, we performed similar experiments in ATP. ATP hydrolysis can drive RecA unbinding from strand exchange products longer than ~ 75 bp [START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF][START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF], creating a RecA-free heteroduplex and free RecA (Figure 4(c)). Again, comparison between the results for the heterologous filament (black line) and the results for the filament with N = 82 nt (green line) indicate that the increase in FRET emission is associated with the formation of strand exchange products (Figure 4(d)); however, after a very rapid initial rise in emission, the increase in emission with time is slower that for ATPγS.

Probing how ATP hydrolysis affects the reversibility of strand exchange products when L = 98 nt and N ≤ 82 nt using competitive displacement experiments

To probe heteroduplex products lifetimes for both RecA-bound and RecA-free products, we performed competition experiments using 98 nt filaments (Figure 5) and 180 bp dsDNA (Figure 4 and Figure S4(a)). Measurements were done in ATPγS (Figure 5(a)-(d)) or in ATP (Figure 5

(e)-(h)).

Initially, ssDNA-RecA filaments interacted with unlabeled 180 bp dsDNA at a 1:1 concentration ratio (Figures 5(ai) and (ei)). The reaction was allowed to continue for 1800 seconds, during which the ssDNA-RecA filaments formed heteroduplex products by pairing the invading strand and the complementary strand in the unlabeled dsDNA (Figure 5(aii) and (eii)). After 1800 seconds, fluorescently labeled dsDNA was added (Figure 5(b) and (f)). The concentrations of unlabeled and labeled dsDNA were the same. We then measured the emission resulting from strand exchange products with the labeled dsDNA.

With ATPγS, if the initial 1800 second interaction with unlabeled dsDNA results in almost complete formation of nearly irreversible products (Figure 5(aii)), then after 1800 seconds of interaction between the ssDNA-RecA filaments and the unlabeled dsDNA, only a small number of unreacted filaments will be available to interact with the labeled dsDNA. As a result, emission after the interaction with the unlabeled dsDNA will be much smaller than emission without initial interaction with the unlabeled dsDNA (Figure 5(c)), which is consistent with the predictions of a toy model that considers only one bound state (Figure S4(b)) Indeed, the experimental results indicate that with ATPγS the ΔF vs. time curve obtained in the absence of the initial interaction with unlabeled dsDNA (light green curve in Figure 5(d)) is always significantly larger than the curve obtained without the initial interaction (dark green curve in Figure 5(d)). Thus, the results indicate that with ATPγS heteroduplex product formation is nearly complete after 1800 seconds and that most heteroduplex products do not reverse within another 1800 seconds. Even results for N = 50 nt indicate many products remain bound for 1800 seconds (Figure S5(a)); however, when N = 20 nt we cannot detect product formation (Figure S5(b)).

In contrast, with ATP product reversal may dominate over product formation. Thus, after 1800 seconds, the system will have reached an equilibrium with a significant concentration of filaments available for strand exchange (Figure 5(eii)). As a result, when the labeled dsDNA is added, the ΔF vs. time curve approaches the same asymptotic value as the curve obtained in the absence of any initial interaction with unlabeled dsDNA (Figure 5 In sum, though when N = 82 nt we did not observe any heteroduplex products in the gel assay after RecA degradation and gel migration (Figure 2(c)), the FRET experiments demonstrate that with ATP hydrolysis or with ATPγS such products do form, and that hydrolysis influences the behavior of those products. In particular, when N = 82 nt and with ATPγS, product formation is nearly complete after 1800 seconds, and the characteristic product reversal rate is < 1/1800 seconds; however, with ATP hydrolysis, the interaction approaches an equilibrium in which product formation is not very complete, and the characteristic product reversal rate is >1/1800 seconds.

Probing whether heteroduplex dsDNA remains bound to RecA when L = 98 nt and N = 82 nt using a restriction enzyme digestion assay

So far, in the FRET based assays we have not differentiated between the behavior of RecA-bound products and RecA-free products. We are interested in whether the ATP hydrolysis driven unbinding of RecA from heteroduplex products alters the reversibility of heteroduplex structures in a manner consistent with the observed change in the L dependence of sequence incorporation in vivo [START_REF] Lovett | Crossing over between regions of limited homology in Escherichia coli: RecA-dependent and RecA-independent pathways[END_REF][START_REF] Watt | Homology requirements for recombination in Escherichia coli[END_REF], so we performed experiments to determine the extent to which the observed FRET signals for N = 82 nt are dominated by RecA-free products. Again, we took advantage of previous work showing that RecA-bound dsDNA is protected from cleavage by a restriction enzyme [START_REF] Hsieh | The synapsis event in the homologous pairing of DNAs: RecA recognizes and pairs less than one helical repeat of DNA[END_REF][START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF] (Figure S6(a)-(c)). The figures show results for an ssDNA-RecA filament with L = 98 nt and N = 82 nt, as well as two sets of controls. In one set of controls, the experiment included RecA and no ssDNA. The other control included the homologous ssDNA and no RecA. Before the restriction enzyme was added, emission from the control experiments did not change with time; however, emission from the experiments with the ssDNA-RecA filaments show a strong increase in emission with time. Thus, the ΔF vs. time curves obtained before adding the restriction enzyme provide further support for the contention that the ΔF vs. time signals we observe result from formation of heteroduplex products by RecA since interactions involving only ssDNA and dsDNA or only dsDNA and RecA do not increase in ΔF with time, whereas the curves for interactions with ssDNA-RecA filaments and dsDNA increase strongly with time.

In this experiment, the cleavage site is positioned between the two fluorophores, so if the site is accessible, FRET is disrupted by the restriction enzyme digestion, and the emission of the fluorescein label increases. Consistent with previous results [START_REF] Hsieh | The synapsis event in the homologous pairing of DNAs: RecA recognizes and pairs less than one helical repeat of DNA[END_REF][START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF], we found that after ~ 1000 seconds of strand exchange with ATPγS, adding the restriction enzyme does not increase emission much, indicating most of the dsDNA is protected from enzymatic cleavage (Figure S6(d)). The very effective protection from digestion suggests that most of the dsDNA is RecA-bound; therefore, in the absence of ATP hydrolysis after strand exchange has progressed for ~ 1000 seconds, emission is dominated by RecA-bound products and product formation is fairly complete.

In contrast, we found that after strand exchange has progressed for ~ 1000 seconds in ATP, addition of the restriction enzyme increases the fluorescein emission strongly and steadily (Figure S6(e) and (f)), indicating that almost all dsDNA is RecA-free at some time during the interaction with the restriction enzyme. Importantly, the restriction enzyme cleavage assay cannot distinguish between cleaved heteroduplex dsDNA and cleaved homoduplex dsDNA. Homoduplex dsDNA could be available either due to incomplete initial product formation or reversal of heteroduplex products (Figure S6(c)). Consistent with previous results [START_REF] Reddy | Joints made by RecA protein in the interior of linear duplex DNA -effects of single stranded ends, length of homology, and dynamic state[END_REF], we propose that at any time a significant fraction of the dsDNA is bound in heteroduplex products that may or may not be bound to RecA; however, those products reverse so rapidly that almost all of the dsDNA is accessible to the restriction enzyme at some time during the interaction with the restriction enzyme.

In sum, consistent with the results described in the previous sections, with ATPγS under our conditions, after 1800 seconds heteroduplex product formation is nearly complete, and the products remain bound to RecA; however, with ATP hydrolysis, almost no products remain bound to RecA. Unfortunately, the assay does not allow us to probe the lifetime of RecA free products created by the ATP hydrolysis drive unbinding of RecA from heteroduplex products.

Probing the reversibility of RecA-free strand exchange products by degrading RecA when L = 98 nt and N = 82 nt

To provide more information about the stability of RecA-free products created by ATP hydrolysis driven unbinding of RecA, we performed additional experiments in which we allowed strand exchange to progress for several minutes and then degraded RecA (Figure 6(a) and (b)). We reasoned that if the RecA-free heteroduplex products are stable (effectively irreversible), then degrading RecA will not change emission. In contrast, degrading the protein will decrease emission if RecA binding stabilizes strand exchange products (Figure 6(a)) or RecA-free products are unstable (Figure 6(b)).

What we observed is that remarkably, with ATP hydrolysis or with ATPγS, after adding SDS and proteinase K the emission is strongly reduced by the time the sample is returned to the fluorometer (Figure 6(c)), suggesting that most RecA-free heteroduplex products have lifetimes shorter than ~ 30 seconds.

In vivo, heteroduplexes are almost always flanked by homoduplex tails, just as they are in the experiments shown in Figures 456); however, we note that in vivo the homoduplex tails would be much longer than the tails used in these in vitro experiments. Importantly, homoduplex tails preserve the base pairing between the outgoing and complementary strands, and our random walk model of strand exchange reversal assumes that extension of the base pairing in the flanking homoduplex tails promotes reversal of heteroduplex products [START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF][START_REF] Jain | Occurrence of three-stranded DNA within a RecA protein filament[END_REF][START_REF] Reddy | Joints made by RecA protein in the interior of linear duplex DNA -effects of single stranded ends, length of homology, and dynamic state[END_REF].

To test this hypothesis, we performed additional experiments in which the heteroduplex products were not flanked by homoduplex tails (Figure 6(d-f)). If reversal of RecA-free strand exchange products depends on the extension of the flanking homoduplex tails, then in experiments without homoduplex tails the RecA-free products should be stable and adding SDS and proteinase K should not alter emission. With ATP hydrolysis, in these experiments without flanking homoduplex tails, addition of SDS and proteinase K does not alter emission (blue curve Figure 6(f)), suggesting that in these experiments, emission is dominated by stable RecA-free products created by ATP hydrolysis driven unbinding of RecA from heteroduplex products. In contrast, with ATPγS and without flanking homoduplex tails, addition of SDS and proteinase K increases emission (green curve Figure 6(f)). Consistent with the restriction enzyme digestion and FRET experiments discussed above, we propose that the observed increase in emission occurs because almost all the DNA is incorporated in RecA-bound three strand products before the SDS and proteinase K were added. Those RecA-bound three strand products maintain some residual quenching because the fluorescein labeled in the outgoing strand is not completely separated from the rhodamine labeled complementary strand. Addition of SDS and proteinase K creates RecA-free heteroduplex products and free fluorescein labeled outgoing strand ssDNA. Thus, the addition of SDS and proteinase K increases the separation between the rhodamine labeled complementary strand and the fluorescein labeled outgoing strand, which increases fluorescein emission.

Importantly, the results of experiments in the absence of homoduplex tails also provide a control that monitors the effect of the addition of SDS and proteinase K on fluorescein emission. In the absence of flanking homoduplex tails addition of SDS and proteinase K either maintains or increases emission. Thus, the experiments in the absence of homoduplex tails indicate that when homoduplex tails are present the emission reduction following addition of SDS and proteinase K almost certainly represents reversal of RecA-free strand exchange products promoted by the flanking homoduplex tails and not an artifact associated with chemical-induced damage to the fluorophores due to SDS and proteinase K.

We summarize all the experimental results for N = 82 nt in the following. Under our experimental conditions, with ATPγS heteroduplex product formation is fairly complete after 1800 seconds. Those products remain bound to RecA, and that binding stabilizes most products so much that they do not reverse within 1800 seconds even if they are flanked by homoduplex tails. With ATPγS we see no evidence that RecA-free heteroduplex products form. In contrast, with ATP hydrolysis RecAfree products form. In the absence of flanking homoduplex tails those RecA-free products are stable, but most RecA-free product flanked by homoduplex tails reverse in less than 30 s. With ATP hydrolysis, the rapid reversal of RecA-free products flanked by homoduplex tails is consistent with ATP hydrolysis driven unbinding creating RecA-free products that rapidly reverse via a biased random walk that begins at a junction between the heteroduplex product and a homoduplex tail.

Probing the reversibility of RecA-free strand exchange products by degrading RecA when L = N > 82 nt

The results of our gel assay indicate that filaments with region of accidental homology extending over more than 300 nt can form RecA-free products that can survive for thousands of seconds. In vivo, these long-lived products would be unresolved joint molecules that could block chromosome segregation unless they were reversed by other proteins. Importantly, even when L = 362 nt, the stable heteroduplex products that survive RecA degradation and gel migration only represent a small fraction of the reactants. The surviving stable products could represent a small fraction of the reactants because the probability of forming stable products is low or because the & gel electrophoresis conditions destabilized products that would have survived in vivo. Thus, we performed additional FRET experiments to study RecA-free products created by filaments with L = N > 82 nt.

The first set of experiments are analogous to those shown in Figure 6 for N = 82 nt, except the filament lengths and dsDNA lengths were longer. In these experiments with longer filaments, 562 bp labeled dsDNA interacted with filaments with L = 160, 320, or 420 nt, and the heteroduplex product population was monitored using fluorescein emission (Figure 7(a)). Strand exchange was monitored for the first 1800 seconds, then SDS and proteinase K were added to degrade the RecA protein (Figure 7(b)). As discussed above if all the strand exchange products were RecA-free and stable, then adding SDS and proteinase K should not alter emission, consistent with the results with ATP hydrolysis for N = 82 nt in the absence of flanking homoduplex tails (Figure 6(f)); however, for all three long filaments we observe a sharp decrease in emission during the < 30 seconds that the sample was outside of the fluorometer (Figure 7(b)). Thus, though some products formed by these long filaments were stable and RecA-free, not all the products were stable and RecA-free.

The sharp decrease in emission following RecA degradation suggests that some of the products were either RecA-free and unstable or stabilized by binding to RecA. In either case, the products will reverse soon after RecA is degraded. Once RecA is degraded, products that have reversed cannot form again because there is no RecA available to form ssDNA-RecA filaments. In sum, the rapid decrease in emission that follows RecA degradation could indicate either unstable products or products stabilized by binding to RecA.

Probing the reversibility of strand exchange products when L = N > 82 nt using competitive displacement experiments

To distinguish between unstable products and products that were stabilized by RecA binding, we did additional experiments in which RecA was not degraded. Instead, we performed competitive displacement experiments analogous to those for N = 82 nt (Figure 5) using filaments with N = L = 160, 320, or 420 nt (Figure 8). Each filament was homologous to the region of the dsDNA that is centered on the fluorophores (Figure 8(a)).

The results of the experiments indicate that when N = L = 160 nt the initial interaction with unlabeled dsDNA does not shift the asymptotic values much, but for N = L = 320 or 420 nt the shift is significant. One way to compare the effectiveness of the competition is to compare the ΔF values at 1800 seconds (ΔF 1800 ) for experiments without and with competition (Figure 8(b)-(d)). We find that the ΔF 1800 ratios for L = 160, 320, and 420 nt are 0.9, 0.79, and 0.78 with an uncertainty of ~ 0.03.

If product formation is complete after 1800 seconds and products are highly stable, then the ΔF 1800 ratio would be nearly zero, consistent with the result for ATPγS when N = 50 nt or N = 82 nt (Figure 5(a-d) and Figure S5(a)). If products are highly unstable and product reversal dominates over product formation, then the ΔF 1800 ratio will be approximately 1, consistent with the result for ATP when N = 50 nt or N = 82 nt (Figure 5(e-h) and Figure S5c). If products are highly unstable and product formation dominates over product reversal, after 1800 seconds almost all invading strands will be bound in heteroduplex products. That equilibrium will be disturbed by addition of the labeled dsDNA, which will compete with unlabeled dsDNA for binding to new invading strand filaments created after product reversal and the ΔF 1800 ratio will approach 0.5. (Figure 8(e-h)).

Under these conditions, the ΔF 1800 ratio would be ~0.5 (Figure 8(e-h). Thus, the ΔF 1800 ratios for filaments with N = L = 320 nt and N = L = 420 nt are consistent with the presence of some very long-lived products and some shorter-lived products, in agreement with the emission observed after degrading RecA (Figure 7).

In sum, when N = 160 nt the competitor makes only a small difference, suggesting that product reversal dominates over product formation and most products reverse in < 1800 seconds. In contrast, the results for N = 320 and 420 nt are similar and suggest that after 1800 seconds a significant fraction of the invading strands are bound in heteroduplex products, and some of those products do not reverse within 1800 seconds though other products reverse more rapidly.

Probing whether reversal of heteroduplex products promoted by homoduplex tails is directional

Previous work suggested that homoduplex tails on the 5' side of the invading strand may be more destabilizing than homoduplex tails on the 3' side [START_REF] Jain | Occurrence of three-stranded DNA within a RecA protein filament[END_REF][START_REF] Burnett | Resolution of the three-stranded recombination intermediate made by RecA protein: an essential role of ATP hydrolysis[END_REF], so we did additional experiments to probe product formation in the presence of only one flanking homoduplex tail (Figure S7). In these experiments, all 150 nt in the invading strand were homologous to the dsDNA. In the absence of ATP hydrolysis, emission vs. time curves are similar for both filaments (Figure S7); however, in the presence of ATP hydrolysis emission for the filament without the 5' tail is higher than emission in the presence of the tail (Figure S7). The results are consistent with the suggestion that 5' homoduplex tails are more destabilizing than 3' homoduplex tails [START_REF] Jain | Occurrence of three-stranded DNA within a RecA protein filament[END_REF][START_REF] Burnett | Resolution of the three-stranded recombination intermediate made by RecA protein: an essential role of ATP hydrolysis[END_REF].

Probing the L dependent reversibility of RecA-free strand exchange products when L = N > 82 nt using a Cy3 emission assay and free heterologous ssDNA

In the experiments described so far, real time product formation was monitored using FRET, and we considered only one filament concentration. Fluorescein emission can also be influenced by many factors, including temperature. Furthermore, by design, the FRET emission is sensitive to strand separation. Thus, to avoid issues involving the separation sensitivity of the FRET based assays and obtain information on the L dependence of heteroduplex product formation using comparisons between emission intensities, we performed additional experiments in which we monitored strand exchange using a Cy3 labeled outgoing strands that were initially base paired with unlabeled complementary strands (Figure 9). Unlike the FRET experiments, those experiments are not sensitive to changes in the distance between the outgoing and complementary strand backbones. The Cy3 emission is only sensitive to base pairing (Figure S8). In this assay, we allowed strand exchange to progress for 1800 seconds, and then we added heterologous ssDNA. During the first 1800 seconds, the ΔF vs. time curves for Cy3 labeled dsDNA are very similar for N = L = 320 and 420 nt, except for an offset that makes the L = 320 nt curve slightly higher than the L = 420 nt curve. The similarity of the curves suggests that the difference in the amplitude of the FRET curves for L = 420 nt and L = 320 nt may represent a difference in fluorophore separation and not product formation. In contrast, even for Cy3 the L = 160 nt curve shows less emission than the curves for L = 320 nt and L = 420 nt, consistent with lower product formation.

Cy3 emission alone does not allow us to distinguish between RecA-bound products and RecA-free products. If RecA-free products are highly unstable, they can contribute to emission if the reversal of RecA-free products is balanced by the formation of new RecA-free products (Figure 9(ai)). Thus, even though all the products reverse rapidly, emission could be significant if the time required for the system to cycle through RecA-free product reversal and reformation is not much longer than the sum of the RecA-bound and RecA-free lifetimes. Under those conditions, adding free heterologous ssDNA can block reformation of new invading strand filaments by binding RecA that is freed from heteroduplex products by ATP hydrolysis (Figure 9(a)). Similarly, strand exchange can be blocked by the binding of heterologous ssDNA to site II in ssDNA-RecA filaments formed on invading strand ssDNA (Figure 9(a)). Thus, if products are reversible, then adding free heterologous ssDNA would push the equilibrium toward a lower heteroduplex population, resulting in a decrease in emission (Figure 9(a)). In contrast, if the emission is dominated by stable heteroduplex products, adding free heterologous ssDNA would have no effect on emission (Figure 9(b)). Finally, if long filaments with length L form products that are much shorter than L, then those short products may rapidly reverse (Figure 9(c)), even though RecA-free products of length L are very long lived. Though we illustrate only one short product, it is possible that long filaments can form multiple parallel sequence matched products, each of which is very short lived because it has a length significantly shorter than L (Figure S1(d)).

In our experiments, the concentration ratio of free heterologous ssDNA to invading strand ssDNA was 3:1 (Figure 9), and the homologous regions for all the filaments were centered on the dsDNA (Figure 9(d)). The rapid decrease in emission observed after adding heterologous ssDNA suggests that some products are highly unstable, even when L = 420 nt. Furthermore, when L = 160 nt the emission rapidly fell to almost zero (orange curve Figure 9(e)), consistent with the competitive displacement results indicating that when L = 160 nt long-lived products rarely form. In contrast, for L = 320 nt and L = 420 nt a rapid initial emission decrease was followed by a long emission plateau (green and blue curves Figure 9(e)). The long plateau observed when L = 320 nt or 420 nt is consistent with the formation of some long-lived products (Figure 9(b)). Thus, the long emission plateau for N = L = 320 nt and 420 nt combined with the gel assay results shown in Figure 2 suggest that when L > 160 nt ATP hydrolysis forms some very long lived RecA-free products that extend along all or most of the length of the filament; however, the results of experiments that added SDS and proteinase K (Figure 8) or free heterologous ssDNA (Figure 9) indicate that long filaments can also form very short-lived products. We speculate that those products may be short lived because they have lengths much shorter than L (Figure 9(c)).

Probing the L dependent reversibility of RecA-free strand exchange products when N ≥ 82 nt using a Cy3 emission assay that compares emission due to different ratios of invading strand ssDNA to dsDNA

Finally, experiments performed using different concentrations of ssDNA-RecA allow us to monitor emission as a function of R, the ratio of ssDNA to dsDNA. Results are shown for filaments with N = 82 nt and L = 98 nt, and N = L = 160 nt, and N = L = 320 nt (Figure 10(a)-(f)). These concentration dependent experiments allow us to test whether the interactions are bimolecular and whether product formation is complete.

Initial ΔF values as a function of ssDNA concentration suggest emission is dominated by bimolecular interactions involving on ssDNA and one dsDNA since the graphs are consistent with straight lines crossing the y-axis at zero ssDNA concentration (Figure 10(g)); however, we note that this data does not preclude the possibility that some small fraction if interactions are not bimolecular.

Comparison of the final ΔF values for different R allows us to probe product completion. If product formation is nearly complete when R = 1, then the ΔF 1800 values will not increase when R increases. In contrast, if product formation is not nearly complete, then increasing R will increase ΔF 1800 values. For N = 82 nt, the final ΔF values increase approximately linearly with R, crossing the y axis at R = 0, consistent with product formation being incomplete even when R = 3.

For N = 82 nt, graphs of the final ΔF values as a function of R (Figure 10(h)) are consistent with straight lines crossing the y-axis at zero ssDNA concentration suggesting that the interaction approaches a steady state in which product formation is not complete even when R = 3. Thus, the concentration dependent data provides yet more evidence that with ATP hydrolysis when N = 82 nt product reversal dominates over product formation.

In contrast, when L = 160 or 320 nt the final ΔF for R = 1, 2, and 3 values are not consistent with a linear increase with R that crosses the y axis at R = 0; however, for N = 160 nt the values are consistent when R ≤ 2, whereas for N = 320 nt even the values for R = 1 and R = 2 are not consistent with a linear increase with R that crosses the y axis at R = 0. Thus, the R dependence for N = 82 nt and N = 160 nt shows product formation is fairly incomplete when R = 1, whereas for N = 320 nt product formation is significant even when R = 1.

Finally, we investigated the length dependence of the initial and final emission. At 1:1 concentration (R = 1), the initial emission increases linearly with length, consistent with a collision cross section that is proportional to the number of bases in the filament for N ≤ 320 nt (Figure 10(i)). Interestingly, when R = 1, the final emission also increases linearly with length, suggesting that for all L values at 1:1 concentration the interactions approach a steady state in which product formation is not complete; however, at higher ssDNA concentrations the final emission as a function of length saturates at L = 160 nt, suggesting that at R ≥ 2, longer filament lengths are beginning to approach complete product formation In sum, the results of experiments that probed strand exchange using Cy3 emission indicate that the following are true: 1. for L ≤ 420 nt heteroduplex products include a sub-population that reverses in less than 30 s. 2. For L ≤ 320 nt and under our experimental conditions, interactions dominantly involve one ssDNA-RecA filament interacting with one dsDNA (Figure 10(g)). 3. The collision cross section for the ssDNA-RecA filaments increase linearly with filament length (Figure 10(i)) up to N = 320 nt, then saturates.

Discussion

We propose that a combination of in vivo data [START_REF] Lovett | Crossing over between regions of limited homology in Escherichia coli: RecA-dependent and RecA-independent pathways[END_REF][START_REF] Watt | Homology requirements for recombination in Escherichia coli[END_REF], in vitro data [START_REF] Hsieh | The synapsis event in the homologous pairing of DNAs: RecA recognizes and pairs less than one helical repeat of DNA[END_REF][START_REF] Danilowicz | The poor homology stringency in the heteroduplex allows strand exchange to incorporate desirable mismatches without sacrificing recognition in vivo[END_REF][START_REF] Forget | Single-molecule imaging of DNA pairing by RecA reveals a threedimensional homology search[END_REF][START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF][START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF] (Figures 2, 5-10 and Figures S2,S5, and S6), and theoretical modeling [START_REF] Boyer | Weaving DNA strands: structural insight on ATP hydrolysis in RecA-induced homologous recombination[END_REF] (Figure 3 and Figure S3) suggests that for homologous filaments, RecA mediated homologous recombination proceeds differently for L values in three different regimes: short, medium, and long. The transitions between the regimes are unlikely to be abrupt, so we separate the lengths characterizing each regime with gaps. We propose that short filaments (L ≲ 50 nt) form products that usually either remain bound to RecA or reverse while RecA-bound [START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF][START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF], but with ATP hydrolysis medium length (75 ≤ L ≤ 200 nt) and long filaments (300 ≤ L nt) can form products that reverse when RecA-free [START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF][START_REF] Van Der Heijden | Homologous recombination in real time: DNA strand exchange by RecA[END_REF]. Furthermore, we suggest that medium length filaments are unlikely to form multiple contacts with dsDNA, but long filaments can form multiple contacts with dsDNA [START_REF] Forget | Single-molecule imaging of DNA pairing by RecA reveals a threedimensional homology search[END_REF]. Table 1 summarizes what we propose to be some filament length dependent features of RecA-mediated homologous recombination.

The short filament regime has been studied extensively previously [START_REF] Hsieh | The synapsis event in the homologous pairing of DNAs: RecA recognizes and pairs less than one helical repeat of DNA[END_REF][START_REF] Qi | DNA Sequence alignment by microhomology sampling during homologous recombination[END_REF][START_REF] Lee | DNA recombination base triplet stepping by the Rad51/RecA family of recombinases[END_REF][START_REF] Danilowicz | The poor homology stringency in the heteroduplex allows strand exchange to incorporate desirable mismatches without sacrificing recognition in vivo[END_REF]. In the absence of homoduplex tails, with ATPγS hydrolysis filaments with L = N = 20 nt form very stable products [START_REF] Hsieh | The synapsis event in the homologous pairing of DNAs: RecA recognizes and pairs less than one helical repeat of DNA[END_REF][START_REF] Danilowicz | The poor homology stringency in the heteroduplex allows strand exchange to incorporate desirable mismatches without sacrificing recognition in vivo[END_REF][START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF] that remain bound to RecA [START_REF] Hsieh | The synapsis event in the homologous pairing of DNAs: RecA recognizes and pairs less than one helical repeat of DNA[END_REF]. Consistent with previous work [START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF], our results indicate that with ATPγS products flanked by homoduplex tails do not create very stable products when N = 20 nt (Figure S5(b)); however, with ATPγS products with N ≥ 50 nt do create products that are strongly stabilized by binding to RecA even when the product is flanked by homoduplex tails (Figure 5(b) and Figure S5(a)). In contrast, with ATP hydrolysis products flanked by homoduplex tails are unstable when N = 50 nt (Figure S5(c)). Previous work has suggested that ATP hydrolysis might destabilize RecA-bound products by melting heteroduplex regions near ADP interfaces [START_REF] Boyer | Weaving DNA strands: structural insight on ATP hydrolysis in RecA-induced homologous recombination[END_REF]. Such destabilization could result in catastrophic reversal of the RecA-bound heteroduplex along its entire length. Importantly, modeling suggests that a system in which RecAbound products reverse by biased random walk suffers much greater kinetic trapping than a system in which RecA-bound products catastrophically reverse rather than via a random walk [START_REF] Kates-Harbeck | Simplified biased random walk model for RecA-proteinmediated homology recognition offers rapid and accurate self-assembly of long linear arrays of binding sites[END_REF].

Though homology testing in the short filament regime has been extensively studied, less is known about homology testing for filaments that are long enough to allow ATP hydrolysis to create RecAfree products. Thus, to better understand how homology testing proceeds for RecA-free, we studied the reversibility of products formed by filaments with L ≥ 75 nt.

One might naively expect that reversibility would decrease monotonically with filament length; however, the assays in this work only indicate when L ≤ 160 most products reverse in < 30 seconds (Figures 6, 7, and9). Importantly, the strand exchange rate of 6 bp/sec allows us to compare lifetimes of products with L ≤ 160. A 75 bp product must remain bound to RecA for at least 75 bp/6 (bp/sec) ~ 10 seconds; however, 160 bp products do not last longer than 30 s. Thus, 160 bp products must not last much longer than ~ 75 bp products. Furthermore, in vivo results suggest that the probability of recombination increases exponentially with N for filaments with for 20 ≤ N ≤ 75 nt [START_REF] Lovett | Crossing over between regions of limited homology in Escherichia coli: RecA-dependent and RecA-independent pathways[END_REF][START_REF] Watt | Homology requirements for recombination in Escherichia coli[END_REF]; however, for filaments with (75 ≤ L ≤ 300 nt) the recombination probability only increases linearly with N [START_REF] Lovett | Crossing over between regions of limited homology in Escherichia coli: RecA-dependent and RecA-independent pathways[END_REF][START_REF] Watt | Homology requirements for recombination in Escherichia coli[END_REF]. The N dependence for N ≤ 75 nt could occur if RecA-bound products reverse catastrophically and the free energy barrier blocking reversal increases linearly with N. Furthermore, when N > 75 nt RecA-free heteroduplex products form; therefore, the much slower increase in recombination with N for N > 75 nt might indicate that the lifetimes of RecA-free products do not increase much with N for 75 < N < 300 nt. Thus, the homology dependence of recombination in vivo and our experimental results with ATP or ATPγS led us to speculate that ATP hydrolysis drives heteroduplex unbinding from RecA because RecAbound products longer than 75 bp would be too long lived for homology searching to complete on a biologically relevant timescale.

Though our experimental results indicate that products created by medium length filaments (75 ≤ L ≤ 200 nt) do not last much longer than products formed by short filaments, we observe that long filaments (N > 300 nt) create some RecA-free products that last for thousands of seconds (Figures 2 and7-9). Indeed, the biased random walk model predicts that RecA-free products that extend over > 300 bp are much more stable than RecA-free products that extend over < 200 bp (Figure 3 and Figure S3); however, our experiments also suggest that even filaments with L > 300 nt create some RecA-free products that reverse in < 30 seconds (Figures 789). We propose that the short-lived products do not extend over all the L nucleotides in the invading strand [START_REF] Shan | DNA Strand Exchange Promoted by RecA K72R: two reaction phases with different Mg requirements[END_REF][START_REF] Prentiss | Structure/function relationships in RecA protein-mediated homology recognition and strand exchange[END_REF][START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF][START_REF] Lin | A 5-to-3 strand exchange polarity is intrinsic to RecA nucleoprotein filaments in the absence of ATP hydrolysis[END_REF] (Figure S1), so they have much shorter lifetimes than RecA-free products that do extend over all L nucleotides. (Figure 3 and Figure S3). So far we have considered only interactions in which the ssDNA-RecA filament makes contact with the dsDNA in a single sequence region; however, in vitro experiments [START_REF] Forget | Single-molecule imaging of DNA pairing by RecA reveals a threedimensional homology search[END_REF] and theory [START_REF] Prentiss | Structure/function relationships in RecA protein-mediated homology recognition and strand exchange[END_REF][START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF][START_REF] Bitran | Mechanisms of fast and stringent search in homologous pairing of double-stranded DNA[END_REF] suggest that multiple separated contacts between long ssDNA-RecA filaments and dsDNA might enhance homologous recombination. In particular, previous work showed that filaments with 420 nt rapidly established homologous pairings, whereas filaments with 160 nt did not [START_REF] Forget | Single-molecule imaging of DNA pairing by RecA reveals a threedimensional homology search[END_REF] because only long filaments enhance searching speed by making intersegmental transfers [START_REF] Hippel | Facilitated target location in biological systems[END_REF] involving simultaneous sequence independent contacts [START_REF] Forget | Single-molecule imaging of DNA pairing by RecA reveals a threedimensional homology search[END_REF]. Intersegmental transfers might be facilitated by sequence independent contacts between dsDNA backbones and positive charges in the flexible C-terminal domains of RecA, [START_REF] Prentiss | Structure/function relationships in RecA protein-mediated homology recognition and strand exchange[END_REF] which could also enhance searching speed by providing one dimensional diffusion [START_REF] Hippel | Facilitated target location in biological systems[END_REF].

Other work suggested that with ATP hydrolysis, long filaments can also make simultaneous multiple separate sequence matched products, each of which has a length much shorter than the filament total length [START_REF] Shan | DNA Strand Exchange Promoted by RecA K72R: two reaction phases with different Mg requirements[END_REF][START_REF] Prentiss | Structure/function relationships in RecA protein-mediated homology recognition and strand exchange[END_REF][START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF]. ATP hydrolysis allows filaments to bend [START_REF] Britt | Disassembly of Escherichia coli RecA E38K/Delta C17 nucleoprotein filaments Is required to complete DNA strand exchange[END_REF][START_REF] Hegner | Polymerization and mechanical properties of single RecA-DNA filaments[END_REF][START_REF] Murphy | Probing single-stranded DNA conformational flexibility using fluorescence spectroscopy[END_REF][START_REF] Zhao | ATPase activity tightly regulates RecA nucleofilaments to promote homologous recombination[END_REF], and the persistence length of B-form dsDNA is ~ 150 bp [START_REF] Hagerman | Flexibility of DNA[END_REF]. Thus, with ATP hydrolysis homologous filaments longer than ~ 200 nt might rapidly establish multiple sequence matched heteroduplex products separated by ~ 150 bp [START_REF] Prentiss | Structure/function relationships in RecA protein-mediated homology recognition and strand exchange[END_REF][START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF], whereas shorter homologous filaments cannot (Figure S9).

Previous theoretical work showed that kinetic proofreading can exploit multiple separate simultaneous homologous contacts to reject products formed between regions of accidental homology extending over hundreds of bp as long as irreversible product formation occurs if and only if sequence matched contact is maintained much longer than the characteristic lifetime of most heteroduplex products [START_REF] Bitran | Mechanisms of fast and stringent search in homologous pairing of double-stranded DNA[END_REF].

Importantly, once one homologous heteroduplex product is established, long homologous filaments can rapidly form additional homologous heteroduplex products via intramolecular interactions [START_REF] Shan | DNA Strand Exchange Promoted by RecA K72R: two reaction phases with different Mg requirements[END_REF]. Once multiple homologous contacts are established, homologous contact will not be lost until all sequence matched products reverse simultaneously, so multiple separate simultaneous sequence matched products can maintain homologous contact long enough to allow a transition to an irreversible product, even if each separate individual product is too short lived to allow the transition to occur. In contrast, a transition to an irreversible product is unlikely to be triggered by the single rapidly reversing heteroduplex product formed by short or medium length filaments because the transition to an irreversible product occurs on a timescale that is much longer than the lifetime of the single heteroduplex products created by short of medium length filaments (Figure S9(a)). Our experimental observation that long filaments can form very short lived products (Figures 678910) is consistent with long filaments forming multiple simultaneous rapidly reversing homologous products that can help reject products formed between long regions of accidental homology. In this model, the formation of very long-lived products (Figures 2, 7-10) is a deleterious consequence of long filament formation, not a desired step in RecA mediated homologous recombination.

In RecA-mediated homologous recombination it is not clear what the final irreversible product formation step is, but we speculate that the irreversible step is the initiation of extended polymerization by DNA Pol IV from the 3' end of the invading strand [START_REF] Tashjian | Residues in the fingers domain of the translesion DNA polymerase DinB enable its unique participation in error-prone doublestrand break repair[END_REF][START_REF] Lu | Slow extension of the invading DNA strand in a D-loop formed by RecA-mediated homologous recombination may enhance recognition of DNA homology[END_REF][START_REF] Li | The positioning of Chi sites allows the RecBCD pathway to suppress some genomic rearrangements[END_REF]. This speculation is supported by recent in vivo results suggesting that Pol IV begins extension of the 3' end of the invading strand [START_REF] Henrikus | Single-molecule livecell imaging reveals RecB-dependent function of DNA polymerase IV in double strand break repair[END_REF], and in vitro results indicating that DNA Pol IV polymerization does not progress more than a few bases unless a heteroduplex product longer than75 bp reaches the 3' end of the invading strand [START_REF] Lu | Slow extension of the invading DNA strand in a D-loop formed by RecA-mediated homologous recombination may enhance recognition of DNA homology[END_REF]. Interestingly, if RecA-free products reverse dominantly from the 5′ side of the invading strand (Figure S7), then the homologous pairings can maintain heteroduplex pairing at the 3′ end long enough to allow significant polymerization (Figure 1 and Figure S9(b)) [START_REF] Lu | Slow extension of the invading DNA strand in a D-loop formed by RecA-mediated homologous recombination may enhance recognition of DNA homology[END_REF][START_REF] Li | The positioning of Chi sites allows the RecBCD pathway to suppress some genomic rearrangements[END_REF], whereas heterology at the 3' end blocks polymerization even for long lived heteroduplex products [START_REF] Li | The positioning of Chi sites allows the RecBCD pathway to suppress some genomic rearrangements[END_REF] (Figure S9(c)). Finally, short regions of homology at the 3′ end of long filaments can also be rejected (Figure 9(d) and (e)). Thus, if the final irreversible step requires extended synthesis by DNA Pol IV, kinetic proofreading using multiple parallel sequence matched products formed by filaments with 250 ≲ L≲ 500 nt could usually rapidly reject heteroduplex products formed between regions of accidental homology except for those that include more than 200 bp positioned at the 3′ end of the invading strand (Figure S10). Finally, our observation indicates that increasing filament length beyond ~ 420 nt may not improve results since we observe that filaments with L = 320 nt and L = 420 nt produce similar outcomes (Figures 8 and9).

In sum, previous results and results in this work indicate that filaments longer than 160 nt and shorter than 500 nt exist in vivo and offer the following advantages over other filament lengths: 1. k on for initial ssDNA-RecA/dsDNA interactions increases linearly with length for 98 ≤ L ≤ 320 nt (Figure 10(i)). 2. RecA filaments longer than 160 nt may make multiple non-sequence matched contacts with dsDNA that enhance searching speed during homologous recombination [START_REF] Forget | Single-molecule imaging of DNA pairing by RecA reveals a threedimensional homology search[END_REF]. 3. If one assumes that the final irreversible step involves extended synthesis by DNA Pol IV, then RecA filaments longer than ~ 200 nt may make multiple simultaneous sequence matched contacts separated by ~ 150 nt which allow the system to avoid kinetic trapping and reverse heteroduplex products formed between regions of accidental homology unless the accidental homology includes the 3' end of the invading strand and extends over more than ~ 200 bp [START_REF] Prentiss | Structure/function relationships in RecA protein-mediated homology recognition and strand exchange[END_REF][START_REF] Danilowicz | ATP hydrolysis provides functions that promote rejection of pairings between different copies of long repeated sequences[END_REF][START_REF] Tashjian | Residues in the fingers domain of the translesion DNA polymerase DinB enable its unique participation in error-prone doublestrand break repair[END_REF][START_REF] Lu | Slow extension of the invading DNA strand in a D-loop formed by RecA-mediated homologous recombination may enhance recognition of DNA homology[END_REF][START_REF] Li | The positioning of Chi sites allows the RecBCD pathway to suppress some genomic rearrangements[END_REF][START_REF] Bitran | Mechanisms of fast and stringent search in homologous pairing of double-stranded DNA[END_REF].

Materials and Methods

Gel electrophoresis experiments

The ssDNA samples containing 164 and 444 nucleotides (Table S1) were initially annealed to a complementary 82-nt oligonucleotide that contained a 4-nt tail at its 3 ́ end with three fluorescein labels. Filaments were prepared by incubating ssDNA oligonucleotides (plus 82-bp fluorescent dsDNA tail) with RecA (New England Biolabs.(NEB)) at 3:1 ratio (bases: protein), 1 mM ATP, a regeneration system containing 10 U/ml of pyruvate kinase and 3 mM phosphoenolpyruvate, and single-stranded binding protein, SSB (Abcam), in RecA buffer (70 mM Tris-HCl, 10 mM MgCl 2 , and 5 mM dithiothreitol, pH 7.6) at 37°C for 10 minutes. After filament formation, dsDNA PhiX174 linearized, relaxed, or supercoiled was added and incubated for 30'. After strand exchange took place, the reaction products were deproteinized with SDS and proteinase K, and blue gel loading dye was finally added before loading each well. All the aliquots were run on1 % agarose gel for 2 hours at 80 V and 4°C using Tris-acetate EDTA (TAE) buffer and scanned at 488 nm on a Sapphire Biomolecular I mager (Azure Biosystems). In order to identify the position of the unlabelled dsDNA PhiX174 bands, the gel was finally transferred into 1:10000 ethidium bromide (10 mg/mL) solution for 20' and scanned 302 nm using gel documentation system Azure c200.

PhiX174 was purchased as supercoiled (Rf I) and relaxed (Rf II) from NEB and used as received. A linear form was obtained by incubating the supercoiled sample with PstI (NEB) in buffer NEB 3.1 for one hour. The restriction enzyme was inactivated 80°C for 20 minutes, and the linearized dsDNA was purified using 100 kDa Amicon filters (Millipore).

Preparation of dsDNA samples

The 180 bp rhodamine and fluorescein labelled dsDNA with labels positioned 58 and 57 bases from the 5 -end (taking the rhodamine strand as reference) was prepared by annealing O1 and O2, and O3 and O4. Subsequently the two fragments were ligated overnight at 16°C with T4 DNA ligase in ligase reaction buffer (50 mM Tris, 10 mM MgCl 2 , 1 mM ATP, and 10 mM dithiothreitol, pH 7.5 (NEB)), yielding 180 bp dsDNA. The product was purified by gel on 3 % agarose in TBE (Tris/ Borate/EDTA) buffer for 2 hours (6 V/cm). The 180 bp band was visualized with a midrange UV trans-illuminator and cut. Finally, the 180 bp dsDNA band was cut out and was extracted from agarose using a Nucleospin kit (Machery and Nagel, Bethlehem, PA). The product was finally concentrated using 100 kDa Amicon filters (Millipore).

Similarly, other long dsDNA constructs were prepared by annealing small fragments initially, ligating the fragments, and finally purifying the ligated products. For the preparation of 562 bp dsDNA labelled with rhodamine and fluorescein, complementary oligonucleotides O9 and O10, O11 and O12, O13 and O14, O15 and O16, O17 and O18, and O19 and O20 were initially annealed. Subsequently, the annealed dsDNA fragments: first and second, third and fourth, and fifth and sixth were ligated overnight as described above yielding ~180 bp partial products. After purification and concentration of the products using Millipore YM100 filters, 180 bp fragments containing O13, O14, O15, O16, and O17, O18, O19, and O20 were ligated overnight, and the resulting ~380 bp fragment was purified. This fragment was finally ligated to the ~180 fragment (O9, O10 plus O11, O12) yielding 562 bp dsDNA. For the Cy3 562 bp construct a similar procedure was followed using O24 and O25 instead of O13 and O14.

The 180 bp rhodamine and fluorescein labelled dsDNA with labels in the middle of the construct (Figure S7) was similarly prepared by initially annealing an internal rhodamine 90-nt ssDNA containing the label on base 89 from the 5 ́ end (O30) and a 5 ́end phosphorylated unlabelled oligonucleotide (82 bases) (O31). Similarly, an 82-nt 5 -end phosphorylated oligonucleotide (O32) was annealed with a 98-nt oligonucleotide containing an internal fluorescein label (position 9 0 from the 5 ́ end) (O33) to obtain another labelled dsDNA fragment. These two dsDNA labelled fragments were annealed and ligated overnight at 16 °C with T4 DNA ligase in ligase reaction buffer (50 mM Tris, 10 mM MgCl 2 , 1 mM ATP, and 10 mM dithiothreitol, pH 7.5 (NEB)). The 180 bp construct was purified and concentrated as described above.

The short 98 bp labeled dsDNAs was obtained by heating a mixture of the oligonucleotides O6 and O7 to 90°C and then cooled back to 40°C 1°C per step and equilibrated for 1 minute at each step.

The oligonucleotide sequences used to prepare the dsDNAs as well as the ssDNA-RecA filaments are listed in Tables S2-S9.

Unlabeled competitors were prepared by PCR using primers: 5 ́ GAACTGGATTGACCCGAACA3 ́ (forward) and 5 ́GACGCTTCCTGAGCTGAC3 ́(reverse) for 546 bp and 5 ́CGGAA ATCACTCCCGGGTATATGA3 ́(forward) and 5 ́ACCGACCCCAACGATGAATCCGTC3 ́ (reverse) for 180 bp. The PCR reactions for each competitor were run in three tubes, purified using a Nucleospin kit (Machery and Nagel, Bethlehem, PA), and the size of the dsDNAs was verified with gel electrophoresis.

Strand exchange reactions

DNA strand exchange in vitro was achieved by mixing ssDNA-RecA filaments with labeled dsDNA. We used 98, 180, 360, or 562 bp dsDNAs and ssDNAs of varying lengths of homology from N=0 (98-nt heterologous ss DNA) up to N=L= 420 nt. The sequences of the oligonucleotides purchased from Integrated DNA Technologies (Coralville, IA) are listed in Tables S2-S9.

The ssDNA-RecA filaments were prepared by mixing the ssDNA with RecA (NEB) at 3:1 ratio (bases: protein), 1 mM ATP, a regeneration system containing 10 U/ml of pyruvate kinase& and 3 mM phosphoenolpyruvate, and single-stranded binding protein, SSB (Abcam) in RecA buffer (70 mM Tris-HCl, 10 mM MgCl 2 , and 5 mM dithiothreitol, pH 7.6). Filament formation proceeded at 37°C for 10 minutes.

Fluorescence measurements

To measure the fluorescent signal of these strand exchange reactions, the ssDNA/RecA filament and dsDNA mixture was placed in a quartz cuvette. Using FluorEssence spectroscopy software and the automated FluoroMax spectrofluorometer (Horiba, Edison, NJ), the emission of the fluorescein label was read using 493 nm excitation wavelength and a 2 nm slit. The fluorescent emission in counts per second (cps) was detected at 518 nm with a 2 nm slit. The reaction was run for 30 minutes and emission measurements were collected every 1 second with an integration time of 0.5 s. Temperature was kept constant at 37°C.

Similarly, for Cy3 labeled dsDNA constructs emission was read at 568 nm using 549 nm excitation wavelength and a 2 nm slit.

Strand exchange followed by addition of heterologous ssDNA or SDS/ proteinase K

The ssDNA/RecA filament and dsDNA mixture was placed in a quartz cuvette for initial strand exchange, and typically emission was followed for 1000 or 1800 s. After the strand exchange reaction proceeded for a significant incubation period, an aliquot of heterologous ssDNA was added at a 20:1 ratio heterologous: homologous ssDNA. Alternatively, an aliquot of SDS (Sigma) (final concentration 0.5 %) and proteinase K (NEB) (final concentration 0.3 mg/mL) was added, and the emission was followed for another ~ 1000-1800 s.

Fluorescence measurements of free and annealed labelled oligonucleotides

A 0.2 µM solution of labelled oligonucleotide (3′-fluorescein, internal Cy3, or internal fluorescein) was placed in a quartz cuvette and the emission spectrum for each case obtained. An aliquot of complementary unlabeled oligonucleotide was added in each case and a second spectrum recorded.

Biased Random Walk Calculations

The position of the random walker along the RecA-free heteroduplex represents the boundary between the base paired region of the heteroduplex and the melted region of the heteroduplex. We define position with respect to the 3' end of the invading strand. If melting only occurs from the end of the heteroduplex on the 5' side of the invading strand, then a step away from the 3' end represents the addition of one bp to the heteroduplex, and a step toward the 3' end represents the melting of one additional base pair in the heteroduplex.

We assume that the heteroduplex cannot extend more than N bp from the 3' end, so there is a reflecting boundary adjacent to the initial random walk position. If heteroduplex reversal reaches the 3' end of the invading strand, then the heteroduplex is completely and irreversibly melted. In the random walk that corresponds to reaching the absorbing boundary positioned one base beyond the 3' end of the invading strand. We use a matrix formulation to calculate the time evolution of the fraction of the initial population that is trapped at the absorbing boundary. Eventually, all random walkers will reach the absorbing boundary that represents complete irreversible melting of the RecA-free heteroduplex. Assuming that random walk steps are always separated by a time interval dt, we can calculate the bias dependence of the heteroduplex survival probability as a function of time for the N values that include the range used in our experiments. 

  (h)), which is consistent with the experimental results (Figure5(h)) and the predictions of a toy model that considers only one bound state (FigureS4(c)). Interestingly, the results for N = 50 nt (FigureS5(c)) were quite similar to the results for N = 82 nt (Figure5(h)).
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 1 Figure 1. Schematic of early stages in the RecBCD double strand break repair pathway. (a) Initial double strand break (DSB) occurs in the dsDNA with gray and orange backbones. The other copy of the chromosome is unbroken (blue and purple strands). (b) Initial degradation of both strands by RecBCD creates a sequence gap that must be replaced by DNA synthesis. Additional degradation of one of the strands (gray) leads to the formation of an ssDNA-RecA filament on the invading ssDNA (orange), creating a 3' tail. The blue rectangles indicate RecA bound to ssDNA. In the filament, the invading strand is bound to the primary binding site in RecA (site I). (c) ssDNA-RecA filaments can interact with intact dsDNA (light blue and purple strands) by binding to it. If there is sufficient homology between the complementary (purple) and invading strands, RecA can promote formation of heteroduplex dsDNA, created by transferring the base pairing of the complementary strand (purple) from the outgoing strand (light blue) to the invading strand (orange). The heteroduplex dsDNA is bound to site I near the center of RecA, leaving the outgoing strand bound to site II in RecA. The magenta bracket highlights the boundaries of the region in which all three strands are bound to RecA. (d) Once the length of the heteroduplex products exceeds ~ 80 bp, hydrolysis of ATP allows the unbinding of the heteroduplex from RecA. The magenta bracket shows the extent of the ~ 80 bp strand exchange window in which the three-strand intermediate is bound to RecA. The window is shown at the moment that it reaches the 3' end of the invading strand. (e) RecA has completely unbound from the heteroduplex creating a RecA-free structure that includes three DNA strands. If the pairing is homologous, DNA repair can be completed by a DNA polymerase that replaces the bases degraded by RecBCD by extending the invading strand using the complementary strand as a template. If the heteroduplex does not homologously pair the two chromosomes, then the heteroduplex products should completely reverse, which allows the homology search to continue once a new ssDNA-RecA filament forms on the free invading strand ssDNA.

Figure 2 .

 2 Figure 2. Strand exchange for filaments with L = 82 nt or L = 362 nt monitored using gel electrophoresis. (a) Schematic representation of experiments with L = 82 nt. The target dsDNA is PhiX174, shown here in circular form. The invading strand consists of a 164 nt ssDNA that includes 82 nt homologous to PhiX174 at the 3' end and 82 nt at the 5' end (magenta) that are heterologous to PhiX174. Those heterologous bases are annealed to an 82-nt labeled nucleotide with three fluorescein labels (green stars) extending beyond the end of the dsDNA tail. The RecA monomers are illustrated by the blue ovals. (b) Image showing fluorescein emission from a gel after treating all the reaction tubes with SDS/ proteinase K. Lane 1 is a control for PhiX174 dsDNA supercoiled (sc) and relaxed (r) forms. Lane 2 is an additional control with ssDNA-RecA filament and no dsDNA. The third and fourth lanes correspond to strand exchange reactions with supercoiled and relaxed PhiX174, respectively. (c) Emission from the same gel after treatment with ethidium bromide to determine the positions of the dsDNA. Lanes 1, 3, and 4 show emission bands corresponding to the relaxed circle, and lanes 1 and 3 show a band corresponding to supercoiled dsDNA. The supercoiled dsDNA has some relaxed form as well. (d) Analogous to a, but for strand exchange reactions with L = 362 nt ssDNA-RecA filaments homologous to PhiX174. (e) Analogous to b, but for the filament with L = 362 nt. Lane 1 is a control with ssDNA-RecA filament and no dsDNA. Lanes 2-4 correspond to strand exchange reactions with linear, relaxed, and supercoiled PhiX174, respectively. (f) Integrated intensity for the regions of each lane that correspond to all three forms of PhiX174 minus the corresponding value for lane 1.

Figure 3 .

 3 Figure 3. Summary of the modeling for biased and unbiased random walks. (a) Half lives as a function of length for different random walk biases. The black curve is the unbiased result. The magenta and lavender curves are biased toward the heteroduplex by 1 % and 0.5 %, respectively (p = 0.51 and 0.505). The blue, green, dark orange, and dark red curves are biased toward the homoduplex by 1 %, 5 %, 10 %, and 90 %, respectively (p = 0.49, 0.45, 0.4, and 0.1). (b) Same as a, but the x-axis represents the random walk bias, and each curve corresponds to a different length L. The results are normalized to the result for L = 82 bp. The light gray, dark gray, red, orange, green, blue, and purple curves represent results for heteroduplexes with lengths 20, 40, 82, 160, 320, 420, and 500 bp, respectively. The vertical dashed line highlights the position corresponding to an unbiased random walk.
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 4 Figure 4. Strand exchange when the homologous region in dsDNA is flanked by homoduplex tails. (a) The purple and light blue lines indicate the complementary and outgoing strands in the dsDNA, respectively. The dark green rectangles highlighted by the dark green arrows indicate base pairing in the region of the 180 bp dsDNA that is sequence-matched to the N = 82 nt at the 3′ end of the L = 98 nt filament. The yellow rectangles indicate base pairing in regions in the dsDNA that are not homologous to the invading strand. The red circles represent the rhodamine labels, whereas the black and medium green stars represent strongly quenched and weakly quenched fluorescein labels (respectively). The fluorophores are positioned 58 (rhodamine) and 57 bp (fluorescein) from the end of the dsDNA with the 3′ end of the outgoing strand (blue) taken as reference. The fluorophores are also 32 nt from the 3′ end of the invading strand. The single sided arrow indicates formation of irreversible strand exchange products in ATPγS that proceeds from ai to aii. (b) ΔF vs. time curve corresponding to the schematics shown in a (green). The gray curve corresponds to a control using a heterologous L = 98 nt filament. The error bars represent the standard deviation over 2 measurements. (c) Same as a, but with ATP hydrolysis, which drives RecA unbinding from heteroduplex products longer than ~ 75 bp. Released RecA molecules in solution are represented by the individual dark blue ovals that are shown at various positions and orientations. The double arrow indicates that the reaction that progresses from ci to cii is reversible since reversal of the product followed by formation of a new ssDNA-RecA filament on the invading strand would restore the system to the initial condition, as indicated by the bidirectional arrow. (d) ΔF vs. time curve (blue) corresponding to the schematics shown in c. The gray curve corresponds to a control using a heterologous L = 98 nt filament. Error bars shown represent standard deviations over 2 measurements.
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 5 Figure 5 Results of competitive displacement experiments with 98 nt filaments with N = 82 nt interacting with 180 bp dsDNA. (a) i Schematic showing ssDNA-RecA filament with N = 82 and L = 98 nt mixed with unlabeled 180 bp dsDNA. The complementary and outgoing strands are shown in purple and light blue, respectively. ii After an initial interaction in ATPγS, most of the filaments and dsDNA are combined in irreversible products. (b) Addition of 180 bp dsDNA with a rhodamine label (red circle) on the complementary strand (purple line) and a fluorescein label (black star) on the outgoing strand (light blue line).In these competition experiments, the concentration of the unlabeled dsDNA was the same as the concentration of the labeled dsDNA and a 2:1 ratio to the invading strand ssDNA concentration. (c) Since the strand exchange reaction did not complete before the labeled dsDNA was added, there was a very low concentration of ssDNA-RecA filaments available for strand exchange, so emission increases slightly after the addition of the labeled dsDNA. (d) Emission vs. time curves for N = 82 nt in ATPγS. The light and dark green curves show the results in the absence and presence of an initial interaction with unlabeled dsDNA. The ratio of the ΔF value at 1800 seconds without initial competition to the ΔF value at 1800 seconds with initial competition is R comp (1800) = 0.22. e) i same as ai but in ATP. ii. The interaction produces an equilibrium with a small fraction of the invading strand bound in heteroduplex products, but most invading strand ssDNA remains in ssDNA-RecA filaments available for strand exchange. (f) Addition of fluorescently labeled 180 bp dsDNA. (g) Equilibrium distribution after adding the labeled dsDNA. (h) Same as d, but in ATP, R comp (1800) = 1.03.
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 6 Figure 6. Strand exchange reactions followed by addition of SDS and proteinase K to degrade RecA. (a) Schematic of strand exchange in ATPγS with N = 82 nt and L = 98 nt for products with homoduplex tails. The interaction before addition of SDS and proteinase K is the same as in Figure 4(a). After strand exchange proceeds for several minutes, SDS and proteinase K are added. The expected results of the addition are indicated by the one-sided vertical arrows indicating that if protein free structures are unstable, adding SDS and proteinase K should result in rapid quenching. (b) Same as a, but in the presence of ATP. (c) ΔF vs. time curves in ATPγS (green) and ATP (blue), corresponding to the schematics in a and b, respectively. The block gray arrow and the dashed black line indicate the time at which SDS and proteinase K were added. The cuvette was returned to the fluorimeter within 30 seconds of the addition of SDS and proteinase K. (d) Same as a but without homoduplex tails with N = L = 98 nt and 98-bp dsDNA with rhodamine and fluorescein labels placed at one end and in ATPγS. (e) Same as d but in ATP. (f) ΔF vs. time curves in ATPγS (green) and ATP (blue), corresponding to the schematics shown in d and e, respectively. The block gray arrow and the dashed black line indicate the time at which SDS and proteinase K were added. The cuvette was returned to the fluorimeter within 30 seconds of the addition of SDS and proteinase K.
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 7 Figure 7. FRET experiments of strand exchange for filaments with L > 82 nt followed by addition of SDS and proteinase K.(a) Schematic of the interaction for filaments with N = L = 160, 320, or 420 nt. (b) Emission vs. time curves for L = 160 (orange), 320 (green), and 420 (blue) nt filaments. SDS and proteinase K were added after 2600 seconds, which is the time indicated by the block gray arrow and the black vertical dashed line. The cuvette was returned to the fluorimeter within 30 seconds of the addition of SDS and proteinase K. The data was time averaged over 10 seconds.

Figure 8 .

 8 Figure 8. Competitive displacement experiments using FRET to probe the stability of strand exchange products for filaments with L > 82 nt. (a) Schematic showing 562 bp fluorescently labeled dsDNA with rhodamine (red circle) on the complementary strand (purple) and fluorescein (black star) on the outgoing strand (blue). The invading strands are aligned with the homologous region of the dsDNA. Experiments were done with N = L = 160, 320, or 420 nt. (b) Emission vs. time curves for control experiments with equal concentrations of 160-nt ssDNA-RecA filaments and fluorescently labeled dsDNA (light orange) and for experiments in which the ssDNA-RecA filaments interacted initially with an equal concentration of unlabeled dsDNA for 1800 seconds before adding an equal concentration of fluorescently labeled dsDNA (dark orange). In these competition experiments, the concentration of the unlabeled dsDNA was the same as the concentration of the labeled dsDNA and a 2:1 ratio to the invading strand ssDNA concentration. The data was time averaged over 10 seconds. Error bars represent standard deviation for two sets of experiments. (c) Same as b, but with 320-nt ssDNA-RecA filaments. The light and dark green curves show results for the control and the competition experiments, respectively. (d) Same as c, but with 420-nt ssDNA-RecA filaments. The light and dark blue curves show results for the control and the competition experiments, respectively. Error bars represent standard deviation for two sets of experiments. (e) Schematic of an interaction in which equilibrium product formation is nearly complete, even though the products are quite reversible because the product formation rate dominates over the product reversal rate. i. initial conditions ii. Equilibrium between the ssDNA-RecA filaments and the unlabeled dsDNA. (f) addition of labeled dsDNA. (g) New equilibrium condition. (h) Predictions of a toy two-state model for the population incorporated in heteroduplex products with (red curve) or without (black curve) an initial interaction with unlabeled dsDNA.
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 9 Figure 9. Strand exchange monitored by Cy3 emission when the homologous region of the dsDNA is flanked by homoduplex tails followed by addition of free heterologous ssDNA. (a) Schematic of the strand exchange interactions for filaments with N = L = 160 nt interacting with 562 bp dsDNA before (i) and after (ii) addition of free heterologous ssDNA. If the filament is free in solution, it can bind heterologous ssDNA to the secondary binding site (site II) in an ssDNA-RecA filament formed on invading strand ssDNA. The occupation of site II by heterologous ssDNA blocks strand exchange. If RecA is free in solution, it can form new filaments on the heterologous ssDNA. Those ssDNA-RecA filaments cannot perform strand exchange. In addition, the RecA bound to the heterologous ssDNA cannot form new filaments on free invading strand ssDNA. Thus, free heterologous ssDNA does not affect stable heteroduplex products, but if a product reverses the free heterologous ssDNA prevents the reformation of heteroduplex products. The black star shows the position of the Cy3 label on the outgoing strand. (b) (i) and (ii) Same as a but for filaments with N = L = 320 nt that create RecA-free products that extend along their entire length. (c) Same as a, but for filaments with N = L = 320 nt that create RecA-free products that do not extend along their entire length. (d) Schematic showing the filaments adjacent to the homologous region of the dsDNA for N = L = 160, 320, and 420 nt. (e) ΔF vs. time curves for N = L = 160 nt (orange), N = L = 320 nt (green), and N = L = 420 nt (blue) with free heterologous ssDNA added after 1800 seconds, which is the time indicated by the block gray arrow and the black vertical dashed line. The cuvette was returned to the fluorimeter within 30 seconds of the addition of SDS and proteinase K. The data was time averaged over 10 seconds.
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 10 Figure 10. Strand exchange monitored by Cy3 emission when the homologous region of the dsDNA is flanked by homoduplex tails. (a-c) Schematics showing all three filaments used in these experiments: N = 82 (L = 98) nt, and L = N = 160 nt and L = N= 320 nt, as well as 562 bp dsDNA with internal Cy3 label on the outgoing strand. The position of the homologous region for each filament is indicated by the green arrows. The brackets indicate separations from the ends of the dsDNA. The homoduplex tail at the other end is indicated with the brackets. (d) Strand exchange measured as ΔF vs. time in the presence of ATP and N = 82 nt for different filament vs. dsDNA ratios (R); R = 1 (magenta), R = 2 (medium purple), and R = 3 (dark purple). (e) Same as d, for L = 160 nt and R = 1 (light orange), R = 2 (medium orange), and R = 3 (dark orange). (f) Same as d, for L = 320 nt and R = 1 (light green), R = 2 (medium green), and R = 3 (dark green). (g) Initial ΔF values vs. filament:dsDNA ratios for each filament: N = 82 nt (magenta), L = 160 nt (yellow), and L = 320 nt (green). (h) Final ΔF values vs. filament:dsDNA ratios for each filament: 82 nt (magenta), 160 nt (yellow), and 320 nt (green). (i) Final ΔF as a function of N for different filament ratios: 1:1 (black circles), 2:1 (triangles), and 3:1 (squares). The dotted and solid lines show results for the initial and final values, respectively.

  

Table 1 : Summary of proposed homologous filament length dependent features of RecA mediated homologous recombination with ATP hydrolysis.

 1 

	Homologous	Always	Time needed	Reversal	Multiple	Multiple	Allows PolIV
	Filament	Reverses	to reverse	Mechanism	simultaneous	simultaneous	to extend the
	Length	when RecA			non-sequence	sequence	strand by > 8
	N = L (nt)	bound			matched	matched	nt
					interactions	interactions	
					likely	likely	
	20 < L < 50	Yes	~ 10 sec	Catastrophic	No	No	No
				reversal			
	75 < L < 200	No	< 30 seconds Biased random	No	No	Yes
				walk inward			
				from the			
				heteroduplex			
				ends			
	300 < L	No	Depends on	Biased random	Yes	Yes	Yes
			the length of	walk inward			
			the product or	from the			
			products	heteroduplex			
			formed	ends			
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