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Abstract:  15 
Homologous recombination (HR) is a DNA double-strand break repair pathway that facilitates 16 
genetic exchange and protects damaged replication forks during DNA synthesis. As a template-17 
based repair process, the successful repair of a double-strand break depends on locating suitable 18 
homology from a donor DNA sequence elsewhere in the genome. In eukaryotes, Rad51 catalyzes 19 
the homology search in coordination with the ATP-dependent motor protein Rad54. The 20 
mechanism by which these two proteins regulate forces on dsDNA substrates during homology 21 
search remains unknown. Here, we have utilized single-molecule magnetic tweezers and optical 22 
trapping methods to monitor remodeling of the DNA template during the homology search. We 23 
find that the activity of Rad51 and Rad54 remodels the donor DNA substrate to control the 24 
association and dissociation of Rad51-ssDNA filaments in the absence of DNA homology. This 25 
mechanism occurs through the application of both linear (tension) and rotational (torsion) forces 26 
on the donor DNA. Finally, failure of Rad54 to act processively disrupts target selection in vivo. 27 
This study provides a basic understanding of how motorized homology search manipulates the 28 
donor DNA during the search for a suitable repair template.  29 
 30 
Significance Statement: 31 
Homologous recombination (HR) is a double-strand DNA break repair pathway that utilizes a 32 
template-based target search process to locate a suitable homologous DNA sequence in the 33 
genome, thereby initiating DNA repair. Called the homology search, in eukaryotes, this process is 34 
carried out by the RecA family member Rad51. During the homology search, Rad51 collaborates 35 
with the motor protein Rad54 to identify and interrogate homologous DNA sequences within the 36 
genome. In this study, we have measured the forces applied by the combination of Rad51 and 37 
Rad54 to the donor DNA duplex. These measurements reveal a coordinated effort by these motor 38 
proteins to remodel donor DNA to probe for homology, shedding new light on how template-based 39 
homology searches interrogate the DNA strands.  40 
 41 
Keywords: Homologous Recombination, Strand Exchange, Rad54, Rad51, Single molecule, 42 
Optical Trap, Magnetic Tweezers 43 
 44 
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Main Text: 46 
Homologous recombination (HR) is a universally conserved template-based DNA double-strand 47 
break repair (DSBR) pathway that requires a recipient ssDNA to locate a matching donor DNA 48 
elsewhere in the genome (1-3). Finding a suitable donor occurs through a homology search 49 
process. This systematic effort initially searches sequences local to the break site and then can 50 
extend to more distal regions until homology is located (4-6). Members of the RecA recombinase 51 
family control the selection and stabilization of the donor DNA sequence (7-16).  52 
 53 
The RecA family of recombinases is conserved in all domains of life. The basic biochemical 54 
mechanism of these proteins involves the formation of a filament on the single-stranded recipient 55 
DNA, where it binds and stabilizes the ssDNA at 1.5 times the contour length of B-form DNA 56 
(10,17). The three-nucleotide spacing of individual protomers in this filament enables the 57 
coordination of two DNA-binding sites that can bind and stretch the donor duplex, promoting the 58 
kinetic sampling of base pairs (12).  Binding site I is composed of DNA-binding loops from distinct 59 
RecA protomers that allow the unstacking of bases from the parent donor duplex (10,17,18) and 60 
promote base flipping to enhance contacts between the incoming recipient and the donor DNA. A 61 
second DNA-binding site, DNA-binding site II, interacts with the non-homologous strand of DNA, 62 
stabilizing the separation of the two parent strands (19). The two binding sites coordinate during 63 
the homology search to actively probe donor DNA sequences. A minimum of 8 paired nucleotides 64 
is required for stable kinetic sampling  (8,12,14). A spacing of four recombinase protomers, 65 
resulting in 12 paired nucleotides, is optimal for stable sequence selection (18,20). Further 66 
recipient donor pairing is considered a strand exchange reaction, leading to a displacement loop 67 
(D-loop).  68 
 69 
Both DNA binding sites I and II favor binding to ssDNA (20), making dsDNA a poor substrate for 70 
Rad51-ssDNA filaments. Partial separation of DNA strands can promote the binding of 71 
recombinase filaments in the absence of DNA sequence homology, as the duplex DNA begins to 72 
resemble single-stranded DNA (ssDNA). The underwinding of DNA can lead to partial strand 73 
separation by reducing the number of bases per turn of the regular B-form helix. Mechanically, 74 
this can be achieved by linear stretching, which involves adding tension, or by rotating the DNA 75 
around the superhelical axis, which adds torsion (21-23). It has been experimentally determined 76 
that the addition of forces by stretching (tension) (24,25) or rotating (torsion) (20,26) can improve 77 
the binding of recombinase-ssDNA filaments to the donor DNA in the absence of DNA sequence 78 
homology. The superhelical density of DNA in vivo is generally underwound, improving 79 
recombinase filament binding. However, this is not uniform, which makes regulation of DNA 80 
topology a crucial feature in controlling the binding of recombinase filaments to the donor DNA 81 
during the homology search. The factors that aid recombinases in homology search may impact 82 
early DNA sequence recognition by providing assisting forces to regulate topology, but the 83 
mechanism behind this is unclear.  84 
 85 
In eukaryotes, the ATP-dependent translocase Rad54 aids Rad51 during the homology search and 86 
strand exchange (27-32).  Rad54 is related to chromatin remodeling enzymes of the Snf2 family 87 
(33) and has also demonstrated nucleosome remodeling activity  (29,34-36). The fundamental 88 
activity of Rad54 is to physically move along dsDNA, tracking the minor groove in the 3’ to 5’ 89 
direction (37-39). Rad54 movement can remodel the DNA by stretching, bending, or twisting the 90 
DNA helix. The magnitude of these remodeling events has not been measured. However, they can 91 
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result in the removal of other proteins from DNA or the addition of negative twist to the DNA’s 92 
superhelical axis. The resulting accumulation of supercoils in the DNA requires the DNA to be 93 
topologically locked. Recent evidence has emerged that negative supercoils may accumulate even 94 
on linear DNA. The mechanism behind this is unknown.  95 
 96 
Rad51 enhances the ATP hydrolysis and translocation activity of Rad54, and together, they can 97 
form a homology search complex (28,29,40-42). The interaction between Rad54 and Rad51 occurs 98 
through Rad54’s intrinsically disordered N-terminal domain (43,44). This region can interact with 99 
Rad51 and form a multimerization domain with other Rad54 molecules. Removal or replacement 100 
of the N-terminal domain renders Saccharomyces cerevisiae cells sensitive to DNA damaging 101 
agents, comparable to the rad54∆ strains (43-46). Functional activities of Rad54 include the 102 
disruption of Rad51 filaments bound to dsDNA (47-50) and the remodeling of dsDNA during the 103 
homology search (29,51,52). The addition of Rad54 to Rad51 filaments introduces a 1D 104 
translocation-based search, which can accelerate the identification of homologous DNA (29).  105 
 106 
The application of forces can promote the binding of Rad51 filaments to donor dsDNA. Rad54 is 107 
a motor capable of adding these forces and forms a complex with Rad51 during the homology 108 
search. In this study, we investigated how forces added by Rad54 influence the homology search 109 
activity of Rad51-ssDNA filaments before the identification of homologous regions. We find that 110 
Rad54 can form isolated looped regions on the donor DNA, promoting loop extrusion. Isolation 111 
allows the addition of torsional stress to the donor DNA, resulting in the storage of negative turns 112 
in the DNA. Rad54 also added linear tension to the DNA. We hypothesize that the combination of 113 
forces provided by Rad54 stabilizes the binding of Rad51-ssDNA to the donor duplex by 114 
underwinding the DNA, thereby catalyzing the base sampling and the homology search process. 115 
Importantly, stabilization is reversible through the hydrolysis of ATP. We also demonstrate that 116 
mutant forms of Rad54 defective in the homology search fail to form displacement loops in vivo. 117 
Together, our data provide a novel model for how remodeling of donor DNA structure can catalyze 118 
the homology search.  119 
 120 
Results: 121 
PSC activity is dependent on the tension placed on the donor DNA 122 
By tracking the minor groove of dsDNA, Rad54 introduces helical twist to the DNA backbone 123 
(39,53). The torsional stress generated by translocation accumulates only if it occurs in a 124 
topologically locked region of donor DNA (29,51,54-56). A locked region can form when a group 125 
of proteins forms multiple points of contact with the DNA. In this scenario, one contact can pump 126 
DNA into an isolated loop, while another serves as an anchor. A consequence of this mechanism 127 
would be the apparent ability to extrude loops, resulting in DNA compaction. Previous reports 128 
have shown that the Rad54 paralog Rdh54 can move along dsDNA by loop extrusion and 129 
directional translocation (57). Rad54 or the combination of Rad54, Rad51, and ssDNA, known as 130 
the presynaptic complex (PSC) (29,30), has only been observed to promote translocation, not loop 131 
extrusion.  132 
 133 
Extruded loops are regulated by the tension applied to the DNA. This is due to the minimal 134 
distances required to bend the DNA and form an initial loop. At lower tension, dsDNA is more 135 
flexible and accessible to multiple protein-DNA connections, which can result in an isolated region 136 
of DNA (58). We hypothesized that the PSC would be more likely to compact DNA or extrude 137 
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loops at lower tension if this is a mechanism by which it acts. To measure this, we used a dual 138 
optical trap with confocal microscopy to monitor the binding of the PSC to dsDNA. We formed 139 
the PSC with GFP-Rad54 in combination with Atto647N 90-mer ssDNA bound by Rad51, a 140 
strategy we have employed previously to monitor active PSCs  (29,30,45). Yeast Rad51-ssDNA 141 
does not appreciably bind to dsDNA, unless it interacts with Rad54, the DNA is significantly 142 
underwound, or the concentration is sufficiently high (59). Under the conditions used here, Rad54 143 
is required for Rad51-ssDNA binding to dsDNA.  144 
 145 
Application of a constant force via a force clamp controls the amount of tension on the donor 146 
dsDNA, allowing us to test the hypothesis that the PSC could compact DNA and/or promote loop 147 
extrusion through multiple points of contact. We measured the activity of the PSC at forces of 0.5, 148 
1.0, 2.0, and 5 pN (Figure 1A). The PSC primarily compacted DNA at 0.5 and 1.0 pN (Figure 149 
1BC) and moved along the DNA without compacting at 2.0 and 5.0 pN (Figure 1C).  These 150 
activities were dependent on the hydrolysis of ATP. The rates of compaction and movement were 151 
comparable, with the rate of compaction at 0.5 pN being 253 ± 193 bp/sec. The measured 152 
movement rate at 2 pN was 272.6 ± 133 bp/sec and 357 ± 195 at 5 pN (Figure 1D), suggesting 153 
that the motor was not inactivated at higher forces. These data support the idea that the PSC can 154 
perform loop extrusion of the donor DNA, resulting in compaction.  155 
 156 
We tested whether loop isolation occurred through a single contact or multiple points of contact. 157 
To measure this, the DNA was allowed to compact and then re-extended by separating the optical 158 
trap at a constant rate (Figure 2AB).  If compaction was due to multiple points of contact, then re-159 
extension of the compacted DNA should result in a sawtooth pattern as contact points are disrupted 160 
(60,61). Disruption of contacts could occur through direct loss of the physical interaction between 161 
the protein and DNA, or the sliding of the protein along the DNA, resulting in a slip-stick 162 
mechanism. For simplicity, we will view both mechanisms as potential disruption events.  When 163 
we pulled on the compacted DNA molecules at 0.5 and 1.0 pN, they displayed sawtooth patterns 164 
(Figure 2C).  As expected, this behavior was not observed at higher forces because there was no 165 
compaction, and all molecules followed a theoretical force extension (FE) curve consistent with 166 
B-form DNA (Figure 2D).  167 
 168 
The initial amount of compacted DNA is defined as the first deviation from the theoretical FE 169 
curve and represents the initial amount of compacted DNA (Figure 2C). We continued pulling on 170 
the DNA past this point and observed multiple intermediate deviations from the theoretical 171 
extension curve. These intermediates reflect numerous contact points between the PSC and the 172 
DNA (Figure 2C). Structures formed at 0.5 and 1.0 pN of force initially constrained around 15 173 
kbp of DNA. The final size of constrained DNA was around 2 kbp (Figure 2EF). The mean of the 174 
DNA isolated in intermediates was approximately 2-2.5 kbp per intermediate at both 0.5 and 1.0 175 
pN (Figure 2G). We observed a mean contact number of 4-5 intermediates per molecule (Figure 176 
2H). It should be noted that due to the small size of the isolated loops, we were unable to visualize 177 
them directly. However, based on these data, we conclude that the PSC can isolate individual donor 178 
DNA loops of approximately 2 kilobases in length.  179 
 180 
Rad54 applies a significant force during translocation 181 
Previous studies have investigated the effect of tension on Rad51-ssDNA binding to a dsDNA 182 
substrate. These studies found that adding tension in the 3’ to 5’ direction of the donor dsDNA 183 
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could stabilize binding of Rad51-ssDNA or RecA-ssDNA in the absence of DNA sequence 184 
homology. When tension was released, the Rad51-ssDNA filaments dissociated (24,25). We 185 
reasoned that Rad54 may exert a comparable force on the donor DNA, which could help stabilize 186 
Rad51-ssDNA binding to the donor DNA in the absence of homology. We tested the force 187 
produced by the PSC during translocation and binding to the donor DNA. Rad54 forms a multimer. 188 
Multimeric DNA motors can act in series or parallel depending on the structural organization of 189 
the motor. Motors existing in these conformations can make measuring an isolated motor or unit 190 
complicated.  191 
 192 
Therefore, to isolate the force applied by an individual motor or unit, the PSC was loaded at 193 
extensions of 6, 8, 10, 12, and 14 µm of the donor DNA. These values represent 36, 49, 61, 61, 73, 194 
and 81% of the contour length of lambda DNA (16.4 µm). By loading the PSC at different 195 
extensions, a trend should be observable as the number of contacts between the PSC and donor 196 
DNA is reduced. To measure the force during translocation, the beads were moved to a 12.5 µm 197 
extension after loading (Figure 3A). The extension was maintained to prevent compaction of the 198 
beads, allowing measurement of the force output as the PSC moves along the donor DNA (Figure 199 
3BC).  The force output was not constant during translocation, and we measured the maximum 200 
force outputs during individual translocation events (Figure 3BC). PSCs loaded at 6 and 8 µm had 201 
mean max force outputs of  40 and 23 pN (Figure 3D). This force was significantly greater than 202 
the mean max forces measured after loading the complex at 10, 12, and 14 µm, which were ~6-8 203 
pN (Figure 3D). These values were greater than those observed for Rad54 alone at 6 and 14 µm 204 
loads (Figure 3D) and were dependent on ATP hydrolysis (Figure 3D). From this, we conclude 205 
that the PSC can produce a significant force when translocating on the donor dsDNA.  206 
 207 
We further investigated the higher forces generated at shorter loading extensions by measuring the 208 
initial force of PSC binding after loading at 6, 8, 10, 12, and 14 µm. The initial force is defined as 209 
the value measured when the beads were extended to 12.5 µm after loading. As expected, the most 210 
significant force, 60 pN, was observed when the PSC was loaded at 6 µm (Figure 3E). This 211 
dropped off at higher loading extensions (Figure 3E). This change likely represents a decrease in 212 
the number of contact points between the PSC and DNA. The higher forces observed at shorter 213 
loading extensions may reflect the formation of higher-order structures, creating multiple points 214 
of contact acting in parallel that can search the donor DNA with an additive force.   215 
 216 
Rad51 and Rad54 add stress to isolated DNA 217 
The PSC can isolate stretches of donor dsDNA. The impact of this on the DNA within this region 218 
is unclear. Previous work has used P1 nuclease cleavage (51) and RPA binding to measure the 219 
partial melting of the DNA duplex during the homology search (29).  To improve the resolution of 220 
these measurements and to understand how PSC activity impacts the remodeling of the donor 221 
DNA, we used a magnetic tweezer (MT) system to monitor the activity of Rad54 and the PSC on 222 
torsionally constrained (TC) DNA. The experimental setup consisted of a single 12.7 kbp piece of 223 
dsDNA attached to a magnetic bead on one end and to the surface of a flow chamber at the other 224 
end. Both strands are connected to the bead and the surface, making the DNA torsionally 225 
constrained (61) (Supplemental Figure 1A).  The magnetic tweezer setup allows precise control 226 
and measurement of DNA remodeling.  227 
 228 
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For each experiment, the DNA is initially rotated through turns in the positive or negative direction, 229 
generating a hat curve based on the height of the bead (Supplemental Figure 1A). The curve is 230 
the result of changes in the bead height as turns are added to the DNA backbone. On either side of 231 
the hat curve, the DNA undergoes a buckling transition, which lowers the height of the bead. This 232 
transition results from a plectoneme formation at low force and is the response to torsional stress  233 
(Supplemental Figure 1A)(62,63). The binding and activity of Rad54 can then cause changes in 234 
the height of the bead. Events that can cause bead height changes include stretching of the regular 235 
B-form helix or the addition of isolated turns to the DNA.  236 
 237 
The chirality of DNA remodeling can be measured by observing changes in the direction of the 238 
bead height. For example, if activity is measured at +30 magnet turns, shortening of DNA 239 
extension indicates that Rad54 has underwound the DNA. In contrast, at -60 magnet turns, 240 
underwinding the DNA will add positive turns to the plectoneme, causing the extension to increase 241 
(Supplemental Figure 1AB). Rad54 alone was able to shorten the height of the bead at +30 and 242 
lengthen it at -60, consistent with the addition of negative turns to the DNA (Supplemental Figure 243 
1B). These data qualitatively suggest that Rad54 promotes underwinding of the DNA.  244 
 245 
To quantitatively evaluate the number of DNA base pairs that are added to an isolated loop or 246 
remodeled during activity, Rad54 would have to tightly couple movement to the addition of turns 247 
to the DNA at 1:1. One method for evaluating this is to visually inspect activity traces to determine 248 
if the height of the bead drops below the initial extension value at -60 turns or above the initial 249 
value at +30 turns (Supplemental Figure 1B). Our inspection of the traces revealed a significant 250 
number of events that dropped below or above the baseline, suggesting that the motor loosely 251 
couples movement to twist. Therefore, the quantitative evaluation of Rad54 and PSC activity is 252 
limited to changes in bead extension, rather than being converted to turns or base pairs of DNA.  253 
 254 
To measure protein activity, we analyzed the extension by taking the mean within a 5-second 255 
sliding window. The mean extension presented does not equal the total change in extension 256 
observed for the whole molecule, or whole activity trace, and successive windows could be 257 
additive or subtractive. However, our analysis provided a snapshot of local DNA remodeling 258 
events during the homology search. We measured the rate of extension using the same method, 259 
defining DNA that can be extended per second. Again, these values can be positive or negative. 260 
Here we are only reporting the positive values, as there was no significant difference between the 261 
two rates.  262 
 263 
We measured the changes in extension of the DNA, initially starting at -60 turns, for 25, 125, and 264 
500 pM Rad54. There was an increase in the size of extension events with increasing concentration 265 
of Rad54. The increase was not observed when ATP was omitted from the reaction  (Supplemental 266 
Figure 1C). A mean change of 63 nm of extension was added at the highest concentration of Rad54 267 
tested. Surprisingly, a slight change in extension occurred even in the absence of ATP, which likely 268 
stems from Rad54 binding (Supplemental Figure 1C). Alternatively, these small changes could 269 
also reflect noise from the measurement and represent a natural baseline. A maximum mean of 29 270 
nm per second was observed at the highest concentration of Rad54 tested (Supplemental Figure 271 
1D). Again, there was a small change in the absence of ATP, but there was no increase in activity 272 
with increasing protein concentration (Supplemental Figure 1D).  273 
 274 
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The lifetime of each bead extension event was measured by recording the time elapsed for events 275 
that lasted longer than 2.5 seconds and maintaining an extension at least 3 standard deviations 276 
from the baseline. The individual data points were then fit to an exponential decay curve to 277 
determine the half-life in seconds (Supplemental Figure 1D). There was no difference in the half-278 
life of the events with increasing Rad54 concentrations or in the absence of ATP (Supplemental 279 
Figure 1E). These data indicate that Rad54 can processively relax the helical axis of the DNA in 280 
the presence of ATP.  281 
 282 
The activity of PSCs composed of Rad51, 90-mer ssDNA, and Rad54 was measured at an initial 283 
value of -60 turns (Figure 4AB), at two different concentrations (Supplemental Figure 2A). 284 
Concentration-dependent differences were measured by keeping the ratio of Rad54:Rad51:90-mer 285 
ssDNA constant but adjusting the total concentration. For example, 500 pM Rad54 with 5 nM 286 
Rad51 and 125 pM Rad54 with 1.25 nM Rad51. These measurements were complicated by the 287 
fact that 85-90% of molecules tested would compact to the surface of the flow cell. However, this 288 
is to be expected as experiments at 0.5 pN of Force primarily resulted in compaction of the DNA 289 
via optical trapping (Figure 1C). For activity measurements, we focused on molecules that did not 290 
compact to the surface. We chose these molecules because they are the most likely to define single 291 
remodeling events associated with an isolated PSC. Our selection criteria were based on analyzing 292 
data until the bead extension dropped below the initial extension. At this point, we no longer used 293 
data from these molecules, even if they returned to above baseline extension.  294 
 295 
We observed a concentration-dependent increase in the change in extension observed between 500 296 
pM and 125 pM PSC (101 versus 79 nm, p <0.0001) (Supplemental Figure 2B). There was also 297 
an increase in the half-life of events formed at higher PSC concentrations (~10 sec longer)  298 
(Supplemental Figure 2C). However, there was no difference observed in the extension per 299 
second, suggesting the rate was unaffected by concentration (Supplemental Figure 2D). From 300 
these measurements, we conclude that the stability and size of remodeled DNA were affected by 301 
the concentration of the PSC. These differences could reflect differences between 1D 302 
translocation-based search versus a 3D diffusion-based search, as PSCs with longer lifetimes are 303 
more likely to move along the DNA processively.  304 
 305 
By performing activity measurements at -60 turns, we were able to measure the interaction of 306 
Rad51-ssDNA filaments with the donor DNA without Rad54. Interestingly, Rad51-ssDNA was 307 
able to extend DNA by around 36 nm. This was 70 nm smaller than the corresponding PSC 308 
measurements (Figure 4C). Additionally, the change in extension per second and the half-life of 309 
the events were significantly shorter than the PSC (Figure 4DE). Interestingly, the change in 310 
extension per second was ~10.4 nm/sec, which, based on the structure of Rad51-ssDNA filaments, 311 
is the helical pitch. This would correspond to roughly one turn of a Rad51 helix or 6.4 protomers 312 
and roughly 18 bp. This is only slightly longer than the 12 bp and 4 protomers observed for RecA 313 
filaments during probing of donor DNA during the homology search (20). These differences are 314 
likely within the error of the measurement. We also evaluated the contribution of ATP hydrolysis 315 
by forming PSCs with AMPPNP instead of ATP. Under these conditions, the extension, 316 
extension/second, and half-life of the events were all the same as Rad51-ssDNA alone (Figure 317 
4CDE). These data suggest that ATP hydrolysis by Rad54 is required for the additional DNA 318 
remodeling and stabilization of the PSC on the DNA.  319 
 320 
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To better understand the independent contributions of Rad54 and Rad51 in this experiment, we 321 
used a mutant form of Rad51 with three amino acid substitutions: R188A, K361A, and K371A. 322 
These substitutions disrupt the DNA binding site II within Rad51 and can be referred to as 323 
Rad51IIA (19). This site is conserved in all recombinases, and mutations in these residues fail in 324 
the homology search (7,32) and strand exchange (19). We reasoned that Rad51IIA would fail to 325 
bind the donor dsDNA, and PSCs with Rad51IIA would have smaller extensions, extension rates, 326 
or shorter lifetimes. At 500 pM PSC with Rad51IIA, there was a loss of around 31 nm from the 327 
extension events, comparable to the length of the Rad51-ssDNA filaments (Figure 4C and 328 
Supplemental Figure 2B). At lower concentrations, this loss was less (~20 nm) (Supplemental 329 
Figure 2B). However, this could be due to the reduced DNA extension by Rad54 under these 330 
conditions. There was also a difference observed between the PSC and PSC with Rad51IIA in the 331 
extension per second (Figure 4D and Supplemental Figure 2D). A difference of around 10 nm 332 
per second, or the equivalent of Rad51 alone, and a single helical turn of the recombinase filament. 333 
There was no observed difference in the half-life between PSCs and PSCs with Rad51IIA. The 334 
absence of Rad51-ssDNA extension indicates that the filaments are no longer able to interact with 335 
the donor DNA, and we conclude that Rad54 can increase the binding and stability of Rad51 336 
filaments in the absence of sequence homology by underwinding the DNA.  337 
 338 
We asked whether Rad51 contributed to the formation of the larger loops observed via optical 339 
trapping, or if it simply remodeled DNA in an isolated region. If Rad51 contributed to the 340 
formation of larger loops, then the Rad51IIA mutant would show a reduction in loop size or loop 341 
extrusion rate. This was not the case, and we observed that the mean loop size was comparable to 342 
WT at 0.5 pN force (Figure 4F). We also did not observe a reduction in the translocation rate for 343 
PSCs with Rad51IIA at 5 pN force (Figure 4G). There was a small increase in the force required 344 
to separate intermediate contacts that formed during compaction upon re-extension (Figure 4H). 345 
From this, we conclude that there is no significant impact of Rad51-ssDNA binding on the 346 
formation of large, isolated loops. Instead, it suggests that Rad51 binding primarily affects the 347 
extension of the donor DNA. 348 
 349 
We measured the activity of the PSC and Rad51-ssDNA at +30 turns. Under these conditions, the 350 
DNA is overwound, reducing the affinity of Rad51-ssDNA for the donor DNA.  For Rad51-ssDNA 351 
alone, there were only 10 active molecules, which did not add significant changes to the DNA. In 352 
contrast, the PSC extended around 70 nm, illustrating significantly greater activity (Supplemental 353 
Figure 3A). Furthermore, these events had longer half-lives than Rad51-ssDNA alone 354 
(Supplemental Figure 3B). These data suggest that Rad54 can significantly aid Rad51 activity on 355 
overwound DNA.  356 
 357 
At the end of each experiment, the magnet was rotated from -70 to 70 and back. This could identify 358 
any changes to the hat curve that occurred during the reaction. For Rad51-ssDNA alone, a 359 
translational shift in the hat curve was observed, similar to that observed for RecA-ssDNA in the 360 
presence of AMPPNP (Supplemental Figure 4A) (26). Interestingly, when the same measurement 361 
was made with the full PSC, the negative side of the hat curve became flatter and did not undergo 362 
a buckling transition (Supplemental Figure 4B). Similar observations were made for the PSC 363 
with Rad51IIA (Supplemental Figure 4C), with the exception that these hat curves were shorter. 364 
The slope of the hat curve from -70 to -20 turns was used to make a comparative assessment. The 365 
value was substantially different between Rad51-ssDNA, the PSC, and PSC with Rad51IIA 366 
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(Supplemental Figure 4D). These data are consistent with donor DNA  that is prone to melt 367 
instead of buckle, and this effect was dependent on Rad54 concentration in the PSC 368 
(Supplemental Figure 4D). Rad54 alone did not cause this outcome (Supplemental Figure 4D). 369 
This suggests that DNA bound by a PSC is predisposed to melt upon the addition of superhelical 370 
stress or torsion. In this scenario, as additional turns are added to the DNA, the DNA will go 371 
through a melting transition and not form a plectoneme. One interpretation is that Rad54 372 
predisposes the donor DNA to melt when complete homology is recognized by Rad51, 373 
representing a novel mechanism by which D-loops might be stabilized.  374 
 375 
Mutants defective in DNA compaction fail to form D-loops in vivo 376 
We have previously characterized mutations in Rad54 that result in defects in processive 377 
movement of the PSC along donor DNA. These mutant versions of Rad54 are defective for 378 
homology search in vitro (30). Defects stem from insufficient ATP hydrolysis required for 379 
translocation. We reasoned that these Rad54 mutants (Rad54 R272Q and Rad54 R272A) would be 380 
defective in generating loops, extending the DNA, or both.  We initially measured the activity of 381 
PSCs with these mutants by optical trapping experiments (Figure 5AB). As expected, there was a 382 
3.2. fold reduction in the loop extrusion rate for the PSC with Rad54R272Q and a 5.1-fold 383 
reduction for the Rad54 R272A (Figure 5C). The mutant forms of Rad54 also exhibited a ~800 384 
bp reduction in loop size (Figure 5D). Re-extension of the DNA  after compaction required 1.75 385 
times the mean force to disrupt intermediate contacts for Rad54 R272Q and 2.3 times more force 386 
to disrupt intermediate contacts. From this, we conclude that PSCs with Rad54 mutants are 387 
defective in loop compaction, which is likely due to an increased affinity for dsDNA, reducing 388 
processive movement.  389 
 390 
We next evaluated how these substitutions affected the change in DNA extension. These 391 
experiments were performed at 125 pM PSC. Under these conditions, the  WT PSC extended the 392 
DNA around 80 nm (Figure 5F and Supplemental Figure 5ABC). The PSC-Rad54R272Q 393 
mutant extended DNA around 70 nm, or around 88% the WT value. The PSC Rad54R272A 394 
extended the DNA 41 nm, representing a 2-fold reduction (Figure 5F). There was a significant 395 
reduction in the DNA extended per second, with the Rad54 R272Q and the Rad54 R272A mutant 396 
both having a 3.2-fold defect (Figure 5G). The extension half-life was slightly longer than the WT 397 
for the Rad54 R272Q, but there was no difference for the Rad54 R272A, suggesting the half-life 398 
of these events was comparable to WT (Figure 5H). While these mutations are defective in all 399 
aspects of the PSC activity, the most severe defects are associated with DNA compaction and the 400 
rate of DNA extension (30). Together, these data suggest that the ability to act processively is 401 
critical for PSC function.  402 
 403 
To determine if these mutants were defective in target search in vivo, we utilized a reporter assay 404 
from S. cerevisiae that measures the amount of D-loop capture during early strand exchange  405 
(64,65). The experiment is based on an HO nuclease site located at a specific location on 406 
chromosome V, with a homologous region of DNA located on chromosome II (Figure 6A). The 407 
HO nuclease can be induced with galactose, and the broken recipient DNA can undergo a 408 
homology search and D-loop formation. Nascent D-loops can be detected by using psoralen cross-409 
linking to trap the structure in cells. Psoralen is a DNA intercalating agent activated by UV whose 410 
activity depends on DNA topology. We monitored nascent D-loop capture at 3 hrs and found that 411 
in WT strains, D-loops were captured at an efficiency of 3.3 ×10 +/- 0.06x10-2 (Figure 6B).  In 412 
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contrast, the rad54 had a capture efficiency of 1.7x10 +/- 0.096x10-4 (Figure 6B), representing a 413 
200-fold reduction from WT. The rad54R272Q and rad54R272A strains both captured D-loops 414 
80-fold less efficiently than WT (Figure 6B). This was surprising because these mutations are less 415 
severe than those in rad54 in methyl methanesulfonate (MMS) sensitivity assays, and in vitro, 416 
longer fragments of ssDNA can form D-loops (30). We expected both mutants to retain partial 417 
function. However, this was not the case. These experiments demonstrated that substitutions that 418 
cause defects in PSC processivity and the addition of DNA stress result in an 80-fold defect in D-419 
loop capture and are defective for homology search in vivo.     420 
 421 
Discussion: 422 
The RecA family of recombinases forms filaments that can introduce both linear (tension) and 423 
rotational (torsion) forces onto duplex donor DNA. However, to introduce these forces during the 424 
homology search and strand exchange, they must efficiently bind to the donor DNA. Both Rad51 425 
DNA-binding sites prefer single-stranded DNA (ssDNA), and relaxing the superhelical structure 426 
of the donor DNA substrate is an efficient way to enhance the binding of Rad51-ssDNA filaments 427 
to the donor duplex prior to the recognition of homology. Here, we demonstrated that the ATP-428 
dependent motor protein Rad54 can catalyze Rad51-ssDNA binding in the absence of homology 429 
by providing assisting forces. Both in the form of linear (tension) and rotational (torsion) stress 430 
placed on DNA, with the latter requiring the isolation of a donor DNA loop by Rad54. Importantly, 431 
hydrolysis of ATP can remove the forces placed on DNA, temporarily reducing the affinity of 432 
Rad51-ssDNA filaments for the donor DNA. The ability of Rad54 to regulate Rad51-ssDNA 433 
binding assists the search for homologous bases and is essential for sequence identification and D-434 
loop formation in vivo.  435 
 436 
The activity of the PSC donor DNA structure 437 
DNA loops are common in biology and generally depend on the length of DNA between two points 438 
of protein-DNA contact (58,66,67). When an active motor protein captures a loop, additional DNA 439 
can be added to the loop through a process known as loop extrusion. Loop extrusion can modify 440 
the topology within the loop as long as the turns added to the DNA remain constrained. The PSC 441 
can form short, isolated loops on the DNA that are ~2-2.5 kbp in size. Our data suggests that the 442 
PSC regulates the superhelical density of these loops.  443 
 444 
The donor DNA can be bridged by Rad54, a proposal that has been made before (68). DNA 445 
bridging can exist in either a cis- or trans-configuration, creating local domains that are 446 
underwound and can be probed by Rad51. The twin domain supercoiling model suggests that if 447 
regions of underwound DNA are present, then there must also be regions of overwound DNA to 448 
accommodate the negative supercoiling. When Rad54 contacts occur in cis, overwound DNA may 449 
exist between these two points of contact, and these regions may be inaccessible to Rad51. 450 
However, as the molecules move along the DNA through translocation or compaction, the 451 
underwound and overwound regions may shift. Additionally, as the PSC dissociates to explore 452 
new areas of the genome, topologically isolated domains will form and dissolve to accommodate 453 
the search. In a cellular context, the PSC is likely built on a longer piece of resected ssDNA with 454 
multiple short Rad51 filaments. The ability of each of these regions to probe multiple pieces of 455 
donor DNA simultaneously may significantly shorten the amount of time required to find a 456 
homologous sequence (Supplemental Figure 6).  457 
 458 
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Relaxing the superhelical axis of DNA 459 
 In many molecules we analyzed via magnetic tweezers, the donor DNA was compacted to the 460 
surface. This is likely due to higher-order protein-DNA interactions and is like the compaction 461 
observed via optical trapping. Most of our analysis focused on measurements that did not 462 
completely reach the surface, which likely represent individual units that were measured to be 463 
roughly 2 kbp in length. Overall, both Rad51 and Rad54 could act to add negative turns to the 464 
DNA. We were able to differentiate the contributions of Rad54 and Rad51 by using the Rad51IIA 465 
mutant, which disrupts the DNA binding site II on the recombinase filament. This did not result in 466 
a reduction of bead extension lifetime but did result in a reduction in DNA extension rate 467 
comparable to the length of a single turn of a Rad51-ssDNA filament. This is consistent with a loss 468 
of Rad51-ssDNA binding to the DNA. The stability of binding in the context of the PSC was 469 
dependent on Rad54 activity. Experiments at +30 turns, which overwind the DNA, did not produce 470 
extended binding events in the absence of Rad54. However, Rad54 was able to promote the binding 471 
of Rad51 filaments in overwound regions. Highlighting the role of Rad54 in modulating local 472 
DNA structure. This function may ultimately be important for replication restart (69) or dealing 473 
with parts of the genome that are positively supercoiled.   474 
 475 
Our general model for the remodeling of donor DNA is that Rad54 can promote both linear 476 
(tension) and rotational (torsion) stress on the DNA, resulting in underwound donor DNA. This 477 
enhances the affinity of Rad51-ssDNA filaments for DNA, allowing them to associate with and 478 
sample the donor DNA sequence (Figure 6C). Importantly, the stress placed on DNA can be lost 479 
when Rad54 hydrolyzes ATP, causing the affinity of Rad51-ssDNA filaments to go down. This 480 
action could occur if tension is lost on the donor DNA, or positive turns are added to the loop from 481 
a trailing Rad54 motor (Figure 6C). The result of ATP hydrolysis is 1D translocation or 482 
dissociation and 3D diffusion to a new target. Unless the filament is stabilized by homology 483 
recognition, which will result in strand exchange.  484 
 485 
Failures in homology search 486 
Mutations that disrupted ATP hydrolysis by Rad54 also failed to promote homology search and 487 
nascent D-loop capture in S. cerevisiae. In vitro, these defects reflect the increased stability of 488 
looped intermediates, resulting in decreased loop formation rates and smaller loop sizes. These 489 
outcomes are reflective of an enzyme that fails to turn over, resulting in a homology search 490 
complex that becomes stuck to the donor DNA. The outcomes of these experiments underscore 491 
the importance of Rad54 turnover in the homology search process, as it facilitates 1D translocation 492 
and regulates PSC stability during 3D search.  493 
 494 
Recently, the participation of Rad54 in the homology search was measured in live cells. In baker’s 495 
yeast, the deletion of Rad54 leads to the lengthening of Rad51 filaments (70). Possibly due to the 496 
loss of donor DNA compaction, resulting in an apparent increase in filament size. In human cells, 497 
RAD54L was required to resolve RAD51 foci during the homology search. However, this 498 
mechanism is unclear. A cooperative interaction between human RAD54L and Cohesin was also 499 
observed during the homology search (71), and could occur by regulating the forces placed on the 500 
DNA. Further work will be needed to understand the direct biochemical relationship between the 501 
SMC protein Cohesin and the PSC.  502 
 503 
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It remains to be seen if RAD54L will make similar contributions during the homology search in 504 
human cells. Human RAD51 is more effective at binding to dsDNA in the context of the PSC, and 505 
additional factors, such as BRCA2 and RAD51AP, have evolved to regulate RAD51 binding to 506 
DNA (72-76). While RAD54L is required for the resolution of RAD51 foci in human cells, this 507 
could be due to the removal of RAD51 filaments or modulation of PSC binding by donor DNA 508 
remodeling. Resolution of these possibilities will require the use of hypomorphic alleles 509 
specifically designed to separate these functions.  510 
 511 
Limitations of our study 512 
A limitation of our study is that it is unclear how well conserved this mechanism might be between 513 
yeast and human Rad54. Although the proteins are 50% identical, there could be differences in 514 
overall function dependent on context. Additionally, our experiments don’t reveal the actual 515 
outcomes of sequence recognition and the formation of full D-loops. Future work will be needed 516 
to address these two key points.  517 
 518 
 519 
Data sharing plan 520 
Data, including kymographs, will be submitted to the Medley repository upon acceptance of this 521 
manuscript. All analysis codes are uploaded to GitHub. Additionally, all other data will be available 522 
on request.  523 
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Rad54, Rad54R272Q, Rad54R272A, Rad51 and Rad51-IIA were purified as previously described 550 
(29). In brief, a protease deficient yeast strain was transformed with GFP-GST-Rad54, GFP-GST-551 
Rad54 R272Q or GFP-GST-Rad54 R272A,  on 2–micron plasmids under the control of the 552 
Gal1/10 promoter. Cells were grown in Yeast Nitrogen base (–URA) plus 3% Glycerol and 2% 553 
lactic acid. When the cells reached an OD of 1.5, expression was induced by adding 2% galactose 554 
for 6 hours. Cells were harvested and stored at–80°C.  555 
 556 
Cell pellets were resuspended in Rad54 resuspension buffer (30 mM Tris–HCl [pH 7.5], 1 M 557 
NaCl, 1 mM EDTA, 10% glycerol, 10 mM BME (β-mercaptoethanol), protease inhibitor cocktail 558 
(Roche Cat. No. 05892953001), and 2 mM PMSF. Cells were disrupted by manual bead beating, 559 
and the lysate was clarified by centrifugation at 26,500xg for 1 hour. The lysate was fractionated 560 
by ammonium sulfate (AS) precipitation. AS was gradually added with mixing to a final 561 
concentration of 20% followed by centrifugation at 10,000 x g for 10 minutes. The supernatant 562 
was discarded, and the AS concentration was raised to 50% followed by centrifugation at 10,000 563 
x g for 10 min. The protein pellet was resuspended in PBS (phosphate buffered saline) plus 1M 564 
NaCl and 10 mM BME. The resulting re-suspended protein was then bound to pre-equilibrated 565 
GST resin in batch for 1 hour at 4°C. The GST resin was washed 2x with PBS plus 1000 mM 566 
NaCl, and 2x with PBS plus 500 mM NaCl. The protein was eluted in 20 mM glutathione in PBS 567 
plus 500 mM NaCl. The peak fractions were pooled and then applied to a Sephacryl S–300 High 568 
Resolution gel filtration column (GE Healthcare, Cat. No. 17–0599–10) pre–equilibrated with 569 
Rad54 SEC buffer (30 mM Tris–HCl [pH 7.5], 500 mM NaCl, 1 mM EDTA, 10% glycerol, and 570 
10 mM BME. The peak was pooled and dialyzed against Rad54 SEC buffer plus 50% glycerol and 571 
stored at –80°C in single-use aliquots. 572 
 573 
6xHis–SUMO–Rad51 or 6xHis-SUMO-Rad51IIA was transformed into E. coli BL21 (DE3) 574 
Rosetta2 cells and grown to an OD600 of 0.4–0.6  at 37°C to. Expression was induced by addition 575 
of 0.5 mM IPTG for 3 hours at 37°C Cells were harvested and stored at –80°C. Cells were lysed 576 
by freeze–thaw in Cell Lysis Buffer (CLB:v30 mM Tris–HCl [pH 8.0], 1 M NaCl, 10% glycerol, 577 
10 mM imidazole, 5 mM BME, and protease inhibitor cocktail (Roche Cat. No. 05892953001)). 578 
Crude lysates were sonicated for 6 pulses of 30 seconds on and 2 minutes off, then clarified by 579 
centrifugation at 26,500 x g. The extract was precipitated with 50% ammonium sulfate and 580 
centrifuged at 26,500 x g for 10 minutes. The Pellet was resuspended in CLB and bound to 1 mL 581 
of pre–equilibrated Ni–NTA resin for 1 hour with rotation at 4 ˚C. The resin was washed 3X with 582 
CLB and eluted in CLB+200 mM imidazole. The protein was mixed with 400 units of the SUMO 583 
protease Ulp1 and dialyzed overnight at 4°C into Rad51 buffer (30 mM Tris–HCl [pH 8.0], 584 
150 mM NaCl, 1 mM EDTA, 10% Glycerol, 10 mM imidazole). The 6xHis–SUMO tag and 585 
SUMO protease were removed by passing the dialyzed proteins over a second 1 mL Ni–NTA 586 
column. The purified Rad51 was then stored at –80°C in single use aliquots. 587 
 588 
DNA Template Construction  589 
The torsionally constrained DNA template was generated by adding a ~500-bp multi-labeled 590 
adapter at each end with a center segment for a total length of 12,688 bp DNA center (77). The 591 
center segment was PCR amplified from λ-DNA (NEB, N3011S), then double digested with AvaI 592 
(NEB, R0152S) and BssSI-v2 (NEB, R0680S) to produce the unique overhangs for ligation. To 593 
make the 500-bp multi-biotin-labeled and multidigoxigenin-labeled adapters, we performed PCR 594 
amplification from plasmid pNFRTC (pMDW111) with either 24% of dATP replaced by biotin-595 
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14-dATP or 24% of dTTP replaced by digoxigenin-11-dUTP, followed by restriction enzyme 596 
digestion with BssSI and AvaI, respectively. The ~500-bp multi-labeled adapters with unique 597 
overhangs were ligated to the 12,688 bp center segment. The lambda template ligation product 598 
was gel-purified, and aliquots were stored at -20 °C.  599 
 600 
Magnetic Tweezers 601 
Experiments on the magnetic tweezer (MT) were performed on a custom-built instrument (61), 602 
allowing for bulk analysis of multiple DNA tethers under a constant force. In each chamber, 603 
between 30-50 tethers remained constrained (TC) throughout the experiment and were affected by 604 
the rotation of the magnetic beads.  Chambers for the MT were prepared by nitrocellulose coating 605 
(1-2% collodion in Amyl acetate) on two microscope coverslips, forming a flow cell with the 606 
nitrocellulose surfaces facing inward. The surface of the chamber was then functionalized with 607 
anti-digoxygenin (Vector Labs MB-7000), passivated with 1.25 mg/mL β-Casein (Sigma C6905), 608 
incubated with 1-2 pM 12.7 kb λ-DNA template, and lastly incubated with streptavidin-coated 609 
paramagnetic beads (Invitrogen 65601). To ensure no free beads remained in the solution, a buffer 610 
exchange was done to start all chambers in HR Buffer (30 mM Tris-OAc [pH 7.5], 10 mM 611 
Mg(OAc)2, 50 mM NaCl, 1.5 mg/mL β-Casein, 1 mM DTT).  Before introducing Rad54 to the 612 
sample chamber, DNA tethers were assayed to determine torsional constraint and to provide a 613 
baseline for unadulterated tether behavior. The tethers were twisted via rotation of a magnet until 614 
overwound and underwound, leading to the generation of a buckling curve. Tethers were also left 615 
in an overwound or underwound state for 2 minutes compared to tethers with bound protein. To 616 
load protein, the force in the chamber was increased to 6 pN while protein was flown in for 2 617 
minutes, after which the tethers were over/underwound, and the force dropped to the experimental 618 
force (typically 0.5 pN). A monitor was engaged for 10 minutes, after which the initial buckling 619 
curve (hat) was regenerated for further analysis. Changes to the hat curve were analyzed by 620 
measuring the slope of the negative side of the curve. This was compared to DNA without proteins.  621 
 622 
MT Data Analysis 623 
Activity traces were collected over ten-minute periods. Active traces were determined by using the 624 
fluctuation of the torsionally constrained DNA alone as a baseline. Changes in extension were 625 
identified by determining local maximum/minimum within an extension event. A change in 626 
extension was considered an event when it exceeded 3 standard deviations from the baseline, as 627 
determined from the DNA alone. Positive rates were determined by identifying the slope leading 628 
to a local maximum. Negative rates were determined by identifying the slope following a local 629 
maximum. Slopes were linear between maxima/minima. Extension data was smoothed by applying 630 
a 5-second sliding window. The mean extension for a given DNA template was determined by 631 
fitting to a Gaussian distribution. The lifetime of each extension event is determined by setting a 632 
threshold of the mean extension of naked DNA under torsion and analyzing traces that extend + 3 633 
standard deviation (std) from the baseline. Any events that crossed this threshold lasting greater 634 
than 2.5 seconds were considered an active trace. The lifetime of events can be determined by the 635 
time between points that are greater than 3 std from the mean. These lifetimes fit an exponential 636 
decay curve. The code used for all MT analysis can be found on Github.  637 
 638 
 639 
Lumicks Confocal Microscopy with optical trapping 640 
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All fluorescent experiments were conducted on a LUMICKS C-Trap instrument, allowing for the 641 
combination of an optical dual-trap with confocal imaging microscopy. Excitation lasers at 488, 642 
532, and 647 nm allowed for the excitation of GFP (Rad54), dsDNA (Sytox Orange), and ssDNA 643 
(Atto-647N), respectively. Before experiments, the five-channel laminar flow cell (Model C1) was 644 
passivated using 0.5 mg/mL B-Casein (Sigma C6905) in a standard Running Buffer (PBS , 1.5 645 
mM sodium azide, 0.5 mM EDTA). To form DNA tethers, streptavidin-coated polystyrene beads 646 
(0.004% w/v; LUMICKS; diluted in Running Buffer, 5 µm size) were trapped and moved briefly 647 
into the biotinylated λ-DNA channel (8 pg/µL; LUMICKS; diluted in Running Buffer). After tether 648 
formation, the traps were moved to the HR Buffer in channel 3 and stretched to ensure single tether 649 
formation. All protein was loaded into channel 4 in HR Buffer + 1 mM ATP. For catching beads, 650 
forming tethers, and loading protein, the flow was kept at a constant 0.2 +/- 0.05 bar.   The trapping 651 
power was set to 7.5% during data collection, leading to a trap stiffness of ~0.07 pN/nm. 652 
Kymographs were collected with 0.5 millisecond pixel dwell time for each 100 nm pixel. The 653 
kymograph frame rate alternated between 2 (0.5 ms exposure) and 10 (0.25 ms exposure) frames 654 
per second, depending on experimental needs. Unless otherwise dictated, kymographs were 655 
collected using staggered excitation lasers, where each laser would be on for 1 second and off for 656 
2 seconds. For conditions where the 532 lasers were not used, excitation alternated between 488 657 
and 647 lasers in 1-second increments. These were temporally offset to prevent bleed-through of 658 
the channels.  659 
 660 
Lumicks Confocal microscope with optical trap (C-trap) Experimental Protocols 661 
The experimental protocol for LUMICKS experiments was separated into three automated scripts. 662 
All experiments were followed by overstretching the DNA at a constant rate.  663 
 664 
Force Clamp Experiments  665 
Captured DNA tethers were moved into Channel 4 at a high (16 μm) extension. Protein was loaded 666 
via 60 seconds of flow. After protein loading, a force clamp was entered at 0.5, 1, 2, or 5 pN, and 667 
a kymograph was generated using 488/532/647 at 2 frames per second (FPS).  668 
 669 
Force extension measurements 670 
Captured DNA tethers were moved into Channel 4 at varying extensions (6, 8, 10, 12, 14 μm). 671 
Protein was loaded via 30 seconds of flow. After loading protein, the tether was moved to a 12.5 672 
μm extension, equivalent to 0.5 pN of force on naked DNA. Kymographs were generated using 673 
488/647 lasers at 2 frames per second (FPS).  Force-extension curves were also collected during 674 
the experiment.  675 
 676 
Lumicks Data Analysis 677 
Raw data exported from LUMICKS Bluelake as .h5 files were processed in Spyder using Python 678 
3.10 and custom-generated software.  Kymographs were generated, and all measurements were 679 
generated from the intensity data included in these kymographs. Particle tracking was done by 680 
manually selecting bound proteins. The resulting particles were used to measure velocities, binding 681 
lifetimes, and fluorescent intensities. Translocation velocities were calculated by measuring the 682 
distance changed over unit time. Compaction measurements, the degree of compaction, and the 683 
compaction rate were analyzed by changes in the distances between the two beads as measured by 684 
the extension curve. Re-extension of the compacted DNA was performed at a defined rate, and 685 
measurements were performed by analyzing the Force extension curve. The size of defined loops 686 
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was determined from the size of the DNA when a loop disruption resulted in a return to a theoretical 687 
re-extension curve. Each loop disruption was included for further analysis. Analysis of force 688 
measurements was performed by analyzing the Force-Extension curve during translocation. Max 689 
force intensities during translocation were used to generate mean force output.  690 
 691 
 692 
Yeast Strain Construction 693 
The yeast strains used in this study was a kind gift from Wolf Heyer. The rad54 strains were 694 
generated by gene knockout using a KanMX cassette. The rad54R272Q/A strain was generated by 695 
using gene replacement with a PCR product to form a pRS305-rad54R272Q/A-KanMX plasmid. 696 
WT RAD54 was replaced similarly, generating RAD54-KanMX, which was used as the WT.  697 
 698 
DLC assay 699 
DLC assay was performed as described (64,65). Yeast cells were grown in a 5 mL Yeast extract 700 
Peptone (YP) medium supplemented with 2% dextrose and 4% adenine sulfate overnight. The 701 
second day, the culture was diluted by 10-fold in 5 mL YP + 3% glycerol + 2% lactate + 4% 702 
adenine sulfate and grown for around 8 hours. Then the culture was inoculated into 100 mL of YP 703 
+ 3% glycerol + 2% lactate + 4% adenine sulfate medium with an initial OD600 ≈ 0.006 and grown 704 
for 16 hours. A 5x psoralen stock solution (0.5 mg/mL trioxsalen in 200-proof ethanol) was made 705 
in a 50-mL aluminum foil-covered tube and dissolved on a shaker at room temperature overnight 706 
with gentle rocking. The next day, the culture should have an OD600 of 0.3-0.8. 7.5 OD600 of cells 707 
was collected as time 0 control, centrifuged at 2,246 x g rpm, 4 °C for 5 minutes. The cell pellets 708 
were resuspended in 1x psoralen buffer. The 1x psoralen buffer was prepared by diluting 5x 709 
psoralen in 200-proof ethanol before collecting cells. The resuspended cells were plated in a 60 710 
mm petri dish, put 2-3 cm below a UV light source with the lip removed atop a pre-chilled metal 711 
block. The cell samples were exposed under the UV light for 10 minutes with gentle shaking to 712 
crosslink DNA. The cells were transferred to a 15-mL Falcon tube. The petri dish was rinsed with 713 
TE1 solution (50 mM Tris-Cl pH 8.0, 50 mM EDTA pH 8.0) and the TE1 buffer was poured 714 
together with cells. The cells were then centrifuged at 2,246 x g, 4 °C for 5 minutes again. The 715 
pellets were saved at -20 °C. Galactose was added into the culture to a final concentration of 2% 716 
to induce DSBs. Cells were collected at designated time points as described above.  717 
 718 
The cell pellets were thawed on ice, then resuspended in spheroplasting buffer (0.4 M sorbitol, 0.4 719 
M KCl, 40 mM sodium phosphate buffer pH 7.2, 0.5 mM MgCl2) and transferred to a 1.7 mL 720 
microfuge tube. The cells were spheroplasted in zymolyase solution (2% glucose, 50 mM Tris-Cl 721 
pH 7.5, 5 mg/mL zymolyase 100T) at 30 °C for 20 minutes. The cells were washed by 722 
spheroplasting buffer for three times at 2500 xg and restriction enzyme buffer (RE buffer, 50 mM 723 
potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 1 mg/mL BSA) at 16000 xg 724 
for three times. The pellets were resuspended with 1.4x RE buffer without or with a hybridization 725 
oligo to restore the EcoRI restriction sites and fast frozen using dry ice, then stored at -80 °C.  726 
 727 
The DNA were solubilized by incubating the cells with 0.1% SDS on 65 °C for 13 minutes. 1% 728 
Triton X-100 quenched the SDS. The DNA was digested by 20 U EcoRI at 37 °C for 1 hour. The 729 
restriction enzyme was deactivated by incubating the DNA with 1.5% SDS on 55 °C for 10 730 
minutes. The cells were put back on ice, and the SDS was quenched by the addition of 6% Triton 731 
X-100. Ligation buffer (50 mM Tris-HCl pH 8.0, 10 mM MgCl2, 10 mM DTT, 2.5 μg/mL BSA, 1 732 
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mM ATP pH 8.0, 8 U T4 DNA ligase) was added to perform ligation reaction at 16 °C for 1 hour 733 
and 30 minutes. 25 μg/mL proteinase K was added to digest the enzymes at 65 °C for 30 minutes. 734 
DNA was extracted by adding phenol:chloroform:isoamyl alcohol and vortex. The upper water 735 
phase was moved and incubated with a tenth volume of sodium acetate and a volume of 736 
isopropanol at room temperature for 30 minutes and centrifuged at 21,130 xg, 4 °C for 10 minutes 737 
to get DNA precipitation. The DNA pellets were dried at 37 °C and dissolved by incubating with 738 
1x TE buffer (10 mM Tris-Cl pH 8.0, 1 mM EDTA) at 37 °C for 1 hour. The DNA was used as 739 
qPCR template. DLC chimera content was calculated by [DLC amplification efficiency]^[-740 
Cp(DLC)], and the intramolecular ligation product content was calculated by [intramolecular ligation 741 
amplification efficiency]^[-Cp(ligation)]. The final DLC signal was calculated by DLC chimera 742 
content/intramolecular ligation product content. 743 
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Figure 1 765 
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Figure 1: The PSC switches from compaction to translocation at higher force 787 
(A). Cartoon diagram illustrating the design to measure the real-time activity of the PSC (B). 788 
Representative kymographs for PSC activity at 0.5 pN. GFP-Rad54 (Top), Sytox Orange donor 789 
DNA (Top middle), Atto647N 90-mer-ssDNA (Bottom middle), and merged (Bottom). Below the 790 
kymographs is an extension curve taken during the experiment. (C). Graph representing the 791 
percentage of molecules that undergo compaction at 0.5 (N=19/20), 1.0 (N=13/14), 2.0 (N=3/16) 792 
and 5.0 (N=2/17) or translocation at 0.5 (N=1/20), 1.0 (N=1/14), 2.0 (N=13/16), and 5.0 793 
(N=17/19). (D). Box plots illustrate the compaction rate at 0.5 (N=74) and 1.0 (N=40) pN (left) 794 
and the translocation rate at 2.0 (N=20) and 5.0 (N=49) pN (right). The solid line illustrates the 795 
mean, and the error bars represent the range of the data.   796 
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Figure 2: The PSC compacts donor DNA in a force-dependent manner 838 
(A). Cartoon schematic diagram of the optical trapping experiment designed to determine if 839 
compaction generates multiple points of contact. (B). Representative widefield image of GFP-840 
Rad54 (Top), Sytox Orange donor DNA (Top middle), Atto647N 90-mer ssDNA (Bottom middle), 841 
and merged (Bottom). (C). Force extension curve for the re-extension of a DNA molecule 842 
compacted by the PSC at 0.5 pN. The theoretical line is in red, and the data is in blue. The dashed 843 
lines represent fits to the traces. The green dashed line is the initial point of deviation of the 844 
theoretical FE curve (D). Force extension curve for the re-extension of a DNA molecule compacted 845 
by the PSC at 5.0 pN. The theoretical line is in red, and the data is in blue. The dashed lines 846 
represent fits to the traces.  (E). Graph illustrating the degree of DNA compaction at first deviation 847 
from theoretical for 0.5 (N=25), 1.0 (N=14), 2.0 (N=18), and 5.0 (N=20) pN. The dots represent 848 
the mean, and the error bars represent the 95% confidence interval of the data. (F). Graph 849 
illustrating the degree of DNA compaction at final deviation from theoretical for 0.5 (N=25), 1.0 850 
(N=14), 2.0 (N=18), and 5.0 (N=18) pN. The dots represent the mean, and the error bars represent 851 
the 95% confidence interval of the data. (G). Graph representing the mean intermediate loop size 852 
at 0.5 (N=115) and 1.0 (N=71) pN. The bars represent the mean, and the error bars represent the 853 
standard deviation of the experiment. (H).  Graph representing the number of intermediates per 854 
tether at 0.5 (N=25) and 1.0 (N=14) pN. The bar represents the mean, and the error bars represent 855 
the standard deviation of the experiment.  856 
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Figure 3: PSC generates a significant force during translocation 882 
(A). Cartoon illustration of extension loading experiment. The PSC was loaded at different DNA 883 
extensions. (B). Representative kymograph and Force trace for Rad54 alone. (C). Representative 884 
kymograph and Force trace for the PSC. (D). Maximum Force output during activity 885 
measurements for the PSC +ATP at 6 (N=12), 8 (N=22),10 (N=8),12 (N=16),14 (N=10) loading 886 
extensions, PSC +AMPPMP at 6 (N=12) and 14 (N=13) µm loading extensions, and Rad54 at 6 887 
(N=7) and 14 (N=9) loading extensions. The bars represent the mean, and the error bars represent 888 
the 95% confidence interval of the data. (E). Graph representing the initial Force output at 12.5 889 
µm extension after the PSC was bound at different extensions. The bar represents the mean, and 890 
the error bars represent the standard deviation of the data. 891 
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Figure 4: Full DNA extension requires ATP hydrolysis and Rad51-DNA binding site II 930 
(A). Schematic diagram of Magnetic tweezers experiments with the PSC (B). Activity trace for 931 
DNA and PSC at -60 turns. The blue lines represent the change in bead height and extension of the 932 
DNA. The DNA extension was used as a baseline control to monitor deviation from DNA alone 933 
(Top). The dashed lines represent the max and min extension of the bead at -60 turns.   (C).  Dot 934 
plot representing the bead extension for PSC (ATP)(500 pM) (N=277), PSC (AMPPNP)(500 pM) 935 
(N=105), PSC with Rad51-IIA(500 pM) (N=82), and Rad51-ssDNA(5 nM) (N=309). The cross 936 
bar represents the mean of the data, and the error bars represent the standard deviation. (D). Graph 937 
representing the extension/second for PSC (ATP) (500 pM) (N=443), PSC (AMPPNP) (500 pM) 938 
(N=144), PSC with Rad51-IIA (500 pM) (N=161), and Rad51-ssDNA (5 nM) (N=580). The bar 939 
represents the mean, and the error bars standard deviation. (E). Graph representing the half-life 940 
measurements for PSC (ATP) (500 pM) (N=277), PSC (AMPPNP) (500 pM) (N=105), PSC with 941 
Rad51-IIA (500 pM)(N=97), and Rad51-ssDNA (5 nM) (N=309). The dot represents the half-life, 942 
and the error bars represent the 95% confidence interval of the fit. (F). Graph representing mean 943 
loop size after compaction by the PSC (N=130) and PSC with Rad51IIA (N=46). The bar 944 
represents the mean, and the error bars represent the standard deviation of the data. The PSC data 945 
is reproduced from Figure 2G (G). Graph representing the translocation velocity at 5 pN for PSC 946 
(N=49) and PSC with Rad51IIA (N=37). (H). A graph representing the force required to break 947 
contacts between the PSC and DNA for PSC (N=130) and PSC with Rad51-IIA (N=49). The bar 948 
represents the mean, and the error bars represent the standard deviation of the data. As in Figure 949 
2, the mean force is a measure of intermediate peaks in the re-extension curves.  950 
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Figure 5: Defects in Processive translocation alter loop dynamics 977 
(A).  Representative kymographs for PSC, PSC ( Left) with Rad54R272Q (Middle), and PSC with 978 
Rad54R272A (Right). (B). Representative post-compaction FE curves for PSC (Left), PSC with 979 
Rad54R272Q (Middle), and PSC with Rad54R272A (Right). The blue line represents the 980 
measured forces, and the red line represents the theoretical force extension curve for the DNA. 981 
The green dashed line represents the initial point of deviation from the theoretical FE curve   (C). 982 
Dot plot comparing the loop extrusion rate for PSC (N=74), PSC with Rad54R272Q (N=78) , and 983 
PSC with Rad54R272A (N=28) at 0.5 pN. The bar crossbar represents the mean of the data, and 984 
the error bars represent the standard deviation. The data for the PSC is reproduced from Figure 985 
1D. (D). A dot plot represents the mean intermediate loop size for PSC (N=130), PSC with 986 
Rad54R272Q (N=111), and PSC with Rad54R272Q (N=27). The crossbar represents the mean of 987 
the data, and the error bars represent the standard deviation. The data for the PSC is reproduced 988 
from Figure 4.  (E). A dot plot represents the force required to disrupt interactions in compacted 989 
DNA structures for PSC (N=130), PSC with Rad54R272Q (N=111), and PSC with Rad54R272Q 990 
(N=27). The crossbar represents the mean of the data, and the error bars represent the standard 991 
deviation. The data for the PSC is reproduced from Figure 4. (F). Graph representing extension 992 
for the MT data of  PSC (125 pM) (N=120), PSC with Rad54R272Q (N=362), and PSC with 993 
Rad54R272A (N=54). The crossbar represents the mean, and the error bars represent the standard 994 
deviation. The PSC data is reproduced from Supplemental Figure 3. (G). Graph representing the 995 
extension per second for the PSC (125 pM)(N=148), PSC with Rad54R272Q (125 pM) (N=402), 996 
and PSC with Rad54R272A (125 pM) (N=70). The line represents the mean, and the error bars 997 
represent the standard deviation of the experiment  (H). Graph representing the extension half-life 998 
for PSC, PSC (N=277) with Rad54R272Q (N=362), and PSC with Rad54R272A (N=54). The dot 999 
represents the half-life and the error bars the 95% confidence of the fit.  1000 
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Figure 6: Failure in processive search limits D-loop formation in vivo.  1041 
(A). Cartoon diagram illustrating the D-loop capture experiment used in S. cerevisiae cells to 1042 
determine the efficiency of nascent D-loop capture in cells. (B).  Dot plot representing the 1043 
nascent D-loop capture efficiency for RAD54, rad54, rad54R272A, and rad54R272Q. The 1044 
crossbar represents the mean of the data, and the error bars represent the standard error of at least 1045 
three independent experiments. (C).  Cartoon diagram illustrating the model for cooperative 1046 
homology search by Rad51 and Rad54.  1047 
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