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SUMMARY

Central to homologous recombination in eukaryotes
is the RAD51 recombinase, which forms helical
nucleoprotein filaments on single-stranded DNA
(ssDNA) and catalyzes strand invasion with homolo-
gous duplex DNA. Various regulatory proteins assist
this reaction including the RAD51 paralogs. We
recently discovered that a RAD51 paralog complex
from C. elegans, RFS-1/RIP-1, functions predomi-
nantly downstream of filament assembly by binding
and remodeling RAD-51-ssDNA filaments to a
conformation more proficient for strand exchange.
Here, we demonstrate that RFS-1/RIP-1 acts by
shutting down RAD-51 dissociation from ssDNA.
Using stopped-flow experiments, we show that
RFS-1/RIP-1 confers this dramatic stabilization by
capping the 50 end of RAD-51-ssDNA filaments. Fila-
ment end capping propagates a stabilizing effect
with a 50/30 polarity approximately 40 nucleotides
along individual filaments. Finally, we discover that
filament capping and stabilization are dependent
on nucleotide binding, but not hydrolysis by RFS-1/
RIP-1. These data define the mechanism of RAD51
filament remodeling by RAD51 paralogs.

INTRODUCTION

Homologous recombination (HR) is a highly conserved mech-

anism for the repair of DNA double-strand breaks and stalled

replication forks. The central reactions of HR are catalyzed

by the RAD51 recombinase when it is assembled on single-

stranded (ss)DNA as helical RAD-51-ssDNA nucleoprotein

filaments, which search for and invade homologous double-
926 Molecular Cell 64, 926–939, December 1, 2016 ª 2016 The Auth
This is an open access article under the CC BY license (http://creative
stranded (ds)DNA to form joint molecules. Repair DNA syn-

thesis from the 30 end of the invading strand then copies the

correct sequence information from the intact duplex, before

resolution of the joint molecules completes repair (Chapman

et al., 2012; San Filippo et al., 2008). Failure to efficiently

execute HR repair is associated with genome instability and

cancer development, as well as the severe congenital disorder

Fanconi anemia (Krejci et al., 2012).

HR is positively regulated by various RAD51 accessory factors

to ensure its timely completion (San Filippo et al., 2008). HR

mediators, such as BRCA2, promote RAD51 filament assembly

on ssDNA coated with the ssDNA binding protein RPA (Jensen

et al., 2010; Liu et al., 2010; Shahid et al., 2014; Thorslund

et al., 2010), while RAD54 promotes RAD51 dissociation from

dsDNA after strand invasion (Solinger et al., 2002). These activ-

ities ultimately allow these proteins to stimulate strand exchange

by RAD51 in vitro (Jensen et al., 2010; Solinger et al., 2002; Thor-

slund et al., 2010) and promote HR and DNA damage resistance

in vivo (Johnson and Jasin, 2001).

Another class of proteins that stimulate HR is the RAD51 para-

logs (Chun et al., 2013; French et al., 2002; Johnson et al., 1999;

Pierce et al., 1999; Rattray and Symington, 1995; Takata et al.,

2001). Although these proteins share significant sequence and/

or structural homology with RAD51, they do not exhibit intrinsic

recombinase activity, but can stimulate strand exchange by

RAD51 (Gaines et al., 2015; Genois et al., 2015; Sigurdsson

et al., 2001; Sung, 1997; Taylor et al., 2015). For many years,

the mechanism of action of this group of HR regulators was

unknown due to the biochemical intractability of recombinant

RAD51 paralogs. Recently, we discovered a heterodimeric

RAD51 paralog complex from C. elegans, RFS-1/RIP-1, which

stimulates the strand exchange activity of C. elegans RAD-51

and promotes its accumulation/stabilization at stalled replication

forks (Taylor et al., 2015; Ward et al., 2007). RFS-1/RIP-1 pro-

motes HR by binding to the pre-synaptic filament and converting

it to a stabilized conformation in which the ssDNA is more acces-

sible to degradation by nucleases and the overall flexibility of the
ors. Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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Figure 1. RFS-1/RIP-1 Shuts Down RAD-51-ssDNA Filament Dissociation

(A) Wide-field image of extended ScRPA-eGFP-ssDNA filaments, each anchored at both ends.

(B) Schematic depiction of (A) showing underlying ssDNA curtains anchored to the flow cell.

(C) Kymogram of a single filament over time in the absence of buffer flow. The ScRPA-eGFP complex is unperturbed by 1 mM RIP-1/RFS-1 (pre-incubated with

2 mM ATP for 10 min), as evident by the persistent GFP signal.

(D) RAD-51 is protected from replacement by ScRPA-eGFP in the presence of ATP both with and without flow, as indicated by the lack of ScRPA-eGFP binding.

(legend continued on next page)
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filament is increased. This represents a previously unknown

HR stimulatory mechanism, which we named filament ‘‘re-

modeling’’. RFS-1 mutants defective in remodeling fail to

stimulate RAD-51 strand invasion activity (Taylor et al., 2015),

defining remodeling as a critical mechanism of HR stimulation

by RFS-1/RIP-1.

In this study, we sought to better understand the mechanism

by which RAD51 paralogs execute RAD51 filament remodeling

and stabilization. We present evidence that RFS-1/RIP-1 binds

to the 50 end of individual RAD-51-ssDNA filaments and medi-

ates remodeling in a 50/30 direction, in a manner dependent

on ATP binding, but not hydrolysis by the complex. This blocks

the turnover of RAD-51 from ssDNA, thus stabilizing the pre-syn-

aptic filament in an active state. Together, these data define the

mechanism of RAD51 filament remodeling and HR enhancement

by RAD51 paralogs.

RESULTS

RFS-1/RIP-1 Shuts down RAD-51 Dissociation
from ssDNA
To investigate the mechanism by which RAD51 paralogs stabi-

lize pre-synaptic filaments, we monitored the stability of RAD-

51 filaments assembled on long (approximately 50 kb) ssDNA

curtains using the rebinding of fluorescently labeled yeast RPA

to naked ssDNA (ScRPA-eGFP, hereafter abbreviated to RPA)

(Figures 1A and 1B) (Gibb et al., 2014a; Qi et al., 2015). RPA

binds ssDNA with high affinity (Wold, 1997), and a molar of

excess RFS-1/RIP-1 (1 mM) was unable to outcompete RPA

binding to ssDNA curtains (Figure 1C), consistent with the low

ssDNA affinity of RFS-1/RIP-1 (Taylor et al., 2015). Like yeast

Rad51 (Qi et al., 2015), 1 mM RAD-51 effectively displaced

RPA from the ssDNA, as observed by the loss of eGFP fluores-

cence signal from ssDNA curtains (Figure 1D). The rate of RPA

displacement was increased at 2 mM RAD-51 (Figure 1E), which

was used for subsequent experiments to ensure rapid and com-

plete filament formation. Similar to yeast Rad51 (Gibb et al.,

2014b; Qi et al., 2015), RAD-51-ssDNA filaments remained sta-

ble when free RAD-51 was removed and replaced by RPA as

long as ATP was maintained in the buffer (Figures 1E and 1F).

In contrast, transfer into buffer without nucleotide co-factors

drove the rapid disassembly of RAD-51 filaments and re-estab-

lishment of the fluorescent RPA signal (Figures 1E and 1G).

Next, RAD-51 filaments formed in the presence of ATP were

incubated with 1 mM RFS-1/RIP-1, while maintaining ATP in the

buffer. Buffer with RPA, but without ATP, was then flowed onto

the curtains while maintaining 1 mM RFS-1/RIP-1 in free solution

to maintain its association from filaments. In contrast to RAD-51

alone,weobserveda striking stabilization of the filaments induced
(E) After RAD-51 filament assembly, free protein and ATPwerewashed out of the s

andcontaining 1nMScRPA-eGFP, demonstrating thedependenceofRAD-51onA

(F) RIP-1/RFS-1 (pre-incubated with 2mMATP for 10min) is able to bypass the AT

with the RAD-51 filament in the presence of ATP for 10min before ATPwas washe

ScRPA-eGFP to monitor for disassembly.

(G) Quantitation of the intensity of the ScRPA-eGFP signal over the time course

(H) Schematic depiction of RAD-51-ssDNA filament stabilization by RFS-1/RIP-1 i

(E) and (F).
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by RFS-1/RIP-1, which persisted for over an hour (Figures 1F and

1G). This result demonstrates that RFS-1/RIP-1 shuts downRAD-

51 turnover from ssDNA even when ATP is removed from the

buffer (Figure 1H). This also suggests that RFS-1/RIP-1-mediated

filament remodeling locks RAD-51 onto ssDNA by reducing its

dissociation rate (koff). We next sought to determine the mecha-

nism of action of RFS-1/RIP-1 in filament stabilization.

RFS-1/RIP-1 Binds the 50 Ends of RAD-51-ssDNA
Filaments
We previously employed immuno-gold labeling with electron

microscopy to show that RFS-1/RIP-1 preferentially binds to

the ends of RAD-51-ssDNA filaments compared to the filament

body, which was only ever observed at one end and never both

(Taylor et al., 2015). ssDNAmolecules are intrinsically 50/30 po-
lar with respect to the sugar-phosphate backbone, and crystal

structures of the yeast Rad51 (Conway et al., 2004) and bacterial

RecA (homolog of Rad51) (Chen et al., 2008) filaments assem-

bled on ssDNA have also revealed a structural polarity in the

filament with respect to the underlying DNA. We therefore

considered the possibility that RFS-1/RIP-1 recognizes the

intrinsic polarity of the ssDNA and/or RAD-51-ssDNA filament

and binds at an interface exposed on one end, but not the other.

Intriguingly, RFS-1/RIP-1 drives a reduction in the fluores-

cence of RAD-51-ssDNA filaments formed on a 50-Cy3-labeled
43-mer oligonucleotide in a stopped-flow system, representing

an alteration in the biophysical properties of the RAD-51-ssDNA

filament (Taylor et al., 2015). We reasoned this fluorescence

reduction may reflect the binding of RFS-1/RIP-1 at the 50 end,
and that if the end binding observed in electron microscopy

was random with respect to the underlying DNA polarity, then

an equivalent fluorescence reduction should be observed on

an oligonucleotide Cy3-labeled at the 30 end. However, mixing

RFS-1/RIP-1 with RAD-51-ssDNA filaments formed on DNA

labeled with Cy3 at the 30 end in stopped flow conferred no

such reduction in fluorescence (Figures 2A and 2B), suggesting

RFS-1/RIP-1 specifically binds the 50 end. We also monitored

the effect of RFS-1/RIP-1 on the fluorescence of RAD-51 fila-

ments formed on internally Cy3-labeled oligonucleotides, in

which the Cy3 was placed after the 11th or 22nd nucleotide

(Int(11)-Cy3 and Int(22)-Cy3, respectively) from the 50 end. The
fluorescence of these filaments was also unaffected by RFS-1/

RIP-1 (Figures 2A and 2B), confirming that RFS-1/RIP-1 is likely

to predominantly engage with the filament end compared with

the filament body. We verified that all four oligonucleotides

exhibit an increase in Cy3 fluorescence upon mixing with RAD-

51 in stopped flow, corresponding to RAD-51 nucleation on

DNA (Figures S1A and S1B), and directly confirmed RAD-51

filament formation occurred with similar efficiency on all four
olution and the filament was allowed to disassemble in buffer lacking nucleotide

TP for stability. ScRPA-eGFPbinding serves asaproxy forRAD51dissociation.

P requirement for RAD-51 filament stability. The RIP-1/RFS-1 is first incubated

d away from the flow cell. The flow cell was chased with RFS-1/RIP-1 and 1 nM

of the experiment for the data in (E) and (F).

n this assay. The images labeled (i) –(iv) represent the indicated observations in
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Figure 2. RFS-1/RIP-1 Binds the 50 End of Individual RAD-51-ssDNA Filaments

(A and C) Average normalized Cy3-43-mer fluorescence profiles plotted as a function of time. The arrow indicates the components of the two syringes rapidly

mixed at the 0 s time point in a stopped-flow instrument. The schematics of the different Cy3 label positions are shown in the inset. The RAD-51-ssDNA filaments

pre-formedwith 1 mMRAD-51 + 15 nMCy3-43-mer for 10minweremixedwith buffer ± 200 nMRFS-1/RIP-1. 50-, Int(11)-, Int(22)-, and 30-Cy3 constructs (n = 5–9)

(A). Int(2)-, Int(3), Int(5)-, and Int(7)-Cy3 constructs (n = 5–8) (C).

(B) Graph of average D Cy3 fluorescence for the data presented in (A) (the error bars represent SD).

(D) Graph of Cy3 position-dependence of DCy3 fluorescence in the presence of RFS-1/RIP-1 for the data presented in (A) (50-Cy3) and (C) (other constructs) (the

error bars represent SD).

(E) Quantification of % anti-FLAG-20-nm gold particle binding to RAD-51-ssDNA filaments ± RFS-1/RIP-1 formed on circular ssDNA.

(F) Quantification of an independent experimental repeat for the same experiment in (E).

(G) Quantification of%anti-FLAG-20-nmgold particle binding to RAD-51-ssDNA filaments ±RFS-1/RIP-1 formed on linearized ssDNA. ****Two-tailed Chi-square

test of independence, p < 0.0001. See also Figure S1.
oligonucleotides by electrophoretic mobility shift assay (EMSA)

(Figure S1D). Intriguingly, we observed that the rate of ssDNA

binding was reduced for RAD-51 binding near the 30 label, but
was faster on the other three constructs (Figure S1C). These

data are consistent with RAD-51 filament extension displaying

either a unidirectional polarity for the 50/30 direction or bidirec-

tional extension that occurs faster in the 30/50 direction than

50/30. Notably, similar differences in the rate of fluorescence in-
crease when monitoring 50 and 30 Cy3 labels have also been

observed for the assembly of yeast Rad51 on DNA in ensemble

stopped-flow (Antony et al., 2009) and single molecule protein-

induced fluorescence enhancement (PIFE) studies (Hwang and

Myong, 2014; Qiu et al., 2013). Our results therefore support a

conserved preference in directionality of filament extension on

naked ssDNA between yeast Rad51 and nematode RAD-51.

However, the kinetic profiles of filament formation for both
Molecular Cell 64, 926–939, December 1, 2016 929



proteins display several phases suggesting further complexities

in this process (Antony et al., 2009).

The reduction in fluorescence induced by RFS-1/RIP-1 on

RAD-51 filaments pre-formed on 50 Cy3-labeled ssDNA could

represent binding of RFS-1/RIP-1 to the 50 end or the conforma-

tional change in the remodeled filament (Taylor et al., 2015). To

investigate this, we first expanded the tested range of labeled

oligonucleotides to those in which the Cy3 was placed

after the second, third, fifth, or seventh nucleotide (Int(2)-Cy3,

Int(3)-Cy3, Int(5)-Cy3, and Int(7)-Cy3, respectively) in the same

stopped-flow experimental setup. We observed a clear length

dependency in the magnitude of fluorescence reduction con-

ferred by RFS-1/RIP-1 (Figures 2C and 2D). Significantly, there

was a linear relationship between magnitude of fluorescence

reduction and label position for the Cy3 labels between 0–5 nu-

cleotides from the 50 end (Figure 2D). This is consistent with the

fluorescence reduction reflecting RFS-1/RIP-1 binding at the 50

end, such that increasing distances away from the 50 end renders

the fluorophore less sensitive to changes in the environment

induced by RFS-1/RIP-1 binding.

We previously demonstrated in stopped-flow experiments

that at equilibrium, the final fluorescence of RAD-51-ssDNA in

the presence of RFS-1/RIP-1 is intermediate to naked 50 Cy3-
43-mer ssDNA and RAD-51-ssDNA alone (Taylor et al., 2015).

The mechanism of fluorescence reduction due to RFS-1/RIP-1

binding to the 50 end of the filament may represent a modulation

of the efficiency of RAD-51-induced PIFE, such that the overall

equilibrium PIFE of 50 Cy3-labeled ssDNA for the RAD-51/RFS-

1/RIP-1 complex is lower than that for RAD-51 alone. Recent

evidence suggests that Cy3 PIFE arises due to decreased pho-

toisomerization of the dye to the non-fluorescent cis when ste-

rically constrained by protein (Stennett et al., 2015). Indeed, our

single molecule fluorescence resonance energy transfer (FRET)

studies also established that RFS-1/RIP-1 converts RAD-51-

ssDNA filaments to a more flexible conformation (Taylor et al.,

2015). As such, the RFS-1/RIP-1-bound filament is expected

to be less sterically constrained nearby the 50 Cy3 dye, account-

ing for rapider photoisomerization and reduced PIFE. Further-

more, PIFE exhibits a strong and linear sensitivity to distance

between the protein binding site and label, with significant

effects induced in the 0–30 Å range (Hwang et al., 2011; Hwang

and Myong, 2014). Given that the average rise per nucleotide

along the axis of ssDNA within the RAD51 filaments is 5.1 Å

(Yu et al., 2001), one would predict modulation of RAD-51

PIFE due to RFS-1/RIP-1 filament association at the 50 end

should be detectable up to 5–6 nucleotides (25.5–30.6 Å) from

the 50 end, but no further and decline linearly with distance,

which is in very good agreement with our experimental data

(Figure 2D). Notably, the ssDNA conformation in RecA-ssDNA

filaments is non-uniform: for any given triplet, the first two nucle-

otides exhibit a rise similar to B-DNA, but the third is greatly

stretched (Chen et al., 2008). This might be expected to result

in a non-linear dependency between PIFE modulation and dis-

tance from the RFS-1/RIP-1 binding site within the 0–30 Å

range. However, the register of one filament relative to another

is likely to be random and therefore in the population of fila-

ments monitored in stopped-flow measurements, this nuance

is lost due to averaging.
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RFS-1/RIP-1 Recognizes an Interface Exposed at the 50

End of the Filament, but Not the 50 End of the Underlying
ssDNA
Wenext examined if RFS-1/RIP-1 binding to the 50 end of the fila-

ment requires a free 50 DNA end or if the filament end defined

by the terminal RAD-51 protomer is sufficient. To test this, we

analyzed RFS-1/RIP-1 binding to RAD-51 filaments formed on

circular ssDNA, which lacks DNA ends, by immuno-gold labeling

and electron microscopy. Filaments formed on circular ssDNA

tended to clump together more on the grid (Figure S1E) com-

pared to filaments on linear ssDNA (Figure S1F), consistent

with the constrained path of closed ssDNA molecules. Using

anti-FLAG-20-nm gold conjugates directed against the FLAG

tag on RIP-1, we observed RFS-1/RIP-1 binding to filaments

assembled on both linear and circular ssDNA (Figures 2E–2G

and S1E–S1J). This suggests RFS-1/RIP-1 primarily recognizes

the 50 filament end rather than the underlying 50 DNA end.

Furthermore, the ssDNA curtains used to demonstrate RAD-

51-ssDNA filament stabilization by RFS-1/RIP-1 (Figure 1) are

anchored to the flow cell at both ends and are therefore effec-

tively endless. Together, these observations suggest that the 50

end of ssDNA is not a major determinant of the structure recog-

nized by RFS-1/RIP-1. In addition, the likely substrate for RFS-1/

RIP-1 in vivo is a RAD-51 filament loaded at a ssDNA gap or 30

overhang ssDNA at resected double strand breaks, which lack

naked 50 ssDNA ends.

RFS-1/RIP-1 Propagates Remodeling and Stabilization
of RAD-51-ssDNA Filaments beyond Immediate
Proximity to the 50 End
Rather than representing 50 filament end binding, an alternative

interpretation of the stopped-flow data in Figure 2 is that the

fluorescence reduction induced by RFS-1/RIP-1 reflects the

altered conformation of the remodeled RAD-51-ssDNA filament,

with remodeling restricted to a short section of the filament

extending 5–7 nucleotides from the 50 end. We also previously

demonstrated DNaseI sensitization by RFS-1/RIP-1 on filaments

formed on 50 fluorescently labeled oligonucleotides (Taylor et al.,

2015), which could formally represent a localized conformational

change at the 50 filament end, since only cleavage products

retaining the 50 fluorescent label are detectable. Similarly, we

previously only tested filament stabilization by RFS-1/RIP-1

using 50 labeled oligonucleotides.

To distinguish between these possibilities, we sought to deter-

mine if these properties of remodeling propagate beyond this

restricted region close to the 50 filament end. We first performed

nuclease protection assays on a 61-mer substrate fluorescently

labeled at either the 50 or 30 end (Figure 3A). Interestingly, in the

presence of RAD-51, both substrates were protected to a similar

extent (Figure 3A), but the pattern of degradation products was

different (Figure S2). Longer degradation products were en-

riched for the 50 construct and shorter products enriched for

the 30 construct, suggesting DNaseI exhibits a degree of seq-

uence preference in its cleavage of ssDNA, as for dsDNA (Her-

rera and Chaires, 1994), and that cleavage events nearer the 30

end of this oligonucleotide predominate. Importantly, in the

presence of RFS-1/RIP-1, ssDNA degradation and formation of

all cleavage products, regardless of length, was enhanced on
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Figure 3. RFS-1/RIP-1 Induces Remodeling throughout RAD-51-ssDNA Filaments a Significant Distance beyond the 50 End
(A) DNaseI protection assay on protein-DNA complexes formed by RAD-51 and RFS-1/RIP-1 on 50 or 30 fluorescently labeled 61-mer ssDNA. The products were

resolved by native PAGE. The average extent of protection relative to RAD-51 only samples is quantified.

(B–D) Average normalized Cy3-43-mer fluorescence profiles plotted as a function of time. The arrow indicates the components of the two syringes rapidly mixed

at the 0 s time point in a stopped-flow instrument. TheRAD-51-ssDNA filaments pre-formedwith 1 mMRAD-51 + 15 nMCy3-43-mer and indicated concentrations

of RFS-1/RIP-1 for 10min weremixed with 100-fold excess unlabeled 43-mer (n = 9–11). 50-Cy3 construct (B); Int(11)-Cy3 construct (C); and 30-Cy3 construct (D).

(E) Graph of RFS-1/RIP-1 concentration-dependence of D Cy3 fluorescence for the data presented in (B)–(D).

(F) Graphs ofDCy3 fluorescence in the presence of RFS-1/RIP-1 as a%ofDCy3 fluorescence for RAD-51 only samples on constructs Cy3-labeled 50, 30, 3, 7, 11,
or 21 nt from the 50 end for the data presented in Figures S3A–S3F (n = 6–8; the error bars represent SD).

(G) Graphs ofDCy3 fluorescence in the presence of RFS-1/RIP-1 as a%ofDCy3 fluorescence for RAD-51 only samples on constructs Cy3-labeled 50, 30, 2, 3, 5,
7, 11 or 21 nt from the 50 end for the data presented in Figures S3G-S3N (n = 6–8; the error bars represent SD).

See also Figures S2 and S3.
both constructs (Figures 3A and S2). This suggests that the

DNaseI sensitization induced by RFS-1/RIP-1 reflects filament

remodeling, rather than 50 end binding, since the effect also

propagates along the filament to cleavage sites closer to the 30

end than the 50 end.
Second, we tested for propagation of RAD-51 filament stabili-

zation. Initially, we compared the stability of filaments formed on

the 50-Cy3, Int(11)-Cy3, and 30-Cy3 constructs used in Figure 2 to

unlabeled competitor DNA (Figures 3B–3E). In the absence of

RFS-1/RIP-1, the magnitude of fluorescence reduction induced
Molecular Cell 64, 926–939, December 1, 2016 931



by mixing RAD-51 filaments with 100-fold excess of unlabeled

competitor DNA corresponding to RAD-51 dissociation was

smallest for the 50 Cy3 labeled DNA (Figure 3B) and larger, but

roughly equivalent, for the Int(11)-Cy3 and 30-Cy3 constructs

(Figures 3C and 3D). This observation is consistent with the

fact that the fluorophores in these positions fluoresce more

intensely upon RAD-51 binding than Cy3 at the 50 position (Fig-

ures S1A and S1B) and therefore would be expected to exhibit

a larger fluorescence reduction to return to the intensity associ-

ated with naked DNA.

In the presence of RFS-1/RIP-1, strong, concentration-depen-

dent stabilization against filament disruption by competitor DNA

was observed for the 50-Cy3 construct, with 50 nM RFS-1/RIP-1

sufficient to almost completely stabilize the filament as previ-

ously reported (Figure 3B) (Taylor et al., 2015). However, no sig-

nificant stabilization was observed when monitoring the 30 Cy3-
labeled oligonucleotide (Figure 3D). In contrast, the Int(11)-Cy3

oligonucleotide exhibited a clear, concentration-dependent sta-

bilization, but the extent of stabilization at both concentrations

of RFS-1/RIP-1 was smaller than for the 50-Cy3 construct (Fig-

ure 3C). Given that RFS-1/RIP-1 did not induce a fluorescence

reduction in filaments formed on the Int(11)-Cy3 construct (Fig-

ure 2A), these data support the view that the fluorescence reduc-

tion reported in Figure 2 represents the binding of RFS-1/RIP-1

to the 50 end, which only induces a change in the biophysical

properties of the Cy3 label when it is in close proximity (approx-

imately 5–7 nucleotides) to the 50 end and not the remodeling of

the filament. However, RFS-1/RIP-1 induces a remodeled con-

formation that propagates along the filament at least as far as

11 nucleotides from the 50 end, since the filament exhibits partial

stabilization at this position.

These results raised the possibility that filament remodeling

and stabilization could be propagated through the filament

from the 50 end with a 50/30 polarity following RFS-1/RIP-1

binding, such that RAD-51 protomers nearer the 50 end are

more significantly stabilized. This model is supported by the

fact that the magnitude of stabilization observed on the Int(11)-

Cy3 construct is intermediate to that on the 50-Cy3 construct,

whereas the 30-Cy3 construct exhibited no stabilization (Fig-

ure 3E). To monitor possible stabilization propagation further,

we expanded the competition experiments to the other internally

labeled constructs used in Figure 2. We also quantified the

extent of stabilization observed with RFS-1/RIP-1 relative to

RAD-51 alone (Figures 3F and 3G), rather than analyzing the

absolute fluorescence reduction (Figure 3E). This normalization

accounts for the inherent difference in themagnitude of Cy3 fluo-

rescence changes associated with RAD-51 binding (Figures S1A

and S1B) and dissociation (Figures 3B–3D and S3) from the

different constructs, allowing exclusive analysis of the position-

dependency of stabilization with respect to 50 filament end

binding of RFS-1/RIP-1. If the 50 end propagation model is

true, we predicted that there would be a direct relationship be-

tween Cy3 label position and the extent of filament stabilization

by a fixed concentration of RFS-1/RIP-1, analogous to that

observed in Figure 2D.

Strikingly, in two independent experiments (Figures 3F, 3G,

and S3), we failed to detect a strong correlation between the

extent of filament stabilization and Cy3 label position within the
932 Molecular Cell 64, 926–939, December 1, 2016
first 21 nucleotides. As before, 50 nMRFS-1/RIP-1was sufficient

to completely stabilize the filament when monitoring the 50 end,
whereas no stabilization was observed at the 30 end. In contrast,

all internal labels tested showed a concentration-dependent

(Figures 3G and S3G–S3N), but intermediate stabilization effect,

even as close as two nucleotides from the 50 end (Figures 3F and

3G). These results may be explained by a model in which RFS-1/

RIP-1 exhibits two distinct modes of filament stabilization. First,

RFS-1/RIP-1 binding to the 50 end may sterically impair RAD-51

dissociation from the DNA entirely, accounting for the dramatic

stabilization exhibited by 50 nM RFS-1/RIP-1 at the 50 end. Sec-
ond, RFS-1/RIP-1-induced filament remodeling may also alter

the biophysical properties of the filament, which slows the rate

of RAD-51 dissociation from the DNA internally, and this propa-

gates along the filament at least as far as 21 nucleotides from the

50 end. This would account for the intermediate stabilization

effect exhibited at Cy3 label positions from 2–21 nucleotides

from the 50 end.

RFS-1/RIP-1 Propagates Filament Stabilization from the
50 End with 50/30 Polarity
To further test the 50 end propagation model, we tested if stabi-

lization declined between 21 nucleotides and the 30 end by

expanding the range of oligonucleotides analyzed to include

those labeled after the 33rd, 38th, or 41st nucleotide (Int(33)-

Cy3, Int(38)-Cy3, and Int(41)-Cy3, respectively), as well as the

50-Cy3, Int(21)-Cy3 and 30-Cy3 constructs (Figures 4A–4G). We

compared the stability of RAD-51 in the presence or absence

of 50 nM RFS-1/RIP-1 on these constructs and observed a pro-

found length-dependent decline in the magnitude of stabilization

(Figure 4G). Specifically, a similar magnitude of stabilization

was observed on the Int(21)-Cy3 construct in the presence of

RFS-1/RIP-1 to previous experiments (Figures 3F, 3G, S3E,

S3M, 4B, and 4G), with a fluorescence reduction of approxi-

mately 40%–50% of that for RAD-51 only. As the Cy3 dye posi-

tion was moved toward the 30 end, this fluorescence reduction

relative to RAD-51 increased progressively (Int(33)-Cy3: 61%;

Int(38)-Cy3: 68%; Int(41)-Cy3: 82%; and 30-Cy3 [43 nucleotides]:

99%). Therefore, the cutoff point where significant stabilization

was no longer detectable occurs approximately 40 nucleotides

from the 50 end (Figure 4G). These results demonstrate filament

stabilization propagates a significant distance through the length

of the filament from the 50 end with 50/30 polarity.
Next, wewished to verify that the failure of RFS-1/RIP-1 to sta-

bilize the filament at a 30 end and confer weak stabilization at the

Int(38)-Cy3 and Int(41)-Cy3 labels was due to termination of re-

modeling propagation rather than the influence of possible addi-

tional biophysical properties of the 30 filament end that could

drive faster RAD-51 turnover in this locality. To this end, we

monitored filament stability on 50 and 30 Cy3-labeled 23-mer

oligo(dT) constructs (Figures 4H–4J). As previously reported,

RFS-1/RIP-1 almost completely stabilizes the 50 end of this

construct (Figure 4H) (Taylor et al., 2015). Notably, the same con-

centration (50 nM) of RFS-1/RIP-1 that was used in the above ex-

periments on 43-mer constructs was also able to induce a strik-

ing stabilization at the 30 end of the 23-mer construct (Figure 4I).

The magnitude of fluorescence reduction relative to RAD-51

alone was 41.9% ± 1.4% (Figure 4J), which is comparable to
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Figure 4. RFS-1/RIP-1 Binding Propagates a Stabilizing Effect along RAD-51-ssDNA Filaments with 50/30 Polarity
(A–F) Average normalized Cy3-43-mer fluorescence profiles plotted as a function of time. The RAD-51-ssDNA filaments pre-formed with 1 mM RAD-51 + 15 nM

Cy3-43-mer ± 50 nM RFS-1/RIP-1 for 10 min were mixed with 100-fold excess unlabeled 43-mer. The label position is indicated at the top center of each profile.

The data were pooled from three independent experiments (n = 19–22). (A) 50-Cy3 construct. (B) Int(21)-Cy3 construct. (C) Int(33)-Cy3 construct. (D) Int(38)-Cy3

construct. (E) Int(41)-Cy3 construct. (F) 30-Cy3 construct.

(G) Graph of Cy3 position-dependence ofDCy3 fluorescence in the presence of RFS-1/RIP-1 as a% of DCy3 fluorescence for RAD-51 only samples for the data

presented in (A)–(F) (the error bars represent SEM).

(H and I) Average normalized Cy3-23-mer fluorescence profiles plotted as a function of time. The RAD-51-ssDNA filaments were pre-formed with 750 nM RAD-

51 + 15 nM Cy3-23-mer ± 50 nM RFS-1/RIP-1 for 10 min, then mixed with 100-fold excess unlabeled 23-mer. The label position is indicated at the top center of

each profile. The data were pooled from two independent experiments (n = 12–16). (H) 50-Cy3 construct. (I) 30-Cy3 construct.

(J) Graph of D Cy3 fluorescence in the presence of RFS-1/RIP-1 as a % of D Cy3 fluorescence for RAD-51 only samples for the data presented in (H) and (I) (the

error bars represent SEM).
that observed on the Int(21)-Cy3 43-mer construct (Figures 3F,

3G, and 4G), which is labeled at a similar position downstream

of the 50 end. Notably, this is in complete contrast to the effect

observed at the 30 end of the 43-mer (Figures 3D–3G, S3F,

S3N, 4F, and 4G). This result reinforces the above evidence

that stabilization propagates approximately 40 nucleotides and

is not antagonized by unique properties of the 30 filament end.

Together, these data demonstrate that RFS-1/RIP-1 binding at

the 50 filament end is able to induce a conformational change in

the filament beyond the locality of its binding site, which mani-
fests in DNaseI sensitization and stabilization against competitor

DNA. The stopped-flow stability assays reveal in high resolu-

tion the magnitude and 50/30 polarity of the propagation of

remodeling.

RFS-1/RIP-1 50 End Filament Binding Is Dependent on
Nucleotide Binding, but Not Hydrolysis
RFS-1/RIP-1 contains ATP binding Walker motifs (Walker et al.,

1982), and the Walker A and B boxes of RFS-1 are required for

RAD-51-ssDNA filament remodeling and stimulation of strand
Molecular Cell 64, 926–939, December 1, 2016 933



exchange activity (Taylor et al., 2015). We considered the possi-

bility that a defect in ATP binding or hydrolysis underlies the fail-

ure of thesemutants tomediate filament remodeling. To test this,

wemonitored the ability of wild-type RFS-1/RIP-1 pre-incubated

with different concentrations of ATP to induce a fluorescence

reduction in RAD-51 filaments pre-formed on 50 Cy3 labeled

ssDNA in the presence of 2 mM ATP. Strikingly, we observed a

strong concentration-dependent effect of ATP on the magnitude

of fluorescence reduction, with no fluorescence reduction seen

when RFS-1/RIP-1 was not pre-incubated with ATP (Figures

5A and 5B), suggesting RFS-1/RIP-1 must be nucleotide-bound

to associate with RAD-51-ssDNA filaments.

The lack of response of RFS-1/RIP-1 not pre-incubated with

ATP in this assay is surprising since RFS-1/RIP-1 encounters

1 mM ATP contributed from the RAD-51-ssDNA filament syringe

upon mixing in stopped flow. In addition, the ATP concentration

dependency of the filament response to RFS-1/RIP-1 occurs

at relatively high ATP concentrations. To test if RFS-1/RIP-1

binds ATP weakly and slowly, we compared RAD-51 and RFS-

1/RIP-1 binding to a fixed concentration of the fluorescent

ATP analog TNP-ATP. RAD-51 has a high affinity for TNP-ATP

(KD �3.5 mM), whereas RFS-1/RIP-1 exhibited a weak res-

ponse and failed to achieve saturation within the testable con-

centration range (Figures S4A and S4B). We also monitored

RAD-51 and RFS-1/RIP-1 binding to 0.5 mM MANT-ATP, an

ATP analog that becomes fluorescent upon binding to protein,

by stopped flow. Both proteins exhibited a concentration-

dependent binding of MANT-ATP to the protein in the testable

range (0–8 mM), and RAD-51 exhibited a much stronger MANT-

ATP binding response than RFS-1/RIP-1 (Figure S4E). RAD-51

also binds MANT-ATP rapidly, causing a strong increase in fluo-

rescence (Figure S4C), whereas RFS-1/RIP-1 binds much more

slowly, causing a very small fluorescence response before the

onset of MANT-ATP photobleaching (Figure S4D).

Together, these results indicate that RFS-1/RIP-1 has a low

nucleotide affinity, which is in part due to a slow nucleotide

binding rate (kon). Therefore, when RFS-1/RIP-1 mixes with

1 mM ATP from the RAD-51-ssDNA syringe (Figure 5A), its

slow and weak ATP binding does not allow sufficient active com-

plex to assemble within the 60 s timescale of the stopped-flow

experiment to undergo detectable filament binding. We also

validated that RFS-1/RIP-1 does not become inactivated by

prolonged incubation in the absence of nucleotide, since the

filament binding response is rescued by introducing ATP to the

RFS-1/RIP-1 syringe after initial pre-incubation in the absence

of nucleotide (Figures S4F and S4G).

To determine the nucleotide requirements of RFS-1/RIP-1 ac-

tivity, we performed similar experiments in which RFS-1/RIP-1

was pre-incubated with ADP (Figures 5C and 5D), the product

of ATP hydrolysis, or ATPgS (Figures 5E and 5F), a non-hydro-

lysable ATP analog. Both nucleotides induced an equivalent

magnitude of fluorescence reduction in the stopped-flow assay

compared to that observed in the presence of ATP (D Cy3 fluo-

rescence =�0.08 to�0.09, 50 nMRFS-1/RIP-1) (Figures 5D and

5F), suggesting that RFS-1/RIP-1 requires nucleotide binding,

but not hydrolysis for normal 50 filament end association.

Next, we wanted to test if RAD-51-ssDNA filaments remodeled

by ADP- or ATPgS-bound RFS-1/RIP-1 become as efficiently
934 Molecular Cell 64, 926–939, December 1, 2016
stabilized as those remodeled by ATP-bound RFS-1/RIP-1. To

test this, we employed the ssDNA curtains system, which allows

for multiple buffer exchanges. As before (Figure 1), RAD-51-

ssDNA filaments were first assembled on ssDNA curtains in

the presence of ATP, while RFS-1/RIP-1 was pre-incubated in

buffer supplemented with ADP or ATPgS. After filament assem-

bly, RAD-51 and ATP were removed and RFS-1/RIP-1 injected

with ADP or ATPgS buffer and incubated for 10 min to bind fila-

ments. Excess protein and nucleotide was washed away for

2 min with a buffer lacking nucleotide, before injecting RFS-1/

RIP-1 and RPA in the same buffer to assess stability in the

same way as in Figure 1. We observed RFS-1/RIP-1 incubated

with either ADP (Figure 6B) or ATPgS (Figure 6C) are able to sta-

bilize RAD-51 filaments as effectively as in the presence of ATP

(Figures 6A and 6D).

Together, these results demonstrate that nucleotide binding is

necessary and sufficient to activate the 50 filament end binding

and remodeling activities of RFS-1/RIP-1, whereas nucleotide

hydrolysis by the complex is dispensable for these functions.

The Walker box mutants of RFS-1 also fail to induce a fluores-

cence reduction on pre-formed RAD-51-ssDNA filaments, which

mimics the situation observed for nucleotide-free RFS-1/RIP-1

(Figures 5A and 5B). These data therefore suggest that the

Walker box mutants of RFS-1 are likely to be defective for ATP

binding, which could explain their overall failure to remodel

RAD-51-ssDNA filaments (Taylor et al., 2015).

DISCUSSION

Mechanism of RAD51 Filament Remodeling by RAD51
Paralogs
Our previous work revealed a function for RAD51 paralogs in re-

modeling RAD51 pre-synaptic filaments to a relaxed and stable

structure, which is more proficient for strand invasion (Taylor

et al., 2015). Despite these insights, important mechanistic ques-

tions remained unresolved, particularly in relation to the precise

nature of filament stabilization, how the RAD51 paralogs engage

with the pre-synaptic filament, and the role of nucleotide co-fac-

tors in this process. We establish here that RAD51 paralogs act

by capping the 50 end of the pre-synaptic filament in a nucleo-

tide-dependent manner, which induces a conformational transi-

tion that propagates along the filament in a 50/30 direction.
This extends up to 40 nucleotides away from the 50 end of the

filament and shuts down the dissociation of RAD-51 from ssDNA

(Figure 7A).

Molecular Basis of RFS-1/RIP-1 Binding to the 50

Filament End
A major question arising from our work is how RFS-1/RIP-1 en-

gages with the 50 filament end. Interestingly, modeling of the

crystal structure of Psy3-Csm2 from the budding yeast Shu

complex, which contains divergent RAD51 paralogs, revealed

that it could be specifically docked onto the 50 end of the yeast

RAD51 filament crystal structure (Conway et al., 2004; Sasa-

numa et al., 2013). In contrast, docking to the 30 end was asso-

ciated with steric clashes rendering such an association less

plausible (Sasanuma et al., 2013). Our study provides experi-

mental evidence that RAD51 paralogs recognize an intrinsic
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Figure 5. Binding of RAD-51-ssDNA Filaments Requires ATP Binding, but Not Hydrolysis by RFS-1/RIP-1

(A) Average normalized Cy3-43-mer fluorescence profiles plotted as a function of time. The arrow indicates the components of the two syringes rapidly mixed at

the 0 s time point in a stopped-flow instrument. The RAD-51-ssDNA filaments pre-formed with 1 mM RAD-51 + 15 nM Cy3-43-mer for 10 min were mixed with

buffer with the indicated concentration of ATP ± 50 nM RFS-1/RIP-1 (n = 7–9).

(B) Graph of ATP-dependence of D Cy3 fluorescence in the presence of RFS-1/RIP-1 for the data presented in (A) (the error bars represent SD).

(C) Average normalizedCy3-43-mer fluorescence profiles plotted as a function of time. The RAD-51-ssDNA filaments pre-formedwith 1 mMRAD-51 + 15 nMCy3-

43-mer for 10 min were mixed with buffer with the indicated nucleotide ± 50 nM RFS-1/RIP-1 (n = 8–9).

(D) Graph of average D Cy3 fluorescence for the data presented in (C) (the error bars represent SD).

(E) Average normalized Cy3-43-mer fluorescence profiles plotted as a function of time. The RAD-51-ssDNA filaments pre-formedwith 1 mMRAD-51 + 15 nMCy3-

43-mer for 10 min were mixed with buffer with the indicated nucleotide ± 50 nM RFS-1/RIP-1 (n = 4–8).

(F) Graph of average D Cy3 fluorescence for the data presented in (E) (the error bars represent SD).

See also Figure S4.
polarity within the RAD51 filament and bind specifically to the 50

end. Given that RFS-1 mutants that abolish the ability of RFS-1/

RIP-1 to drive the fluorescence reduction associated with 50
filament end binding also fail to mediate remodeling and stabili-

zation (Taylor et al., 2015), we propose that normal 50 filament

end binding is a pre-requisite for initiation of remodeling.
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Figure 6. Nucleotide Hydrolysis by RFS-1/

RIP-1 Is Dispensable for RAD-51-ssDNA

Filament Stabilization

(A–C) Kymograms showing the rapid exchange of

ScRPA-eGFP by 2 mM RAD-51 in the presence of

2 mM ATP and the subsequent stabilization on the

RAD-51 filament by the RFS-1/RIP-1 complex

when it is pre-incubated for 10 min with 2 mM ATP

(A), ADP (B), or ATPgS (C). Free RAD-51 and ATP

were washed out of the flow cell before the injec-

tion of RFS-1/RIP-1, which is pre-incubated with

the indicated nucleotide before injection. The

RIP-1/RFS-1 is incubated with RAD-51 filaments

in the flow cell for 10 min before free nucleotide

was washed away and more RIP-1/RFS-1 is flown

in with buffer containing 1 nM ScRPA-eGFP. The

buffer conditions inside the flow cell during the

incubations are indicated below the kymograms.

ScRPA-eGFP binding serves as a proxy for RAD51

dissociation.

(D) Quantitation of the intensity of the ScRPA-

eGFP signal over the time course of the experi-

ment for the data in (A)–(C). Data with ATP (blue

trace) is reproduced from Figure 1G for compari-

son purposes to the other nucleotide analogs.
In the future, it will be important to establish tractable methods

to obtain atomic resolution structural models of RAD51 paralogs

bound toRAD51filaments, tobetter understand the intricacies un-

derlying filament capping and remodeling. Docking of the yeast

Csm2-Psy3 heterodimer and Rad51-ssDNA filament crystal

structures was achieved by modeling the complex as a direct

extension of the filament (Sasanuma et al., 2013), consistent

with the fact that the fundamental repetitive units of the yeast

Rad51 filament are Rad51 homodimers, which assemble in tan-

demwithadistinctive interface to that between the twomonomers

of eachhomodimerpair (Conwayet al., 2004).Bothprotomer-pro-

tomer interfaces involve the ATP binding pockets of adjacent pro-

tomers and bound ATP co-factor (Conway et al., 2004), similar to
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that observed in the RecA-ssDNA crystal

structure (Chen et al., 2008). Csm2-Psy3

may be a good model for RFS-1/RIP-1

since Psy3, like RIP-1, only contains a

Walker B box (Martı́n et al., 2006), while

Csm2, despite lacking sequence homol-

ogy with RAD51, adopts a RAD51-like

fold (Sasanuma et al., 2013; She et al.,

2012; Tao et al., 2012). Accordingly,

Csm2 is proposed to dock directly to the

50 filament end, while Psy3 is distal (Sasa-

numa et al., 2013), consistent with the fact

that RFS-1, but not RIP-1, interacts with

RAD-51 in yeast two hybrid (Taylor et al.,

2015). In addition, recent work identified

a homolog of the SWIM domain-contain-

ing protein of the Shu complex (yeast

Shu2 or human SWS1) (Liu et al., 2011;

Martı́n et al., 2006) in C. elegans, SWS-1

(Godin et al., 2015; McClendon et al.,
2016). SWS-1 interacts with RIP-1, but not RFS-1, in a manner

dependent on the RIP-1 Walker B box aspartic acid residue 131

(McClendon et al., 2016). Notably, the same D131A mutation in

RIP-1 does not dramatically interfere with the RFS-1/RIP-1 inter-

action in yeast two hybrid (Taylor et al., 2015), consistent with

this residueexhibitinggreater functional importance inmaintaining

aRIP-1/SWS-1 interface. SAXSdata also indicate thatShu2 asso-

ciateswithPsy3 rather thanCsm2 (Sheetal., 2012) and,bydeduc-

tion, distal to the 50 filament end. Together, these observations

support a model in which RFS-1 directly contacts RAD-51 at the

50 filament end and RIP-1 is positioned distally, allowing it to

interact with SWS-1 (Figures 7B and 7C). How SWS-1 influences

filament binding and remodeling remains to be tested.
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Figure 7. Model for the Proposed Mechanism of RAD51-ssDNA Filament Remodeling by RAD51 Paralogs

(A) RFS-1/RIP-1 binds the 50 end of individual RAD-51-ssDNA filaments and propagates a stabilizing effect with 50/30 polarity up to 40 nucleotides from the 50

end. In the context of a larger pre-synaptic complex, such as in ssDNA curtain experiments, RFS-1/RIP-1 may cap RAD-51-ssDNA filaments arising from

separate nucleation events to allow stabilization of the entire assembly.

(B and C) Putative model for the interaction network between RAD51, RAD51 paralogs, and Shu complex proteins from C. elegans (B) and S. cerevisiae (C) in the

context of the RAD51-ssDNA filament 50 end. Hypothetical positions of critical residues for these interactions from the Walker boxes and SWIM domain of

C. elegans RAD-51, RFS-1, RIP-1, and SWS-1 are indicated. The equivalent protein features identified in the S. cerevisiae proteins are also noted.
Another key question is how do nucleotide co-factors contri-

bute to 50 filament end recognition? Since the RFS-1/RAD-51

interaction is highly sensitive to mutations in their Walker boxes

(Taylor et al., 2015) and RFS-1/RIP-1 must be nucleotide-bound

tomediate normal 50 filament end binding, a nucleotide co-factor

may sit at the proposed RAD-51/RFS-1 interaction interface, but

nucleotide binding may also be required between RFS-1 and

RIP-1 to allow them to adopt an active form. RFS-1/RIP-1 bound

to ADP was equally efficient as ATP in 50 filament end binding,

raising the question of exactly which nucleotide binds each of

these proposed interfaces physiologically.

EM experiments on circular ssDNA revealed filament binding

is independent of a 50 DNA end. This is supported by the fact

filament binding by RFS-1/RIP-1 is detectable in stopped flow

even when the native 50 DNA end is modified by the Cy3 dye.

Notably, RFS-1/RIP-1 also readily stabilizes the RAD-51 fila-

ments in the ssDNA curtain assays, even though the long ssDNA

molecules have no accessible 50 ends. In these assays, it is likely

that RFS-1/RIP-1 binds to the 50 filament termini located be-

tween filament discontinuities (Figure 7A). RFS-1/RIP-1 may

still contact the ssDNA backbone during filament capping. In

EMSA, RFS-1/RIP-1 binds ssDNA very weakly, but strongly

enriches equilibrium protein-ssDNA complex levels in the pres-

ence of RAD-51 (Taylor et al., 2015). Thus, RFS-1/RIP-1 could
contact ssDNA with higher affinity in the context of a pre-estab-

lished RAD-51 filament. Both RAD-51 and ssDNA contacts by

RFS-1/RIP-1 could therefore be required for its filament capping

activity.

Interplay between HR Regulators in Pre-synaptic
Complex Regulation
In contrast to Psy2-Csm3, the crystal structure of a fragment of

human BRCA2 fused to RAD51 can bemodeled as binding the 30

end of the yeast Rad51 filament (Pellegrini et al., 2002; Sasa-

numa et al., 2013). This is consistent with electron microscopy

studies demonstrating 30 filament end binding of full-length

BRCA2, suggesting BRCA2 promotes filament growth with

30/50 polarity, at least on naked ssDNA (Shahid et al., 2014).

Our data on spontaneous assembly of RAD-51 filaments are

consistent with unidirectional filament extension in the 50/30 di-
rection, as has also been interpreted for yeast Rad51 (Antony

et al., 2009; Hwang andMyong, 2014; Qiu et al., 2013) or bidirec-

tional assembly occurring more rapidly 30/50 than 50/30.
BRCA2 may restrict filament extension polarity to 30/50, which

importantly would leave the 50 end of the extending filament free

for binding by RAD51 paralogs.

Given the distinct filament binding polarity exhibited by

BRCA2 and RFS-1/RIP-1, it will be interesting to analyze the
Molecular Cell 64, 926–939, December 1, 2016 937



interplay between the nematode BRCA2 ortholog, BRC-2, and

RFS-1/RIP-1 during filament assembly and remodeling, since

these proteins may synergize in these processes on naked

and/or RPA-bound ssDNA. Indeed, it was recently shown that

although the yeast RAD51 paralog complex Rad55-Rad57 and

the Shu complex do not stimulate Rad51 binding to RPA-coated

ssDNA, they significantly synergize with Rad52 in this process

(Gaines et al., 2015). We have also observed that RFS-1/RIP-1

stimulates filament formation in the presence of ATP (Taylor

et al., 2015), so it is possible this activity may synergize with

BRC-2. In addition, by capping opposing ends of filaments,

BRC-2 and RFS-1/RIP-1 may even exhibit a degree of allostery

in mediating filament remodeling and stability. In the case of

the b2-adrenergic and m-opioid G protein coupled receptors,

binding of agonists is not sufficient to drive the complete estab-

lishment of the active conformation of the receptor and full acti-

vation requires heterotrimeric G protein engagement (Manglik

et al., 2015; Sounier et al., 2015). As such, anchoring of the 30 fila-
ment end by BRC-2 could co-operatively enhance filament re-

modeling by RFS-1/RIP-1 to allow propagation beyond the 40

nucleotide threshold defined in this study.

Propagation of RAD51 Filament Remodeling and
Stabilization
Another critical structural question is exactly how RFS-1/RIP-1

propagates a biophysical change along the filament to a point

considerably distal to its binding site, manifested as stabilization

andnuclease-sensitizationof the filament beyond the region in im-

mediateproximity to the50 filamentendwhereRFS-1/RIP-1binds.

One possible mechanism is that the binding of RFS-1/RIP-1 in-

duces a conformational change in the proximal RAD-51 protomer

in the filament. This in turn could modulate the interface between

this RAD-51 molecule and an adjacent, distal RAD-51 protomer,

ultimately propagating remodeling with 50/30 polarity through

allosteric communication between adjacent RAD-51 monomers

within the filament, up to 40 nucleotides (13–14 RAD-51 proto-

mers) from the end. Such long-range conformational propagation

in response to a binding event by proteins and/or small molecule

ligands iswell established for signal transductionbymembrane re-

ceptors, such as G protein coupled receptors upon agonist and

heterotrimeric G protein binding (Manglik et al., 2015; Sounier

et al., 2015). It is therefore conceivable that long ranging organiza-

tional changes could occur throughout RAD51 filaments in res-

ponse to terminal binding events by RAD51 paralogs.

In conclusion, our study provides insights into the molecular

mechanism of RAD51-ssDNA filament remodeling by RAD51

paralogs, paving the way for future structural studies of this

process, and interplay with other HR mediators.

EXPERIMENTAL PROCEDURES

All experiments were performed at 25�C. For stopped-flow experiments,

equal volumes of the indicated components were rapidly mixed and Cy3

fluorescence monitored for 1 min. Raw data sets were normalized as follows:

for RAD-51 ssDNA binding (Figure S1) andRFS-1/RIP-1 filament binding exper-

iments (Figures2and5),normalized to thestartingvalue forCy3fluorescence; for

competition experiments (Figures 3, 4, and S3), normalized to the value for Cy3

fluorescence at the 2.01998 s time point and truncated before this. ssDNA cur-

tains were prepared by rolling circle amplification of an M13mp18 single-strand
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plasmid, tetheredat bothends in a flowcell, and visualizedbybindingof ScRPA-

eGFP. RAD-51 filaments were assembled by flushing out ScRPA-eGFP and

flowing inRAD-51 in thepresenceofATP.Filamentswereequilibratedwithbuffer

containing the indicated nucleotide before incubation with RFS-1/RIP-1. To

assess filament stability, RAD-51 was removed and replaced with ScRPA-

eGFP in the absence of ATP, while maintaining RFS-1/RIP-1 in the buffer. For

quantification, the fluorescence intensity of individual kymograms was adjusted

to the background and normalized to the starting value. Immuno-gold EM was

performed by incubating proteins (1 mM RAD-51 and 0.1 mM RFS-1/RIP-1) and

circular p8064 ssDNA or linearized PhiX ssDNA, then incubating with anti-

FLAG antibody conjugated to 20-nm gold particles, stainingwith uranyl acetate,

and imaging. For nuclease protection assays, protein-DNA complexes were

assembled on 50 or 30 fluorescently labeled 61-mer ssDNA before challenging

with DNaseI, deproteinizing, and resolving DNA products by PAGE. See also

Supplemental Experimental Procedures online.
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