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ABSTRACT
Single-molecule observations of human RPA, RAD51, and RAD52 on single-stranded
DNA
Chu Jian Ma
Deoxyribonucleic acid (DNA), like the hard drive in a computer, stores all the essential
information for cell function and survival in nearly every single cell in our body. Four
different bases are the building blocks of DNA that encode all the messages. As each cell
divides, it must pass down its entire genomic DNA to both of its daughter cells. Given
the vast amount of data that exists, many errors occur naturally every day and threaten
the integrity of this biological hard drive. Normal cells are equipped with many repair
tools to quickly and effectively respond to the lesions. When some of these errors disrupt the tightly regulated cell division, cells could undergo changes like an increase in
the rate of division that eventually lead to cancer. One type of DNA damage that has a
high propensity to cause genetic instability is the double-stranded break (DSB). Therefore,
mechanisms that repair DSB are an important area of study in the fight against cancer and
cancer causing syndromes.
One of these repair pathways is homologous recombination (HR), which uses homologous sequences from either a sister chromatid or a homologue to fill in the information
lost during a DSB. This homology pairing reaction requires a class of ATP-dependent proteins known as recombinases, with RAD51 being the one for humans. During HR, the
early stages before pairing involve resection of the newly generated DSB ends to generate single-stranded DNA (ssDNA) overhangs, which are protected from degradation by

replication protein A (RPA). RAD51 needs to displace the RPA from ssDNA and form a
filament (the presynaptic complex) in order to initiate homology search. This process can
be sped up by recombination mediators, which act to help RAD51 overcome the strong
affinity of RPA for ssDNA that inhibits RAD51 binding and filament formation. Although
Rad52 is the most important mediator in budding yeast, human RAD52 does not appear
to have mediator function despite a high level of structural conservation. However, human RAD52 mediates ssDNA annealing and its deficiency is synthetic lethal with several
important recombination proteins. Here, I use the single-molecule imaging technique of
DNA curtains to visualize in real-time the competition and cooperativity between RPA,
RAD52, and RAD51 on ssDNA through fluorescent labeling of RPA and RAD52.
Using ssDNA curtains, I examine the conservation of facilitated dissociation from budding yeast to humans and show it does not require species-specific contacts. I also monitor
the interactions of RAD52 with the RPA-ssDNA and find another point of conservation in
the ability of RAD52 to upregulate the stability of RPA on ssDNA concerning facilitated
dissociation. These RAD52-RPA-ssDNA complexes are long-lived; however, they are effectively displaced by RAD51 during filament assembly and do not re-bind appreciably
to the RAD51 filament. Although RAD51 can still assemble on RAD52-RPA-ssDNA, I observe a significant inhibition on its nucleation (the first step in filament formation), but
not elongation, by the presence of free RPA in solution. As DNA curtains allow efficient
exchange of buffers in the micro-fluidic chambers while keeping ssDNA molecules tethered, I am able to follow individual DNA molecules overtime as they undergo different
binding and filament assembly and disassembly reactions.
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Chapter 1
Introduction

Our genomic material contains all the information necessary for life on earth for unicellular and multicellular organisms alike. This vast amount of information (6 billion base
pairs in humans) is contained in almost every cell in a multi-celled organism and therefore generates many opportunities for damage and subsequent repair. Genomic material
is susceptible to damage from many different sources: exogenous sources like UV radiation, genotoxins, and endogenous sources like cellular metabolism, reactive oxygen
species, and replication fork blocks (Aguilera and García-Muse, 2013). One particularly
harmful type of damage is the double strand break (DSB), the disruption of the covalent
bonds linking the phosphate backbone of DNA on both strands. Repair for this type of
damage is achieved through many pathways that are regulated in both space and time:
1

location along the chromosome and which point during the cell cycle the DSB occurred.
The main pathways for the repair of DSB include: 1) Non-homologous end joining (NHEJ),
2) Microhomology mediated end joining (MMEJ), and 3) homologous recombination (HR)
(see figure 1.1). I will briefly go over the basics of these various pathways with an emphasis on HR.

1.1 Double-stranded break repair
NHEJ is the predominate pathway for DSB repair in human cells, particularly during the
G1 phase (Rothkamm et al., 2003). NHEJ involves minimal processing, is not template
dependent, and is prone to chromosomal addition, deletion, and translocation if multiple
DSBs are erroneously rejoined (Daley and Wilson, 2005). In NHEJ, the ends are bound by
the Ku70-Ku80 heterodimer, which keeps the two ends together, protects them against
degradation, and recruits DNA ligase IV along with accessory factors (Xrcc4) to ligate
the two DNA ends (see figure 1.2). These proteins are well conserved from yeast to humans (figure 1.3). MMEJ differs from NHEJ in that it does not require the Ku70-Ku80
complex but has a more extensive microhomology requirement: while NHEJ uses overlapping bases 1-3 nucleotides in length, MMEJ uses microhomologies on the order of 6-25
nucleotides in yeast. However, this can be as low as 1 nt in humans and C. elegans (Lee
and Lee, 2007; McVey and Lee, 2008; Tadi et al., 2016; Sfeir and Symington, 2015). These
microhomologies have to be exposed by resection and therefore results in the loss of sequence information in the intervening region. The amount of resection is also longer and
consequently requires Rad1-Rad10 proteins to excise the longer 3′ tails (Ma et al., 2003;
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Lee and Lee, 2007).

Figure 1.1: Different pathways for the repair of DSBs. See text for more details. In brief, DSBs
can be repaired through NHEJ and MMEJ without resection. Resection of DSB ends shunts repair
towards HR and results in BIR, SDSA, or DSBR. SSA (single-strand annealing) occurs when the
break is between direct repeats and results in the loss of genetic information in between the two
ends. Reproduced with permission from Sebesta and Krejci, 2016.

Alternatively, cells can use HR to attempt error-free repair of the DSB though an undamaged homologous template (Symington et al., 2014; Krejci et al., 2012). Here, the
sequence information that is lost at the site of the DNA lesion can be restored by the exchange of genetic information from the homologue. HR also plays an important role in
meiosis, where programmed DSBs are generated by the Spo11 endonuclease in yeast and
mammals (Keeney, 2001; Keeney, 2008). These DSBs are required for synapsis and crossovers of chromosomes to generate the diversity in the genome of individual organisms
(Brown and Bishop, 2014; Andersen and Sekelsky, 2010). A special case of HR is when
3

the DSB occurs in between direct repeats, recombination between these flanking repeats
results in single-strand annealing (SSA) (see figure 1.1).
Although DSBs pose a huge threat to genome integrity, meiosis is just one example of
their beneficial roles in cell survival. In yeast, mating type represents the simple sexual
differentiation dependent on the MAT locus, with MATa and MATα as the two possible
non-homologous alleles. MAT switching between one or the other allele in budding yeast
requires the site-specific homothallic (HO) endonuclease that generates a programmed
DSB at the mating locus, which the cell can then repair by recombination using a template
elsewhere on the chromosome coding for the opposite mating-type (Haber, 2012). In
mammals, DSBs are critical for generating the complex diversity seen in the immune
system. RAG protein complexes create DSBs on the V(D)J loci to allow random variable
(V), diversity (D), and joining (J) elements to be spliced together to form the different
antibody genes and T-cell receptor genes that organisms need to fend off invaders (SoulasSprauel et al., 2007).

1.2 Pathway choice for DSB repair
As seen in figure 1.1, the first step of HR involves the resection of the DSB ends in the 5′
to 3′ direction to generate 3′ ssDNA ends. DSBs that occur during the S and G2 phase are
preferentially repaired by HR when the sister chromatids are in close proximity due to cohesion complexes (Kadyk and Hartwell, 1992; Ström et al., 2004; Ström et al., 2007; Ström
and Sjögren, 2005; Cortés-Ledesma and Aguilera, 2006; Escribano-Díaz et al., 2013). Here,
HR is occurring in the presence of active NHEJ machinery, which is active throughout
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the cell cycle in yeast haploid cells and human cells. These two processes are therefore
in competition with each other for the repair of DSBs. This initial competition between
resection proteins and Ku binding acts as a control point that commits the DSB for repair
by HR or NHEJ, see figure 1.2 (Kass and Jasin, 2010; Symington and Gautier, 2011). The
Ku heteroduplex competes and physically inhibits the binding of the resection machinery to the DSB ends and deletions of Ku proteins in budding yeast result in a two-fold
increase in resection of DSB ends and HR (Lee et al., 1998; Zhang et al., 2007; Pierce et al.,
2001). The initial resection machinery of Mre11-Rad50-Xrs2(MRX) appears to be able promote the displacement of the Ku heteroduplex and induce HR (see figure 1.3) (Mimitou
and Symington, 2010). In addition, the Fanconi pathway seems to be involved in shunting
DSB repair towards HR during S phase by inhibiting NHEJ (Adamo et al., 2010; Pace et al.,
2010; Kim and DÁndrea, 2012).

1.3 Homologous recombination
In HR, the key intermediate of the synaptic complex between the ssDNA and homologous duplex DNA may be resolved through several different pathways depending on the
origin of the DSB, the timing during cell cycle, and cell type (Mehta and Haber, 2014).
The three main pathways include: 1) synthesis dependent strand annealing (SDSA), 2)
double-stranded break repair (DSBR), and 3) break-induced replication (BIR), as seen in
figure 1.1; these pathways share several key biochemical steps: i) presynapsis, which includes the processing and resection of the two ends of the DSB to create single-stranded
DNA (ssDNA) that is then coated sequentially by RPA and Rad51; ii) synapsis, where the
5

Figure 1.2: MRX (MRN) and Sae2 (CtIP) performs initial short ranged resection (∼100 nt). Phosphorylation of Sae2 is required for resection while acetylation causes degradation. Ku proteins
compete with MRX for binding to the DSB ends. Longer ranged resection requires Exo1 and/or
STR-Dna2 complex, both of which require RPA. Dna2 recruitment requires phosphorylation. Reproduced with permission from Symington et al., 2014.

recombinase RAD51 nucleoprotein filament searches for homology and performs strand
invasion on the homologous double strand DNA to form a D-loop structure; and iii) postsynapsis, the key step where the different pathways differ on how the D-loop is treated
(see figure 1.3 for proteins involved). In post-synapsis, the extended D-loop can be either dismantled, or converted to a partial replication fork or to a double Holliday junction
(dHJ) through the capture of the displaced strand by the second DSB end, resulting in
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SDSA, BIR, or DSBR, respectively (see figure 1.1).
S. cerevisiae

Human

Presynapsis
Mre11-Rad50-Xrs2 (MRX)
Sae2
Sgs1-Top3-Rmi1 (STR)
Dna2
Exo1

MRE11-RAD50-NBS1 (MRN)
CtIP
BLM/WRN
EXO1

Single-stranded
DNA binding
proteins

RPA

RPA

Recombinase

Rad51

RAD51

Rad52
Rad55-Rad57
Shu1, Shu2, Psy3, Csm2

BRCA2, PALB2
RAD52
RAD51B, RAD51C, RAD51D, XRCC2, XRCC3

Mph1
Srs2
Sgs1

BLM, WRN, RECQ1
RAD54
SMARCAL1, ZRANB

Mus81-Mms4
Slx1-Slx4
Yen1
STR complex

MUS81-EME1,
SLX1-SLX4
GEN1
BLM, Topo IIIa, RMI1, RMI2

Resection

Synapsis
Mediators and
regulators, i.e.
Rad51 paralogues
Post-Synapsis
D-loop disruption

HJ resolution and
dissolution

Figure 1.3: Table comparing HR proteins used by budding yeast and humans.

1.4 Mechanism of homologous recombination
1.4.1 Presynapsis- Resection
Specific helicases and nucleases resect DSB ends to generate ssDNA ends long enough for
the search process (Symington, 2014). The mechanism of DNA resection is very similar
between S. cerevisiae and humans, and is the combined action of three different protein
complexes: MRX (MRN with NBS1 in humans) with Sae2 (CtIP); Sgs1-Top3-Rmi1 (STR)Dna2 complex (BLM-DNA2 in humans); and exonuclease 1 (Exo1, EXO1 in humans) (see
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figure 1.3, 1.2) (Symington, 2014). MRX complex together with Sae2 performs the initial
resection through an endonucleolytic cleavage on the 5′-terminating strand, and then uses
its 3′ to 5′ exonuclease activity to process that strand backwards toward the end (Garcia
et al., 2011; Symington, 2014). This endonuclease activity is dependent on the interaction
with Sae2 (Cannavo and Cejka, 2014). This initial resection appears to only occur in increments of 100 nucleotides (nt) and rarely exceeds 700 nt (Gravel et al., 2008; Mimitou and
Symington, 2008). RPA is critical for the recruitment of Dna2 nuclease as well as the activity of STR-Dna2 and Exo1, which continue with long-range resection; additionally, the
MRX complex stimulates the helicase activity of Sgs1 and increases end resection (Cejka
et al., 2010; Niu et al., 2010; Chen et al., 2013; Cannavo et al., 2013; Bae et al., 2001). However, Exo1 and STR pathways function independently and seem to represent mutually
exclusive pathways (Cannavo et al., 2013). Exo1 is understood to be mainly responsible
for resection of 1-5 kilobases (kb) and STR-Dna2 for resection beyond 5 kb (Llorente and
Symington, 2004; Gravel et al., 2008; Mimitou and Symington, 2008; Zhu et al., 2008).

1.4.2 Presynapsis- Presynaptic complex formation
After resection, the exposed ssDNA is stabilized by single strand binding protein, Replication Protein A (RPA) in eukaryotes (see figure 1.3). The recombinase is then assembled
on the ssDNA to form a nucleoprotein filament that is responsible for homology pairing
and strand exchange; this step is conserved throughout different domains of life, RecA in
bacteria, Rad51 in yeast, and RAD51 in humans (Morrical, 2015). Recombinases are small
ATPase proteins but contain self-interacting domains, allowing them to grow to long ar-
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rays on the ssDNA (Kowalczykowski et al., 1994). RAD51 can bind and form filaments
on both ssDNA and dsDNA with roughly equal affinity; however, filaments on dsDNA
are not productive in strand exchange and can be dissociated by Rad54 and Rdh54/Tid1,
two members of the Snf2 family of DNA-dependent ATPases, both in vivo and in vitro
(Solinger et al., 2002; Shah et al., 2010; Mason et al., 2015).
Since RAD51 is also assembling on ssDNA already bound by RPA, it must overcome
the strong binding affinity of RPA for ssDNA. This process is controlled in the cells with
the help of recombination mediators, proteins that aid in the assembly of the RAD51
nucleoprotein filament (see figure 1.3) (Harris and Griffith, 1989). Yeast Rad52 is the most
well studied recombination mediator; it speeds up the assembly of the RAD51 filament
on RPA-bound ssDNA, likely through interactions with both Rad51 and RPA (Sung, 1997;
Hays et al., 1998; New et al., 1998). Rad52 also anneals ssDNA and targets Rad51 to ssDNA
(see figure 1.4) (Krogh and Symington, 2004). In mammalian cells, RAD52 does not aid
RAD51 in loading onto RPA-ssDNA (Jensen et al., 2010a) even though it does interact with
RAD51 and RPA (Shen et al., 1996; Park et al., 1996). The main mediation responsibility has
been shifted over to BRCA2, likely through a different mechanism as it does not interact
with RPA (Jensen et al., 2010a). BRCA2 can bind up to six RAD51 monomers through
its eight BRC repeats and potentially deliver them to ssDNA through its high affinity for
ssDNA (Jensen et al., 2010a; Carreira et al., 2009). Although BRCA2 appears to be the
main mediator, inactivation of RAD52 is synthetically lethal with many key HR factors,
including: XRCC3 in chicken DT40 cells (Fujimori et al., 2001), BRCA2 in humans (Feng
et al., 2011), along with two associated proteins BRCA1 and PALB2 (Lok et al., 2013).
In budding yeast, Rad55 and Rad57, known as Rad51 paralogues—proteins that share
9

Figure 1.4: Rad52 forms a complex with free Rad51 molecules and direct them to RPA-coated ssDNA to help initiate nucleation and assembly of the presynaptic filament. Polymerization of the
Rad51 filament allows for continued displacement of RPA from ssDNA. Reproduced with permission from San Filippo et al., 2008.

homology in the core region containing ATP binding and hydrolysis motifs— are known
to assist in the assembly of RAD51 and affect its stability on the ssDNA (see figure 1.3)
(Sung, 1997; Liu and Heyer, 2011). In humans, there are five RAD51 paralogues: RAD51B,
RAD51C, RAD51D, XRCC2, and XRCC3 (figure 1.3) (Albala et al., 1997; Liu et al., 1998);
these proteins can also be viewed as mediators as they stabilize the RAD51 filament
(Takata et al., 2001). Deficiency in any of the five paralogues results in a defect in foci
formation after DNA damage (Takata et al., 2001). In particular, RAD51B-RAD51C complex has been shown to allow RAD51 to overcome inhibition posed by RPA binding (Sigurdsson et al., 2001). BRCA2 is epistatic to the paralogs, and with the fact that their foci
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formation is dependent on RAD51 suggest that the paralogues act downstream of BRCA2
(Qing et al., 2011; Jensen et al., 2013).

1.4.3 Synapsis- Homology search
In the synapsis step, the presynaptic complex searches the genome for a homologous sequence to form the D-loop (see figure 1.1, 1.5). During S phase, the preferred homologous
template is the sister chromatid, which is tethered in close proximity due to the action
of cohesion complexes (Ström et al., 2004). Many different mechanisms to speed up the
homology search have been proposed, which include 1D sliding of the presynaptic complex along dsDNA, and 3D sampling where the multivalent nature of the filament samples
multiple sites on the target dsDNA (Ragunathan et al., 2012; Forget and Kowalczykowski,
2012). In addition, increased mobility of the chromosomes may aid the search process
(Miné-Hattab and Rothstein, 2012). A recent study proposed that microhomologies help
RAD51 dramatically reduce the amount of genomic DNA it has to search by limiting stable
D-loops to sites with greater than or equal to 8 nt of homology, which have a high chance
of being the correct site (Qi et al., 2015). Of note, Rad54 and Rdh54 also have stimulatory activity on Rad51-mediated strand exchange and can promote search through their
chromatin-remodeling activity (see figure 1.5) (Mazin et al., 2010; Kwon et al., 2008; Alexeev et al., 2003). Afterward DNA pairing, Rad54 and Rdh54/Tid1 can also free the RAD51
from the 3′ end of the invading ssDNA to form a stable D-loop that allows DNA synthesis
to occur using replicative polymerases δ and ɛ (see figure 1.5) (Li and Heyer, 2009; Hicks
et al., 2010).
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Figure 1.5: Rad51 filament with the help of helicases Rad54 (Rad54 phosphorylation maybe under
checkpoint control and affects its interaction with Rad51 Niu et al., 2009) and Rdh54/Tid1 performs
homology pairing and strand invasion onto the homologous dsDNA. This complex, known as a Dloop, can be disrupted by Mph1 (FANCM in humans). Rad54 can also help to remove Rad51 from
the newly formed dsDNA and allow DNA polymerases to extend the D-loop structure. Reproduced
with permission from Krejci et al., 2012.

1.4.4 Post-synapsis
After strand invasion, the resultant D-loop intermediate can undergo several pathways as
outlined in the earlier section (see figure 1.1). Disruption of the D-loop before any DNA
synthesis has taken place can lead to repair of the DSB by SSA. However, disruption after
DNA synthesis followed by annealing between the displaced ssDNA and the second DSB
end leads to non-crossover products through SDSA, which is the preferred pathway in
mitosis (Robert et al., 2006). In contrast, stabilization of the D-loop and second strand
capture of the other end of the DSB can lead to a dHJ (also known as a joint molecule)
and the DSBR pathway, and result in crossover and non-crossover products (Cejka et al.,
2010). DSBR is more important for meiosis, and occurs about ten times more frequently
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when compared to mitosis (Bzymek et al., 2010; Andersen and Sekelsky, 2010). Various
motor proteins play important roles in determining the fate of the D-loop. In S. cerevisiae,
many different helicases such as Srs2, Mph1, Sgs1, and Rad54 can disrupt the D-loop and
favor the SDSA pathway leading to non-crossover products (see figure 1.3, 1.5) (Prakash
et al., 2009; Miura et al., 2012; Solinger et al., 2002; Mitchel et al., 2013). Srs2 is an antirecombinase that removes Rad51 from ssDNA (Miura et al., 2012). Its functional orthologs
are not clear but several RecQ orthologs (BLM, RECQL5) have been shown to be able
to dismantle RAD51 nucleoprotein filaments (Hu et al., 2007; Bugreev et al., 2007b). In
humans, several key helicases disrupt naked D-loops (not RAD51-bound); mainly BLM,
WRN, and RECQ1 (see figure 1.3) (Hu et al., 2007; Bugreev et al., 2007a; Nimonkar et al.,
2008; Orren et al., 2002). Eukaryotes also developed a motor protein in RTEL that disrupts
D-loops although it is not able to strip RAD51 from ssDNA (Barber et al., 2008). The
human equivalent to the yeast motor protein Mph1 is FANCM, which like Mph1 is able to
dissociate D-loops catalyzed by RAD51 in vivo (Gari et al., 2008). In addition, human cells
have dsDNA translocases of RAD54, SMARCAL1, and ZRANB that can disrupt RAD51coated D-loops (see figure 1.3) (Bugreev et al., 2006; Ciccia et al., 2012).
BIR is predominantly used near telomeres, and could serve as a pathway to maintain
telomere lengths (Malkova and Ira, 2013; McEachern and Haber, 2006). The D-loop is resolved into a partial unidirectional replication fork that replicates along the template chromosome distal to the homology until its end (Malkova and Ira, 2013; Davis and Symington,
2004); see left panel of figure 1.1. BIR has a conservative mode of DNA synthesis suggestive of a migratory D-loop structure (Donnianni and Symington, 2013) and uses many
of the same factors as DNA replication, including the three DNA polymerases (Lydeard
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et al., 2007; Lydeard et al., 2010). DSB repair by this mechanism can lead to gross regions
of loss of heterozygosity. Possible regulatory mechanisms for BIR include the exclusion
of key replicative helicases from the nucleus, the stage of cell division (more efficient in
G1), and the distance between the site of strand invasion and the telomere (Donnianni
and Symington, 2013; Lydeard et al., 2010).
In the DSBR pathway, after the formation of the joint molecule, the four-way junction
can migrate but the separation of the two double strands require an endonucleolytic cleavage (see figure 1.1). During mitosis, since crossovers can lead to chromosomal translocations and the loss of heterozygosity if homologous chromosomes are used, non-crossover
products should be favored. Symmetric cleavage of the dHJ, in a process called resolution,
would result in a 1:1 ratio of crossover and non-crossover products; however, if the two
junctions migrate towards each other, they can be unlinked, in a process called dissolution, by the action of a topoisomerase (see figure 1.1, 1.3) (Wu and Hickson, 2003; Bizard
and Hickson, 2014). Such a topoisomerase has been revealed to be the STR complex in
budding yeast, and is responsible for one half to two thirds of all dHJs (Mitchel et al.,
2013). This process is well conserved and the Sgs1-Top3 ortholog in humans is the BLMTOPIIIa complex, along with RMI1, which can stimulate the activity of the BLM-TOPIIIa
complex in dissolution (Wu and Hickson, 2003; Raynard et al., 2006). In the resolution
pathway, there are several different protein complexes that can cleave the dHJ, including
Mus81-Mms4 (Boddy et al., 2001), Slx1-Slx4 (Fricke and Brill, 2003), and Yen1 (Ip et al.,
2008) (see figure 1.3). Interestingly, Yen1 is not in the nucleus during S phase, and is
not essential, indicating that it is a back-up nuclease to Mus81-Mms4 and Slx1-Slx4. Here
again, the protein complexes responsible for resolution are well conserved in humans, be14

ing MUS81-EME1, SLX1-SLX4, and GEN1, with some differences such as the cooperative
interaction between the MUS81-EME1 and SLX1-SLX4 complexes (see figure 1.3) (Ciccia
et al., 2003; Ip et al., 2008; Wyatt et al., 2013).

1.5 Cell biology of Homologous Recombination
The use of green fluorescent protein (GFP) and other fluorescent tags allows the observation of mitotic recombination events in living cells (Shaner et al., 2005). Direct observation
of the fluorophores can give spatial and temporal information of key recombination proteins and how they interact and assemble after a DSB occurs. It has been shown that
many HR proteins are directed to the site of the break and form nuclear foci after a DSB
(Lisby et al., 2001; Bekker-Jensen et al., 2006). In addition, such studies have helped us to
understand the order by which the different repair factors act on the DSB and the dynamic
nature of those repair centers, or foci – the rapid assembly and disassembly of different
foci occur within minutes (Lisby et al., 2004) and different proteins have different association times and turnover rates within these damage induced structures (Essers et al.,
2002).
For the HR pathway, the initial Mre11 focus forms at the DSB and the MRX complex
with Sae2 interact to initiate the 5′ to 3′ nucleolytic resection (Lisby et al., 2004; Mimitou
and Symington, 2008). Tel1(ATM) kinase is recruited to the site of DSB through its interaction with Xrs2 (NBS1) and phosphorylates histone H2A (H2AX) at Serine 129 to mark
damaged DNA (Lisby et al., 2004; Falck et al., 2005; Stiff et al., 2004). Through a series
of protein-protein interactions, the histone H2A phosphorylation results in the phospho15

rylation and activation of a key DNA damage checkpoint protein, Rad53 (CHK2) (Ohouo
et al., 2013). Rad53 is recruited to the DSB and forms short-lived foci (Lukas et al., 2003).
The initial resection also exposes ssDNA, which result in RPA foci formation and in turn
the recruitment of checkpoint proteins and recombination factors (Lisby et al., 2004).
In addition, RPA’s physical interactions with Rad52 is important for Rad52’s foci formation (Lisby et al., 2004). Rad52 is required for the recruitment of Rad59 as well as Rad51
to foci (Lisby et al., 2004). Similarly, in mammalian cells, RAD51 foci formation requires
the help of BRCA2 and PALB2 (Tarsounas et al., 2004; Jensen et al., 2010a). Rad51 in
turns helps to recruit other factors of the recombination machinery such as Rad55 that
have been implicated in maintaining a stable Rad51 filament against Srs2 (Lisby et al.,
2004; Liu et al., 2011a). In addition, Csm2 and Psy3, components of the SHU complex,
are required for efficient foci formation of Rad55 (Godin et al., 2013) (see figure 1.3). In
mammalian cells, RAD51D (Psy3 homolog) is required for RAD51 foci formation (Chun
et al., 2013). Finally, Rad54 recruitment to the site of DNA damage is dependent on the localization of both Rad55-57 and Rad51 to the DNA damage site, indicating that it requires
the Rad51 nucleoprotein filament for binding (Lisby et al., 2004).

1.6 Dynamics of Replication Protein A
ssDNA readily forms secondary structures through complementary bases in solution,
which can be prohibitive for the ability of Rad51 to form continuous filaments. In vitro,
this inhibition can be bypassed by first binding single-strand binding proteins, RPA in
eukaryotes or SSB in bacteria, to the ssDNA before Rad51 assembly. ssDNA overhangs
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generated by the initial resection are rapidly coated by RPA molecules, which can bind
ssDNA despite the secondary structures and maintain the DNA damage response to recruit additional factors (Liu et al., 2010; Xu et al., 2008; Zou and Elledge, 2003; Toledo
et al., 2013). In response to DNA damage, RPA1’s C-terminus and RPA2’s N-terminus are
also phosphorylated (Liu and Weaver, 1993; Nuss et al., 2005). Eukaryotic RPA is a heterotrimer made up of three subunits, known as RPA1, RPA2, and RPA3 of 70kD, 32kD, and
14 kD, respectively. There is a great deal of conservation between RPA molecules from
different species. RPA has a high ssDNA binding affinity (sub-nanomolar dissociation
constant) (Kumaran et al., 2006), and interaction domains with many other replication,
repair and recombination proteins, majority of which occur through the N terminus of
RPA (Wold, 1997; Fanning et al., 2006).
The diverse roles that RPA plays is highlighted in the rfa1-t11 mutation (L45E), which
only affects DNA repair but not replication (Umezu et al., 1998). RPA does not have a sequence specificity but has a higher affinity for pyrimidine over purines and dsDNA (Kim
et al., 1992). RPA was first discovered as an essential protein for DNA replication of simian
virus 40 (Wobbe et al., 1987). In RPA, there are 6 oligonucleotide/oligosaccharide-binding
folds (OB folds), which are 120-residue beta barrels of five strands that are usually associated with ssDNA and sugar binding proteins (Bochkarev and Bochkareva, 2004), spread
over the three subunits (see figure 1.6) (Wyka et al., 2003). The majority of the binding
is associated with two DNA binding domains (DBD) located on the largest subunit, RPA1
(Wyka et al., 2003), and there is a total of four DBD OB folds. Trimerization of the RPA
protein relies on the C-terminal alpha helices DBD-C, DBD-D, and RPA3 to form together
into a three-helix bundle (see figure 1.6) (Iftode et al., 1999). In budding yeast, the OB folds
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constitute the minimum regions for cell viability (Philipova et al., 1996), and deletion of
any one of the subunits results in inviability (Brill and Stillman, 1991). In mice, homozygous mutation in the DNA binding domain in RPA1 resulted in embryonic lethality, and
heterozygotes developed lymphoid tumors (Wang et al., 2005).

A

B

C

Figure 1.6: Domain architecture of RPA and its binding mode. (A) Domain organization of the
three subunits of RPA. (B) Trimerization of RPA invovles C-terminal helix of DBD-C, DBD-D, and
RPA3. (C) Engagement of RPA domains and their corresponding binding footprint.Reproduced
with permission from Brosey et al. 2015

1.6.1 RPA binding modes
RPA binds to ssDNA in two distinct binding modes: an 8-nt and 30-nt mode with the
former having a significantly lower affinity (see figure 1.6). The 8-nt mode has a dissociation constant (Kd) of 50 nM, about 1000 times higher than that of the 30-nt mode (Kim
et al., 1994; Blackwell and Borowiec, 1994). The 8-nt binding mode also only engages two
out of the four possible DBDs, namely DBD-A and DBD-B on RPA1 (Bochkarev et al.,
1997; Fan and Pavletich, 2012; Brosey et al., 2013). The two binding modes are associated
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with a sequential condensation of the protein around ssDNA and along with the flexible
linker between DBD-B and DBD-C on RPA1 could facilitate the dissociation of RPA during handoff to other factors (see figure 1.7) (Bochkareva et al., 2001; Stauffer and Chazin,
2004; Fanning et al., 2006; Brosey et al., 2013). Furthermore, some protein interactions of
RPA1 have been shown to be structurally affected by RPA’s binding mode or confirmation: SV40 T antigen binding is stable only in the 8-nt mode and not the 30-nt mode (Jiang
et al., 2006).
It has been shown through X-ray crystallography that the DNA binding groove of
RPA is positioned on one side of the protein, in contrast to the SSB binding groove which
wraps DNA around the homotetramer (Fan and Pavletich, 2012; Suksombat et al., 2015).
The ssDNA engages with the four RPA DBDs through a U-shaped continuous path of 25
nt, with the DBD-A, DBD-B, and DBD-D binding around 4-5 nt each and DBD-C binding
8 nt with a wider binding groove. The structure also provided clues to the conformational
differences between the two binding modes. The main difference is the position of the BC
linker: in the 30-nt mode, the BC linker inserts into part of the DBD-B binding groove that
engages ssDNA in the 8-nt binding mode. This indicates there are nonequivalent contacts
made by DBD-B in the 8 and 30-nt modes and suggests that the binding of ssDNA RPA
does not progress through a simple additive process of DBDs (Fan and Pavletich, 2012).

1.6.2 RPA facilitated dissociation
It has already been suggested that diffusion of bacterial SSBs along ssDNA could trigger
the displacement of SSB by the binding of other factors such as RecA (Roy et al., 2009). This
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Figure 1.7: Averaged molecular envelopes of RPA by itself and bound to 10-nt, 20-nt, and 30-nt
polycytosine substrates. Binding of AB domains to 10-nt substrate results in compaction of RPA
while retaining inter-domain flexibility, while the 20-nt results in a reduction of this flexibility.
There was not an observable difference between the 24-nt and 30-nt complexes. Reproduced with
permission from Brosey et al., 2013.

is also a possibility for RPA to dissociate in the presence of other DNA binding proteins as
human RPA has been shown to diffuse and transiently melt hairpins (Nguyen et al., 2014).
This diffusion process likely involves the initial transient dissociation of individual DBDs
of RPA while the protein as a whole remains bound to the ssDNA. This is key in facilitated
dissociation, when a protein that is bound to DNA may partially detach itself slightly with
a physical separation (or like with RPA, the dissociation of one of the its many DBDs),
resulting in a ‘microdissociated state” (Ha, 2013; Sing et al., 2014). This mechanism likely
relies on the weaker affinities of DBD-C and DBD-D (see figure 1.8 left panel) (Sibenaller

20

et al., 1998). The 30-nt mode can retain DBD-A and DBD-B in close proximity to the trimer
core and this leads to rapid re-engagement of DBD-C and DBD-D even when they undergo
transient thermal dissociation. However, the presence of other proteins binding to RPA
could impart allosteric effects on its confirmation and result in separation of the trimer
core from the DNA binding core. Also, in the cellular contexts, there are many other DNA
binding proteins (such as RAD52 and RAD51 in HR) with strong affinities to ssDNA such
that transient dissociations are enough to allow the hand-off of DNA to those proteins
(see figure 1.8 right panel). This mechanism of facilitated dissociation has been suggested
initially in 2001 and shown for bacterial dsDNA binding protein Fis recently (Bochkareva
et al., 2001; Stauffer and Chazin, 2004; Graham et al., 2011; Cocco et al., 2014). This has
also been shown for budding yeast RPA using DNA curtains (Gibb et al., 2014).Yeast RPA
stably associates with ssDNA over two hours of observation; however, this stability is
greatly reduced when there is free RPA protein in the reaction buffer (Gibb et al., 2014).
As expected, this reduction in stability in concentration dependent, since free RPA more
readily takes advantage of the transiently vacated ssDNA at higher concentrations, thus
making the bound RPA less ‘stable’ as it transitions through the microdissociated state
(see figure 1.8).

1.6.3 RPA dynamics in vivo
During HR, RPA foci appears at DSB after the MRN complex, but before foci of Rad52 and
Rad51 (Lisby et al., 2004). More interestingly, RPA can be seen on chromatin immunoprecipitation 20 minutes after the induction of DSB by HO, about 10 minutes before Rad51,
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Figure 1.8: Model for faciliated dissociation of RPA. (A) Proposed mechanism for the observed
stability of RPA in the absence of free protein that can compete for binding on ssDNA. (B) Proposed
mechanism for the dissociation of bound RPA induced by free competitor protein in solution.
Reproduced from Gibb et al. 2014.

but remains associated with DNA even after Rad51 appearance, indicating a dynamic process where some RPA remains and may rebind as Rad51 disassembles (Wang and Haber,
2004). This dynamic property of Rad51 is likely dependent on the ability of yeast RPA
to undergo facilitated dissociation. However, in vitro studies have shown that binding
of RPA to ssDNA before the introduction of Rad51 impairs Rad51 loading (Sung, 1997;
New et al., 1998; San Filippo et al., 2008). This could indicate that this handoff mechanism
of facilitated dissociation requires the help of other proteins beyond Rad51 and further
points to the importance of mediator proteins like Rad52 in yeast and BRCA2 in humans
in overcoming RPA inhibition.
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1.7 RAD51 Recombinase
1.7.1 Genetic and biochemical studies of RAD51
RecA/Rad51 recombinase family is a central HR player as it is involved in the core step of
recombination, that of homology pairing between the presynaptic ssDNA complex and
the homologous dsDNA, see figure 1.5 (Benson et al., 1994). RecA is the bacterial recombinase while two recombinases, Rad51 and Dmc1, exist in eukaryotes, with the former
required for both mitotic and meiotic recombination and the latter only for meiotic recombination (Cloud et al., 2012). Most of our knowledge about Rad51 recombinases are
from studies done in budding yeast. Genetic analysis reveals that yeast has significant
conservation of the DNA binding and ATP hydrolysis domains from RecA (Aboussekhra
et al., 1992; Shinohara et al., 1992). Yeast Rad51 mutants show extreme sensitivity to ionizing radiation (gamma rays) while RAD51 defects in vertebrate cells result in cell death and
its deletion is embryonically lethal (Lim and Hasty, 1996; Tsuzuki et al., 1996; Krogh and
Symington, 2004). In human cells, mutations in ATP binding or ATPase activity of RAD51
results in decreased cell proliferation, defective fork restart, and increased chromosomal
breaks (Kim et al., 2012).
Rad51 exists as a heptameric homo-oligomer in solution (Bianco et al., 1998). Recombinase in this family share several key characteristics: 1) they are similarly sized around 38
kD (Baumann et al., 1996; Tombline and Fishel, 2002); 2) they possess a ATP-binding core
catalytic domain that is stimulated by binding to ssDNA (Kowalczykowski et al., 1994; Yu
et al., 2001; Chen et al., 2008); 3) they form right-handed helical nucleoprotein filaments
on both ssDNA and dsDNA but only the filament on ssDNA is active for homology pair23

ing and strand exchange (Baumann et al., 1996; Tombline and Fishel, 2002; Prévost and
Takahashi, 2003; Chen et al., 2008); 4) each monomer in the filament binds to 3 nt; 5) these
nucleotprotein filaments show an extended and under-twisted conformation compared to
B-form DNA (see figures 1.9, 1.10) (Yu et al., 2001; Stasiak et al., 1981; Ogawa et al., 1993).
This extension is dependent on the identity of the nucleotide cofactor bound in the binding pocket at the protomer-protomer interface (Yu et al., 2001; Chen et al., 2008; Conway
et al., 2004; Reymer et al., 2009). ATP is the required nucleotide cofactor of the active
RecA/Rad51 filament, while the ADP form is inactive (Prévost and Takahashi, 2003).

1.7.2 Electron Microscopy studies
Elongation of recombinase filaments on DNA was first observed through electron microscopy using RecA on duplex DNA (Stasiak et al., 1981). RecA filaments formed stable
complexes on DNA with 5 times the diameter of naked DNA. They were rod like molecules
that increased the contour length of the duplex DNA and the average rise per base-pair
from 3.4 Å to 5.2 Å. These rods were interpreted as partially Rec-A covered DNA with
superhelically twisted naked DNA in between (Stasiak et al., 1981). Here, the presence of
fully covered molecules beside naked DNA suggests a cooperative nature of RecA elongation, favoring binding to pre-existing bound RecA molecules.
Electron microscopy of filaments formed by budding yeast Rad51 produced similar
observations (Ogawa et al., 1993). Namely, Rad51 polymerizes on dsDNA to form filaments that increase the length of the average rise of duplex DNA to about 5.1 Å. They
also found that a fully coated filament have 18.6 base-pairs per helical turn with a pitch of
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98.8 Å. Studies of human RAD51 again revealed the high level of conservation in structure
between the recombinases. Human RAD51 filaments has a striated appearance but also
increase contour length and unwind the DNA (Benson et al., 1994). Comparing the three
recombinases, the eukaryotic Rad51s have an additional N-terminal domain but lacks the
C-terminal region of RecA (Shinohara et al., 1993). In a later cryo-EM study, it was found
that the lobe on the surface of the filaments (representing the N-terminus) is implicated
in the conformational switching of RAD51. By superimposing the structures of the active
and inactive states, it was found that the lobe rotates when the filament shifts from one
state to another (see figure 1.9 blue arrows) (Yu et al., 2001).

Figure 1.9: Average pitch of filaments formed in ADP-AlF4- is 99 Å (active filament), and only 76 Å
when formed with ATPƔS (inactive). Superimposing the two states reveal rotation of the pendulous lobes for the N-terminus is main movement (see blue arrows). Reproduced with permission
from Yu et al., 2001.

Human RAD51 is structurally similar to that of yeast Rad51 (Conway et al., 2004); it
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has a N-terminal domain implicated in the protomer-protomer interface with 5 alpha helices and a beta strand, and the ATPase catalytic core with Walker motifs and loops that
interact with the phosphate backbone (see figure 1.10) (Xu et al., 2017). The ATP molecule
sits between the two adjacent protomers and is mainly responsible for imposing the helical structure of the filament (see figure 1.10). For each triplet nucleotide, it interacts with
three RAD51 monomers via the two loops in the catalytic core, loop 1 and loop 2. Interestingly, the loops are more flexible in the presynaptic complex versus the postsynaptic
complex, suggesting that they also play a role in stabilizing the D-loop intermediate (Xu
et al., 2017). Specifically, Arginine 235 of loop1 inserts to the space between two triplets
and interacts with the incoming dsDNA, and its mutation abolishes strand exchange (Xu
et al., 2017; Reymer et al., 2009). Human RAD51 bound to ssDNA in the active, ATP state
has a pitch of about 100 Å (∼150% that of B-form DNA), with a constant twist of 56 degrees, resulting in 6.4 protomers per helical turn (see figure 1.10). This is significantly
longer than the RAD51-ssDNA filament in the inactive, ADP (or ATPƔS) state (see figure
1.9) (Yu et al., 2001; Short et al., 2016; Xu et al., 2017). However, the extension in pitch
length is not uniform throughout the RAD51 filament. Most of the stretching is found
between the triplets bound by each RAD51 monomer in a filament, meaning that within
each triplet cluster with one RAD51, the conformation is similar to that of B-DNA (Chen
et al., 2008; Short et al., 2016; Xu et al., 2017).
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Figure 1.10: Cryo-em density superimposed with the atomic model of the presynaptic complex.
Each monomer of RAD51 in the filament is colored in a different color for a total of six. Invading
ssDNA is red, AMP-PNP-Mg2 + is yellow. Reproduced with permission from Xu et al., 2016.

1.8 RAD51 assembly
1.8.1 Biochemistry of RAD51 assembly
As mentioned in the previous section 1.4.2, formation of RAD51 filaments in vivo requires
help from mediators like BRCA2 and the RAD51 paralogues (Takata et al., 2001; Sigurdsson et al., 2001; Jensen et al., 2013; Jensen et al., 2010a; Qing et al., 2011). RPA has a
complicated effect on Rad51 assembly and strand exchange activity. Although RPA can
stimulate Rad51 binding by removing secondary structures present in ssDNA, this stimulation is only seen in vitro if Rad51 is first allowed to nucleate on ssDNA prior to adding
RPA (Sung, 1994; Sugiyama et al., 1997). Adding RPA with Rad51 can also inhibit the assembly reaction because RPA will be able to compete with Rad51 for binding to ssDNA. In
addition, RPA can stimulate and stabilize the Rad51-mediated strand exchange by seques27

tering the displaced ssDNA that could otherwise rebind and inhibit the pairing (Eggler
et al., 2002). Formation of RAD51 filaments In vitro also require the presence of bivalent
cations that can coordinate with ATP molecules (Bugreev and Mazin, 2004). Although
filaments have been reported to form in both calcium and magnesium ions, those formed
in calcium show greater stability and strand exchange activity (Bugreev and Mazin, 2004).

1.8.2 Studying RAD51 filament assembly using single-molecule
techniques
Although the exact mechanism of Rad51 filament assembly is still unknown, the current
model is a two-step process of nucleation and elongation, originally introduced in 1987
for RecA filaments but found to also hold for the eukaryotic Rad51 (see figure 1.11) (Griffith et al., 1984; Register and Griffith, 1985; Chabbert et al., 1987; Sattin and Goh, 2004).
Studying the molecular mechanism of the assembly has relied heavily on single-molecule
techniques. In summary, few key strategies have led to better understanding of RAD51
assembly: by observing the length changes using magnetic tweezers or fluorescence, by
observing changes in the twisting of the DNA molecule using magnetic tweezers, and by
directly labeling the recombinase with a fluorescent dye.

1.8.3 Magnetic tweezer studies
The first approach relies on the extension on DNA by RAD51 filaments. In the first study,
tracking the length of ssDNA and dsDNA in different buffers allowed the authors to extract parameters about the nucleation and elongation rates at different concentrations
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Figure 1.11: 2 step mechanism of Rad51 assembly initiates through (1) seeding of Rad51-ATP as a
nucleus on ssDNA followed by (2) elongation of the nucleus to form the filament (2).

of RAD51 using Monte Carlo simulations based on the two-step model (van der Heijden
et al., 2007), and they also inferred a nucleation size of 4-5 RAD51s. Growth of the filament also was determined to occur by multimer of 4-5 subunits. Beyond that, the group
defined a kinetic cooperativity value as the ratio between the rate of filament elongation
and the rate of nucleation and assessed the impact of these two processes on the overall filament assembly. Using fluorescent YOYO1, which binds to dsDNA, a different study also
observed non-linear extension of dsDNA after exposure to RAD51, in agreement with
a two-step model rather than single addition of monomers (Prasad et al., 2006). In another magnetic-tweezer study, the authors took advantage of the unwinding effect—each
monomer unwinds dsDNA by approximately 45 degrees (Yu et al., 2001)—of RAD51 binding on dsDNA to monitor its assembly (Arata et al., 2009). The group found that filament
growth, or elongation, occurred by steps of 65 degrees, which they concluded coincided
with a single monomer binding to the dsDNA, in contrast to the previously suggested
pentamer.
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1.8.4 Fluorescence studies
Observing filament assembly using fluorescence generally has the problem of resolving
individual steps in real time due to the background fluorescence signal. To circumvent
this problem, different buffers can be used to allow cycles of incubation (with fluorescent
protein) and observation. Using this technique, a group studied RecA nucleation by measuring the rate of nucleation clusters on naked dsDNA and fitted it to a power law expression to conclude that the nucleation step of RecA required around 4 to 5 RecA monomers
(Galletto et al., 2006). Also, they found that growth can be detected bi-directionally and
is nucleotide cofactor independent (does not require ATP).
For human RAD51, the same group has used a similar approach by labelling a fluorescent RAD51 and observing how it assembles and disassembles on dsDNA (Hilario et
al., 2009). By measuring the rates of filament growth through the DNA length readout,
and nucleation rate through the fluorescence readout, they determined both processes to
have a second to third order dependence on RAD51 concentration, indicating nucleation
and elongation by dimers or trimers. However, they argued that elongation most likely
still proceed by monomers as indicated by the other single-molecule studies and that the
second to third order concentration dependence seen in filament growth is due to nucleation being the rate limiting step and that filament growth is mostly achieved by multiple
nucleation events with limited elongation (Hilario et al., 2009).
In a later study from the same group, they were able to study the assembly of RecA
on SSB coated ssDNA, the physiological substrate for RecA filament assembly (Bell et al.,
2012). They again measured the rates of nucleation separately from filament elongation.
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Fitting the rates at different concentrations to an exponential rate equation (power law:
kobs = k × [substrate]n ) suggests that nucleation actually occurred through RecA dimers,
in contrast to their earlier finding and highlights the interaction between SSB and RecA
dynamics. They also observed a linear relationship between rate of filament growth and
concentration, hinting at growth by monomer addition. Furthermore, they showed that
the recombination mediators, RecOR, increase the rate of nucleation (Umezu et al., 1993).
Finally, one study aimed to study the nucleus size of RAD51 through direct visualization to bypass the compounding factors one would find in model fitting by combining
magnetic tweezers and fluorescence microscopy; they also used fluorescence recovery after photobleaching to look at growth from these nuclei (Candelli et al., 2014). To measure
nucleation, they first determined the average fluorescence intensity expected from a single fluorophore on the RAD51 and used that to calculate the number of RAD51s in each
nucleus. Their measured nucleation rates also followed power law relationship with 1.5
order concentration dependence. However, they observed nuclei in a wide range of sizes
from single monomers to large multimers up to seven RAD51 molecules but with dimers
being the most likely observed in the shorter time resolution regime (1 frame per second)
(see figure 1.11). However, the larger multimers have longer dwell times on the naked
ssDNA, and therefore more likely to lead to successful filaments. Beyond the range of
different sizes for nuclei, they also saw growth through the addition of both monomers
and dimers and rarely higher ordered RAD51 complexes.
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1.8.5 FRET studies
Using Förster resonance energy transfer (FRET), one could observe changes in the 3dimensional distance between two fluorophores, a donor and an acceptor. From the lack
of stable RecA filament formation on ssDNA of lengths below 15 nt, it was concluded
that the minimum number for a stable RecA cluster would be 5 given a 3:1 ratio of nt :
RecA (Joo et al., 2006). By clever positioning of the donor acceptor pair, they separately
measured the kinetics of the elongation phase—kon and kof f —in both 3′ and 5′ directions.
They concluded that the polarity in the RecA filament assembly (growth in the 3′ end) is
mainly due to the difference in the on rate as both ends have similar off rates, in contrast
to the earlier study on dsDNA (Galletto et al., 2006) and to the later study on SSB-ssDNA
that only quoted about a 2 fold difference between the two ends (Bell et al., 2012). Interestingly, they also showed that RecA is unable to nucleate on SSB bound ssDNA but it
can elongate on SSB-ssDNA provided there is already a stable RecA nucleus.

1.9 RAD51 disasssembly
1.9.1 Biochemistry of filament disassembly
Several of the above studies mentioned in filament assembly also looked at the disassembly process, which is required for the steps downstream of joint molecule formation like
DNA synthesis and Holliday junction resolution (Solinger et al., 2002). For RecA, yeast
Rad51, and human RAD51, disassembly requires ATP hydrolysis to ADP by the recombinase’s ATPase activity (Bugreev and Mazin, 2004; Robertson et al., 2009). As previously
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described, ATP is also required for forming an active filament. In vitro studies use calcium
ion in place of magnesium ion to suppress ATP hydrolysis by RAD51, and this allows them
to assemble stable RAD51 filaments with the active and extended conformation on ssDNA
that is resistant to dissociation (Bugreev and Mazin, 2004). It was shown that removal of
calcium results in rapid hydrolysis and conversion to an inactive filament, although the
stability of the ADP-bound RAD51 complex is not clear (Robertson et al., 2009; Hilario
et al., 2009; van Mameren et al., 2009).

1.9.2 Transitions of RAD51 between active and inactive states
In one study, by tagging one end of a dsDNA with a Quantum dot (QD), the authors
observed reversible transitions of the human RAD51 filament between the active, ATP
bound, and the inactive, ADP bound state (Robertson et al., 2009). The transitions were
initiated by ATP hydrolysis or presumed replacement of ADP by ATP through cycling of
the bound RAD51. This is in agreement with another study using fluorescent RAD51 that
also reported a slow dissociation of the ADP-RAD51 complex (Hilario et al., 2009). That
study also reported a difference in filaments formed in calcium versus magnesium, namely
that filaments formed in calcium do not disassemble even when calcium is removed. They
suggest that the divalent cation bound to ATP is slow to switch and therefore calcium
remains associated with RAD51 even after the buffer exchange.
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1.9.3 RAD51 dissociates in bursts
This conclusion that RAD51-ADP can stably associate with DNA is in disagreement with
two other studies that showed dissociation of RAD51 from DNA after hydrolysis without
the help of a catalyst like RAD54 (Modesti et al., 2007; van Mameren et al., 2009). Using
fluorescent RAD51, both studies demonstrated ATP hydrolysis and subsequent RAD51
dissociation when switched to a buffer containing magnesium and ATP even when the
filaments are formed with calcium. This indicates that ATP rebinding takes place on a
much longer timescale than dissociation. In the one study that combined magnetic tweezers with fluorescence microscopy, the authors were able to use the intensity as a readout
for the amount of RAD51 bound to the DNA. Here, they were able to manipulate RAD51
disassembly rates through tension on the DNA. Fitting the rates to the Arrhenius equation extracted a transition state energy barrier corresponding to roughly the change in
length by one monomer dissociation, similar to that found for RecA (Joo et al., 2006).
One striking finding from this paper was that dissociation seem to occur in bursts
(see figure 1.12) (van Mameren et al., 2009). They reasoned that since ATP hydrolysis
is not end-limited, a dissociation burst is initiated only by the hydrolysis of ATP at a
terminal RAD51 (see figure 1.12). At this point, the RAD51 next in line (now the new
terminal RAD51) may or may not have already hydrolyzed its ATP. If it has, then it is also
rapidly dissociated and this process moves in from the end (see figure 1.12). Therefore,
the stochastic nature of ATP hydrolysis on the filament results in bursts of random sizes
depending on how many consecutive RAD51s next to the terminal RAD51 had already
hydrolyzed ATP (van Mameren et al., 2009).
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Figure 1.12: (1) RAD51 (red) with ATP (green) bound on dsDNA (blue). (2) ATP hydrolysis converts some ATP to ADP (white). (3) Terminal ATP is hydrolyzed. (4) Dissociation of terminal
RAD51s occurs until the next RAD51-ATP molecules. (5) More ATP molecules are hydrolyzed. (6)
Disassembly of remaining RAD51 along with shortening of dsDNA. Reproduced with permission
from van Mameren et al., 2009.

1.9.4 Using ssDNA curtains to study RAD51 dynamics
Given the giant strides made in the understanding of RAD51 filament dynamics by recent
studies, the exact model of RAD51 filament assembly and disassembly is still unclear. Although a recent study directly visualized nucleation events on the ssDNA, they saw a
discrepancy with the nucleation size depending on the time-resolution of the experiment,
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which suggests that smaller nuclei maybe more transient and harder to detect (Candelli
et al., 2014). They also do not address the issue of RPA binding, which has been known
to affect RAD51 assembly as RecA has been shown to be affected by SSB. In addition,
the fluorescence from a single fluorophore emits with an intensity distribution that is not
constant. This is further compounded when there are multiple fluorophores, complicating a quantitative analysis and further studies will need to give more credence to their
claims. In this thesis, I will examine the universal conservation of facilitated dissociation
for single-strand binding proteins and how this process plays into the sequential hand-off
of ssDNA to the RAD51 recombinase. Although RAD51 in high concentrations can overcome RPA inhibition for its assembly in vitro, I want to ask how free RPA in solution, as
would be the case in the nucleus, affects the assembly—both nucleation and elongation
steps. Surprisingly, I discovered that not only does free RPA selectively affect rate of nucleation, but it also alters the properties of the formed filaments. Finally, I will describe
the dynamics of filament disassembly observed in the presence of free RPA and compare it
to previous models built on dsDNA. These findings help us understand the dynamics and
competition between two important HR proteins—RPA and RAD51— during the assembly
and disassembly processes.
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1.10 Human RAD52
1.10.1 Comparison of budding yeast and human Rad52
Yeast Rad52 protein is critical for homologous recombination and defects in Rad52 results
in severe deficiencies in HR with more severe phenotype than Rad51 mutants (Heyer,
2007; Krogh and Symington, 2004). Rad52 has two roles: it is a recombination mediator
and an ssDNA annealing protein. In its mediator function, it serves to remove the inhibition posed by RPA on Rad51 filament assembly (see figure 1.4) (Sugiyama and Kowalczykowski, 2002); and in its annealing function, it can similarly remove the inhibition of
RPA on ssDNA annealing (Shinohara et al., 1998; Sugiyama et al., 1998; Iyer et al., 2002).
In haploid budding yeast, a single DSB has been shown to induce a Rad52 foci containing
from 600 to 2100 out of a total of 2300 Rad52 molecules (∼73 mM if average yeast cell is 37
fl), resulting in a significant increase in the local concentration of the protein (Lisby et al.,
2003). Both budding yeast and human Rad52 forms prominent nuclear foci after ionizing
radiation (Bekker-Jensen et al., 2006), one example of conservation between yeast and human RAD52. Both yeast and human RAD52 binds single-stranded and double-stranded
DNA, RPA, and RAD51 (Mortensen et al., 1996; Shen et al., 1996; Hays et al., 1998; Park
et al., 1996). Most interestingly, mice with RAD52 deficiency do not show any phenotype in DNA repair, and in vitro, RAD52 does not stimulate filament assembly nor strand
exchange by RAD51 in the presence of RPA (Rijkers et al., 1998; Jensen et al., 2010a).
Given the importance of yeast Rad52, the absence of a phenotype in human left the protein without much interest until recent findings showed an important role of RAD52 in
BRCA2 deficient cells (Feng et al., 2011). They showed that RAD52 and BRCA2 deficiency
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is synthetically lethal and proposed that RAD52 is used in an alternative pathway that
becomes more relevant when BRCA2 pathway is knocked out. This is also supported by
findings that RAD52 foci formation was not disturbed by BRCA2 deficiency and it induced RAD51 foci. Several other HR proteins that share synthetic lethality with RAD52
has been mentioned in section 1.4.2.

1.10.2 Role of human RAD52 in and outside of HR
It seems that RAD52’s many HR functions have been taken over by BRCA2 and the paralogues and is relegated to the back seat in HR (see figure 1.3). One of the RAD51 independent repair pathways that RAD52 participates in is SSA. SSA is similar to MMEJ in
that both requires resection to exposes areas of homology for direct annealing but the
sequences used in SSA are longer and requires the presence of RAD52 which is not required for MMEJ (Van Dyck et al., 1998; Villarreal et al., 2012). In a most recent single
molecule study, T. J. Ha’s group used FRET to show that the annealing process of RAD52
takes longer for longer regions of complementarity, and that during the search for the
complementary regions RAD52 ssDNA can hop along the ssDNA without dissociation
(Rothenberg et al., 2008). This model for RAD52 mediated annealing and for SSA allows
initial collision and transient binding to remain in contact to find the most stable pairing
without the need to re-associate the two ssDNA-RAD52 complexes. Recently, there are
other reports of RAD52’s role in DNA synthesis at stalled replication forks and also immunoglobulin class-switching that highlight its importance in cellular function and possible therapeutic roles (Bhowmick et al., 2016; Sotiriou et al., 2016; Ciccia and Symington,
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2016).

1.10.3 RAD52 structure
Human RAD52 is a 418 residue protein with a highly conserved N-terminal region composing of a DNA binding domain and a self-oligomerization domain, and a minimally
conserved C-terminal region that is responsible for RPA and RAD51 interactions (Muris
et al., 1994). Both yeast and human RAD52 exist as multimers in solution that exhibit a
seven-membered ring structure with a central canal (Shinohara et al., 1998; Stasiak et al.,
2000; Kagawa et al., 2002; Singleton et al., 2002). Two crystals structures are solved for
the human RAD52 protein’s N-terminal fragment. An 11-membered ring was observed
with this truncation, in contrast to the heptemer from other studies (see figure 1.13); however, ultracentrifugation studies on the full length protein yielded an oligomeric state of
seven, and indicates that the more populated ring is likely due to the extra space from
the C-terminal deletion. High order structures have also been observed in EM and predicted by FRET, likely to be formed through C-terminal interactions as several methods
have shown 3-4 oligomers for RAD52 containing only the C-terminal region (Van Dyck
et al., 1998; Grimme et al., 2010). Although the crystal structures did not have ssDNA
bound, they revealed a mushroom cap shaped ring structure with a positive groove running along the underside of the mushroom cap, predicted to be the DNA binding site
with ssDNA wrapped around the ring rather than bound through the central channel
(see figure 1.13) (Kagawa et al., 2002; Singleton et al., 2002). In addition, mutations of the
positive amino acids in the groove that are not involved in other interactions resulted in
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a dramatic decrease in ssDNA binding activity (Kagawa et al., 2002). DNA footprinting of
RAD52-ssDNA also revealed hypersensitivity to cleavage at every four-nts and suggests
that each RAD52 monomer binds to 4-nts (Singleton et al., 2002). In addition to ssDNA,
RAD52 can bind, albeit more weakly, to dsDNA (Benson et al., 1998; Kagawa et al., 2001),
and a recent study discovered this dsDNA binding site to be close to the ssDNA site. Interestingly, binding at the dsDNA site prevented ssDNA from binding only if dsDNA is
added prior to ssDNA (Kagawa et al., 2008).

A

B

Figure 1.13: Crystal Structure of N-terminal RAD52. (A) Ribbon model for the undecameric RAD52
ring structure containing first 212 amino acids. N-terminal in blue and C-terminal in magenta. (B)
Surface potential mapping of RAD52. Negative charges are in red and positive charges are in blue.
Adapted with permission from Kagawa et al. 2002.

1.10.4 Protein interactions of RAD52
Despite the lack of phenotype for RAD52 deficiency, an early study showed that human
RAD51’s homology pairing and joint molecule formation is stimulated by RAD52 (Benson
et al., 1998). Human RAD51 and RAD52 associates with each other in vivo and in vitro.
This interaction is mapped to the C-terminus of RAD52 and the N-terminus of RAD51 that
is missing in RecA (Shen et al., 1996), although mutations in the RAD51 catalytic core can
also negatively impact binding to RAD52 (Kurumizaka et al., 1999). Biochemical studies
revealed the stable complex of ssDNA and phosphorylated RPA with RAD52 monomer,
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suggesting that the ring structure of RAD52 could be lost upon binding to the RPA-ssDNA
complex (Deng et al., 2009). However, a more recent FRET study showed that ssDNARPA is able to wrap around the RAD52 ring similar to naked ssDNA, although not as
completely (Grimme et al., 2010).
Studies of human RPA and RAD52 reveals two points of physical interaction at a region
around DBD-A and DBD-B of RPA1 and at the C-terminus of RPA2 (Park et al., 1996;
Jackson et al., 2002) with the central domain of RAD52. In addition, RAD52 binding at
the RPA2 C-terminus seems to mediate an increase in affinity of RPA to ssDNA that is
independent of RAD52 binding (Jackson et al., 2002). This increase in binding is seen with
a RAD52 mutant missing the DNA binding domain in the N-terminal half and suggests
the increase in RPA affinity to DNA is likely due to a conformational change in the RPAssDNA complex and protein-DNA contacts. This was further supported by a recent singlemolecule study that observed yeast Rad52’s effect on RPA turnover (Gibb et al., 2014).
As described earlier, budding yeast (Sc)RPA is stable in solution free of other binding
proteins but undergoes facilitated dissociation when free protein is introduced. This rate
of turnover was measured using DNA curtains for ScRPA-ssDNA complexes with and
without Rad52 bound. Rad52 has an inhibitory effect on the turnover of RPA locally and
suggests that the yeast Rad52 binding also increases RPA’s affinity for DNA.

1.10.5 Annealing function of RAD52
The interaction between RPA and Rad52 is also important for its annealing function, and
the recombination defective RPA mutant rfa1-t11 cannot support Rad52 mediated anneal-
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ing likely due to its defect in interaction with Rad52 (Sugiyama et al., 2006; Wu et al., 2008).
In addition, since SSB does not readily interact with yeast Rad52, Rad52 does not readily
anneal ssDNA bound by SSB (Wu et al., 2008). Annealing is also slowed by the presence
of Rad51 in solution and the Rad51 filament on one of the homologous strands (Wu et al.,
2008). This inhibition can be partially alleviated by Rad52 paralogue Rad59. Yeast Rad52
has been found to exist in a complex with Rad59, a 238 residue protein with significant
homology to the N-terminal region of Rad52 (Bai and Symington, 1996). Unlike Rad52,
Rad59 is unable to mediate the annealing of RPA coated ssDNA but can enhance the annealing of naked ssDNA. Yeast Rad52 also interacts with the Rad51 paralogues Rad55-57,
and the Shu complex indirectly through Rad55-57(Gaines et al., 2015). This complex is
able to both aid Rad51 load onto RPA coated ssDNA and stimulate strand exchange.

1.10.6 Second strand capture
Yeast and human Rad52 are implicated in second strand capture—annealing of the ssDNA
from the non-invaded end of the DSB with the displaced ssDNA produced by strand invasion and DNA synthesis (Sugiyama et al., 2006; Nimonkar et al., 2009). There is minimal
annealing in the in vitro assay without Rad52 and that this step requires the removal of
secondary structures by RPA in a species specific manner, SSB cannot replace RPA for
Rad52-mediated annealing (Sugiyama et al., 2006; McIlwraith and West, 2008).
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1.10.7 Single molecule study of RAD52
There remains the interesting question of how RAD52 functions as a back-up HR mechanism and the answer to this question is still very unclear. In this thesis, I am interested
in examining the dynamics of RAD52 with regards to its interactions with RPA, RAD51,
and ssDNA; also I want to ask how much the structural conservation from yeast to humans manifests in its behavior in our system and what the differences between the two
are to better understand what role RAD52 plays in humans. In particular, I use two-color
imaging and ssDNA curtains to examine RAD52-RPA-ssDNA complexes and how these
complexes evolve through presynaptic filament assembly. Given that RPA could exhibit
allosteric behavior, I want to ask how RAD52 binding affects its dynamics in the context
of facilitated dissociation. RAD51 has been shown to inhibit ssDNA annealing by RAD52
even though it is known to interact with RAD52 (Wu et al., 2008; Sugiyama and Kantake,
2009). I want to look the dynamics of RAD52 binding and its stability on the RAD51 filaments to gain a better understanding of its roles in strand exchange and second-strand
capture.

1.11 Total internal reflection fluorescence (TIRF)
microscopy
Total internal reflection fluorescence microscopy (TIRFM) exploits a unique property of
light known as total internal reflection. When light (electromagnetic radiation) enters a
new medium with a different refractive index, it bends by an angle that can be predicted
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by Snell’s Law (Axelrod, 1989). When light enters a medium with a lower refractive index,
it is possible to be completely reflected and be confined in the higher-index medium for all
incident angles above the critical angle. This is the prerequisite for total internal reflection.
In this case, although light is reflected, it produces a highly limited electromagnetic field
adjacent to the interface on the side of the medium with the lower refractive index. This
evanescent wave (or field) has the same frequency as the incident light but its intensity
decays exponentially as it travels away from the interface in a direction perpendicular to
the it, as represented in figure 1.14 on page 45 (Stout and Axelrod, 1989). In the TIRFM
setup, this wave only reaches a few hundred nanometers into the chamber. In the reaction
chamber, the free flowing fluorophores do not contribute to the signal while those bound
to DNA that is tethered close to the interface get imaged (see figure 1.14). As a result, only
a very thin slice of specimen is imaged and therefore this contributes to a much higher
signal-to-noise ratio than confocal microscopy and more traditional microscopic methods
(Axelrod, 1989). One limitation of surface based assays is that the DNA molecules close
to the glass surface could result in undesirable electrostatic interactions that restrict the
dynamics of DNA.

1.11.1 DNA curtains
To overcome the unwanted interactions between DNA and the glass surface, DNA curtains uses a phospholipid bilayer to simulate the physiological cell membrane and to passivate the glass surface against DNA interactions (Greene et al., 2010). The phospholipids
can freely diffuse along the glass surface and also be used to tether DNA molecules at
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Figure 1.14: Total internal reflection of the incident laser beam results in the generation of an
evanescent field depicted by the fading teal-colored area. Fluorescent DNA bound molecules
(green circles) can be excited by the evanescent field and emit light that travels to the objective.
See text for more details.

the 5′ ends through biotin-streptavidin linkages. Writing of metallic patterns on the glass
surface can restrict lipid movement and therefore allow multiple DNA molecules to line
up next to each other perpendicular to the flow direction for simultaneous observation
(Gorman et al., 2010). Continuous buffer flow is needed to keep the DNA extended parallel
to the glass surface and in the range of the evanescent field. To bypass this requirement,
DNA molecules can also be tethered at the 3′ ends to the metal that is etched on the glass
surface to produce double tethered curtains (see figure 1.14) (Collins et al., 2014). These
molecules remain extended and observable by TIRFM even in the absence of flow. For
more details on the application of TIRFM to DNA curtains, please refer to the following
chapters.
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Chapter 2
Protein dynamics of human RPA and
RAD51 on ssDNA during assembly and
disassembly of the RAD51 filament

This work was originally published as : ”Protein dynamics of human RPA and RAD51 on
ssDNA during assembly and disassembly of the RAD51 filament”, Chu Jian Ma*, Bryan
Gibb*, YoungHo Kwon, Patrick Sung, Eric C. Greene, Nucleic Acid Res. 45, 749–761 (2017).
Author contributions: C.M., B.G., and E.C.G. designed the single-molecule experiments; B.G. performed hRPA exchange experiments and data analysis; C.M. assisted with
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hRPA exchange experiments and data analysis; C.M performed RAD51 assembly and disassembly experiments and data analysis; B.G. expressed and purified wt-hRPA and hRPARFP constructs; C.M. expressed and purified hRPA-eGFP constructs; Y.K. expressed and
purified RAD51; C.M. and E.C.G. wrote the manuscript with input from all co-authors.

2.1 Abstract
Homologous recombination (HR) is a crucial pathway for double-stranded DNA break
(DSB) repair. During the early stages of HR, the newly generated DSB ends are processed
to yield long single-stranded DNA (ssDNA) overhangs, which are quickly bound by replication protein A (RPA). RPA is then replaced by the DNA recombinase Rad51, which forms
extended helical filaments on the ssDNA. The resulting nucleoprotein filament, known as
the presynaptic complex, is responsible for pairing the ssDNA with homologous doublestranded DNA (dsDNA), which serves as the template to guide DSB repair. Here, we use
single-molecule imaging to visualize the interplay between human RPA (hRPA) and human RAD51 during presynaptic complex assembly and disassembly. We demonstrate that
ssDNA-bound hRPA can undergo facilitated exchange, enabling hRPA to undergo rapid
exchange between free and ssDNA-bound states only when free hRPA is present in solution. Our results also indicate that the presence of free hRPA inhibits RAD51 filament
nucleation, but has a lesser impact upon filament elongation. This finding suggests that
hRPA exerts important regulatory influence over RAD51 and may in turn affect the properties of the assembled RAD51 filament. These experiments provide an important basis
for further investigations into the regulation of human presynaptic complex assembly.
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2.2 Introduction
Homologous recombination (HR) is a highly conserved pathway that enables the exchange of genetic information between DNA molecules and is a driving force in evolution.
HR is indispensable for the repair of DNA double-strand breaks (DSBs), which are cytotoxic lesions that can lead to genomic rearrangements and chromosomal abnormalities.
HR plays essential roles in the rescue of stalled or collapsed replication forks (Cox et al.,
2000; Symington, 2014), chromosomal rearrangements (Symington, 2014), horizontal gene
transfer (Fraser et al., 2007; Keeling and Palmer, 2008) and meiosis (Brown and Bishop,
2014; Neale and Keeney, 2006). Defects in HR have been directly linked with hereditary breast cancer, and the cancer prone diseases Fanconi anemia, and Bloom syndrome
(Aguilera and García-Muse, 2013; San Filippo et al., 2008).
During DSB repair by HR, the DNA break ends are processed to yield long 3’ singlestranded DNA (ssDNA) overhangs. In eukaryotes, these ssDNA overhangs are rapidly
coated by the abundant ssDNA binding protein RPA (replication protein A), and the RPAcoated ssDNA recruits DNA damage checkpoint kinases to trigger the DNA damage response (Chen and Wold, 2014; Liu and Heyer, 2011; Toledo et al., 2013; Xu et al., 2008;
Zou and Elledge, 2003). RPA participates in numerous aspects of eukaryotic nucleic acid
metabolism, including DNA replication and repair (Broderick et al., 2010; Oakley and
Patrick, 2010; San Filippo et al., 2008; Sugitani and Chazin, 2015; Wold, 1997). RPA is
essential for survival and the maintenance of genome integrity (Chen and Wold, 2014).
The importance of RPA is further underscored by the observations that loss of any of RPA
subunits is lethal (Brill and Stillman, 1991; Haring et al., 2008), haploinsufficiency in mice
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is associated with lymphoid tumors and a decrease in lifespan (Hass et al., 2010; Wang et
al., 2005), and a reduction in protein level results in defects in the DNA damage response
(OD́riscoll et al., 2007; Outwin et al., 2011; Toledo et al., 2013). RPA binds very tightly to
ssDNA, exhibiting a sub-nanomolar dissociation constant (Kd ≈ 10−9 –10−11 M ), consistent with its role in minimizing ssDNA secondary structure and preventing ssDNA degradation by cellular nucleases (Chen and Wold, 2014; Wold, 1997). Yet, emerging evidence
suggests that the binding of RPA is highly dynamic, commensurate with the requirement
that it be readily displaced from ssDNA by proteins that function in DNA repair or replication (Chen et al., 2016; Chen and Wold, 2014; Deng et al., 2014; Fanning et al., 2006; Gibb et
al., 2014; Gibb et al., 2014). RPA is a heterotrimeric complex composed of 70-, 32-, and 14kDa subunits, with a total of six OB-folds (oligosaccharide- or oligonucleotide-binding),
and four ssDNA-binding domains (DBD): three DBDs on the 70 subunit linked by flexible polypeptide chains, and one on the 30 subunit (Chen and Wold, 2014; Fanning et al.,
2006; Wold, 1997). This multidomain architecture is thought to confer conformational
flexibility that allows RPA to both bind ssDNA very tightly and yet be readily displaced
by downstream DNA repair or replication factors (Chen and Wold, 2014; Fanning et al.,
2006).
In the initial stage of HR, RPA is replaced by the ATP-dependent recombinase RAD51,
which forms extended helical filaments on the ssDNA (Bianco et al., 1998; Heyer et al.,
2010; Morrical, 2015; San Filippo et al., 2008; Symington, 2014). This filament assembly
process begins with a nucleation event, in which a small complex, comprised of 2 - 5
RAD51 monomers, binds to the ssDNA (Candelli et al., 2014; Hilario et al., 2009; van der
Heijden et al., 2007). Then, additional Rad51 subunits are added to the ends of the growing
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filaments to form a long protein polymer (Bianco et al., 1998). The resulting Rad51-ssDNA
filaments are referred to as the presynaptic complex, and this complex is responsible for
locating a homologous DNA sequence in the genome and then catalyzing strand invasion,
which pairs the ssDNA overhang with the homologous duplex (Bianco et al., 1998; Morrical, 2015). The 3’ end of the invading strand is then used to prime DNA synthesis and
the resulting intermediates can be resolved through a number of mechanistically distinct
pathways, culminating with the repair of the DSB (Pâques and Haber, 1999; San Filippo
et al., 2008; Symington, 2014).
Here, we use ssDNA curtain assays to directly visualize the interplay between human
RPA (hRPA) and human RAD51 during presynaptic complex assembly. These experiments reveal that hRPA binds tightly to ssDNA with a half-life greater than two hours,
but is also able to rapidly exchange with free hRPA present in solution through a mechanism known as facilitated exchange (Ha, 2013). These findings are strikingly similar
to results we have previously reported for Saccharomyces cerevisiae RPA (Deng et al.,
2014; Gibb et al., 2014; Gibb et al., 2014), indicating that the facilitated exchange mechanism is conserved between yeast and humans. We also demonstrate that hRPA inhibits
RAD51 assembly by restricting new filament nucleation events, but appears to have a
lesser impact upon filament elongation. As a consequence, the RAD51 filaments are visibly longer when free RPA is present, allowing us to directly observe bidirectional RAD51
filament elongation. RAD51 filament assembly requires calcium, and our work reveals
that preassembled RAD51 filaments remain intact upon removal of free ATP so long as
Ca2+ remains present in the buffer, highlighting the dominating role of ATP hydrolysis in
RAD51 filament stability. Together, our findings provide new insights into the assembly
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and disassembly of the presynaptic RAD51 filament on RPA-coated ssDNA.

2.3 Materials and Methods
2.3.1 Protein expression and purification
6xHis-tagged hRPA-eGFP was expressed in E. coli pLysS cells. A single colony was inoculated into 6L of LB containing 50 µg/ml carbenicillin and induced at 0.9 OD600 using 0.5
mM IPTG. Cells were grown overnight at 16℃ and then harvested by centrifugation at
4000xg for 25 min at 4℃. The cell pellet was resuspended in lysis buffer (500 mM NaCl,
20 mM Tris [pH 7.5], 2 mM β-ME, 5 mM imidazole, 10% glycerol, and 0.5 mM PMSF) and
then lysed by sonication. The lysate was clarified by centrifugation at 25,000 rpm for 30
mins at 4℃, and the clarified lysate was bound to Ni-NTA resin (Qiagen) equilibrated in
R-buffer (50 mM KCl, 20 mM Tris-HCl [pH 7.4], 1 mM DTT, 0. 5mM EDTA, 10% glycerol)
for 1 hour in batch at 4˚C on a rotator. The Ni-NTA resin was then washed with R-buffer
plus 50 mM imidazole and hRPA-eGFP was eluted using R-buffer with 200 mM imidazole.
The pooled fractions were dialyzed into R buffer and then fractionated on a heparin column. Protein was eluted from the heparin column using a linear gradient 50-1000 mM
KCl in R buffer. Pooled fractions were dialyzed into R150 buffer (150 mM KCl, 20 mM Tris
[pH7.4], 1 mM DTT, 0.5 mM EDTA, 50% glycerol) overnight at 4˚C using 10,000 MWCO
Snakeskin dialysis tubing (Thermo-Fisher Scientific). Fractions were then flash frozen in
liquid nitrogen and stored at -80˚C. Protein concentrations were measured using a Nanodrop instrument and an extinction coefficient of ɛ488nm = 55, 000cm−1 M −1 for eGFP.
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Purity of the hRPA was assessed using a 4-20% gradient gel and Coomassie staining.
6xHis-tagged hRPA-mCherry and wild-type RPA (unlabeled) were expressed and purified as above with the following changes. After heparin column purification, pooled
fractions were resolved on a Superdex 200 gel filtration column equilibrated in R-buffer
and subsequently a Q-column (also eluted using R-buffer) before undergoing dialysis into
R-buffer containing 50% glycerol. We did not observe a significant difference in purity
with these additional steps and therefore did not perform them for RPA-eGFP. E. coli SSB
and RAD51 were purified as previously described (Gibb et al., 2014).

2.3.2 Single-strand DNA curtains
Flowcells were prepared as previously described (Gibb et al., 2012; Gibb et al., 2014). Biotinylated ssDNA was made by rolling circle replication using a circular M13 ssDNA template, a biotinylated primer, and ɸ29 DNA polymerase, as described (Gibb et al., 2012). For
the extension and visualization of the ssDNA curtain, hRPA-eGFP (1 nM) was injected into
the sample chamber at 1 ml/min in BSA buffer (40 mM Tris [pH 8.0], 2 mM MgCl2, 1 mM
DTT, and 0.2 mg/ml BSA). After 2 minutes, 150 µl of 7 M urea was flushed through the
sample chamber to help remove protein aggregates and any remaining ssDNA secondary
structure, and flow with 1 nM hRPA-eGFP was continued for another 15 minutes to ensure
that both ends of the ssDNA were anchored to the flowcell surface.

52

2.3.3 RPA stability and facilitated dissociation measurements
All hRPA and RAD51 experiments were performed at 37˚C. Experiments involving only
hRPA were conducted in RPA buffer (30 mM Tris-Acetate [pH 7.5], 20 mM Mg-Acetate, 50
mM KCl, 1 mM DTT, 0.2 mg/ml BSA). For hRPA stability measurements in the absence of
free protein, hRPA-eGFP (100 nM) was injected into the sample chamber and allowed to
bind to the ssDNA. The flowcell chamber was then flushed with HR buffer at 1 ml/min for
a minimum of 2 minutes to remove free hRPA, flow was terminated, and the hRPA-eGFP
signal was observed over time as previously described for S. cerevisiae RPA (Gibb et al.,
2014).
Facilitated dissociation was examined by chasing the hRPA-eGFP-ssDNA complexes
with HR buffer containing unlabeled hRPA (100 nM). hRPA was injected at a flowrate of
0.2 ml/min, flow was then terminated, and images (100 msec integration) were acquired at
set intervals (from 2 sec to 20 sec) for the duration of the experimental measurements. For
analysis, kymographs of individual ssDNA molecules were generated using Fiji (ImageJ
1.48b, Wayne Rasband, National Institutes of Health, USA). Fluorescence intensity of the
resulting kymographs was adjusted based upon the average background pixel intensity.
Summing the intensities from across all the pixels for each ssDNA molecule and dividing
by the number of pixels gave the adjusted pixel intensity for each molecule. For each time
point, the overall adjusted pixel intensity was then averaged over N>10 ssDNA molecules
and the average intensities were then normalized against the first frame of the kymographs and plotted against time. The resulting exchange curves were fitted to a double
exponential because the overall loss of signal intensity reflects contributions of protein
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exchange and photobleaching.

2.3.4 RAD51 filament assembly and disassembly
RAD51 filaments were assembled using HR buffer (30 mM Tris [pH 7.4], 1 mM Mg2+ , 5
mM Ca2+ , 100 mM KCl, 0.2 mg/ml BSA, 1 mM DTT, and 2 mM ATP), unless otherwise
indicated. After ssDNA-hRPA-eGFP curtain was formed using BSA buffer, we flushed
out excess hRPA with HR buffer at 1 ml/min for a minimum of 2 minutes before injecting
RAD51 plus or minus free hRPA-eGFP through a 50 µl sample loop. The adjusted intensity
over time was calculated and normalized as for hRPA exchange. The intensity curves were
fitted to a simple exponential decay function: I = A × e(−k×t) , where I is the normalized
intensity for the filament, k = kexchange + kphotobleaching . We used the 0 nM RAD51 case to
estimate kphotobleaching¬ in order to calculate kexchange, which was plotted against the
concentration of RAD51. This was subsequently fitted to the Hill equation: rate = Vmax ×
n
xn /(S0.5
+xn ) , where n is the Hill coefficient, Vmax is the maximum assembly rate, x is the

RAD51 concentration, and S0.5 is the constant that represents the RAD51 concentration
at half-maximal velocity. This equation was adapted for competitive inhibition by RPA
to: rate = Vmax × xn /(Scn + xn ) , where Sc = S0.5 × (1 + ([I])/kapp ), I is the free
hRPA concentration and kapp is the dissociation constant for hRPA. RAD51 binding also
results in extension of the tethered ssDNA (Gibb et al., 2014; Qi et al., 2015), and in these
double-tethered ssDNA curtain assays this extension results in movement of the ssDNA
further away from the flowcell surface. The experimentally observed decrease in hRPAeGFP fluorescence intensity reflects a combination of hRPA-eGFP displacement from the
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ssDNA and movement of the protein-bound ssDNA further away from the slide surface.
For disassembly reactions, presynaptic complexes were formed using 1 μM RAD51 as
described above. After 30-min incubation, buffer flow was resumed using HR buffer containing 1 nM hRPA-eGFP and the indicated amounts of calcium and ATP. The rebinding of
hRPA-eGFP to the ssDNA was used to measure the rate and extent of RAD51 dissociation,
and the resulting kymographs were analyzed as above.

2.3.5 RAD51 nucleation, growth, and disassembly
Nucleation positions were identified by first determining the time point (frame) in which
the hRPA-eGFP signal had decreased to 40% of its original level following the injection of
RAD51, as described above. The hRPA-eGFP signal intensity for each pixel along the selected ssDNA molecule was then plotted against position along the ssDNA. The resulting
plot was analyzed to identify local minima, and these local minima were used as proxies to approximate the positions of RAD51 filament nucleation events. The local minima
only serve as an approximation because we are unable to observe the initial nucleation
events as our readout of hRPA-eGFP signal and a small nucleus of RAD51 initially might
not result in macroscopic dissociation of RPA and it is also impossible to detect a single
GFP loss in our system. This analysis was only performed on data obtained from experiments conducted in the presence of ≥50 nM free hRPA, because these were the only
conditions under which we readily observed separate RAD51 filaments on the individual
ssDNA molecules. Standard deviations for position distribution measurements were obtained from bootstrapping analysis, as previously described (Qi et al., 2015). The RAD51
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filament elongation rates were estimated from experiments conducted in the presence of
750 nM RAD51 and 50 nM hRPA. The resulting kymographs were analyzed by visual inspection to identify readily resolved RAD51 that initiated from well-defined nucleation
points, and the rate of filament elongation was estimated based on the rate at which these
filaments spread along the ssDNA.
Filament disassembly rates were measured from experiments in which disassembly
was initiated by the removal of calcium from the reaction buffer, and the rate of filament
disassembly was estimated based on the rate at which the newly bound hRPA-eGFP spread
along the ssDNA. The concentration of free hRPA-eGFP used (10 nM) is in vast excess to
the amount of ssDNA in the flowcells. The positions of the individual filament ends were
identified from kymographs by first selecting the time point (frame) in which the fluorescent signal arising from the re-binding of hRPA-eGFP had reached 15% of its maximal
values. The hRPA-eGFP signal intensity for each pixel along the selected ssDNA molecule
was then plotted against position along the ssDNA, and the resulting data analyzed to define local maxima. These local maxima were then used as proxies for the approximate
the positions of the initial hRPA-eGFP binding events following the initiation of RAD51
filament disassembly.

2.3.6 ATP hydrolysis assay
ATP hydrolysis reactions were carried out at 37˚C in HR buffer containing 23 µM nucleotide of M13 ssDNA, 2 mM Mg2+ , 1 mM ATP, 5 µCi [Ɣ32-P]ATP, and 2 µM RAD51.
Aliquots (3 µl) were removed at the indicated time intervals and reactions terminated by
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mixing with an equal volume of 100 mM EDTA. Each sample (1 µl) was spotted on a PEIcellulose TLC plate (Sigma Aldrich) and resolved in running buffer containing 0.5 M LiCl
and 1 M formic acid. The dried TLC plates were exposed to a phosphor screen and quantified using a GE Life Sciences Typhoon imager. The extent of ATP hydrolysis was then
determined by calculating the fraction of radioactivity from free phosphate relative to the
total radioactivity present in the sample.

2.3.7 Monte Carlo simulation of RAD51 disassembly
Monte Carlo simulations were performed essentially as described (van der Heijden et al.,
2007; van Mameren et al., 2009). Within the simulations, a 16,000 element 1-D array
was used to emulate the RAD51 bound ssDNA, with each element representing a triple
nucleotide that can be bound by one Rad51 monomer. Starting at one end of the array,
the entire ssDNA was populated with RAD51 filaments of a pre-determined length with
30 nucleotides placed between adjacent filaments. Simulations were performed using
RAD51 filaments that varied from 20 to 1220 monomers in length. Filament disassembly
was modeled as a two-stage process starting with ATP hydrolysis and following with enddependent protein monomer dissociation. Where indicated, the model was modified to
reflect the possibility of internal RAD51 dissociation. The ATP hydrolysis rate was fixed
at 0.009 sec-1 based upon our experimental measure of RAD51 ATP hydrolysis in the
absence of Ca2+ . A time step of 1 second was used with in the Monte Carlo simulation,
and for each time step, a value was extracted from a random distribution of values ranging
between 0 and 1. If the selected value was smaller than the rate for that step, then that
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monomer underwent this change. The resulting simulation data were evaluated using
a least-squares method for comparing the simulated curve to the experimental data for
RAD51 dissociation.

2.4 Results
2.4.1 Visualizing human RPA with ssDNA curtains
We have established an ssDNA curtain assay that allows us to observe large numbers
of ssDNA molecules and their binding partners in real-time by total internal reflection
fluorescence microscopy (TIRFM) (Gibb et al., 2012; Gibb et al., 2014; Lee et al., 2015; Qi et
al., 2015). Using this technique, we have previously shown that S. cerevisiae RPA (ScRPA)
binds very tightly to ssDNA, with an observed half-life exceeding two hours (Gibb et al.,
2014). Therefore, as an initial assessment of hRPA ssDNA-binding stability, we prepared
ssDNA curtains bound by hRPA-eGFP (Fig. 2.1A,B). After removing free hRPA-eGFP, we
monitored the stability of the hRPA-eGFP-ssDNA complexes for either 10 minutes or 2
hours while keeping the total illumination (laser exposure) time constant (Fig. 2.1C,D). We
observed a slight decrease in fluorescent signal intensity in both cases, but this decrease
in signal was the same for the 10-minute and 2-hour observations, indicating that it was
due to photobleaching, and did not reflect dissociation of hRPA-eGFP from ssDNA. Based
on these results, we conclude that the half-life of the RPA-eGFP-ssDNA complex is much
longer than 2 hours.
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2.4.2 Human RPA undergoes facilitated exchange
Although ScRPA binds very tightly to ssDNA, it also turns over rapidly when free ScRPA
is present (Gibb et al., 2014). This concentration-dependent protein turnover is referred
to as facilitated exchange (Ha, 2013; Hadizadeh et al., 2016), and this phenomenon is
thought to reflect the existence of microscopically dissociated states, which only undergo
macroscopic dissociation when free RPA is available to occupy ssDNA that is exposed
during the microscopic dissociation events (Cocco et al., 2014; Graham et al., 2011; Sing
et al., 2014).
To determine whether human RPA also undergoes facilitated exchange in vitro, we
pre-bound hRPA-eGFP to the ssDNA curtains, and then chased these complexes with
buffer containing varying concentrations of free untagged hRPA. As expected, hRPAeGFP remained tightly bound to the ssDNA in mock reactions lacking free hRPA (Fig.
2.2A). In striking contrast, hRPA-eGFP rapidly dissociated from the ssDNA curtains when
chased with buffer containing 1 µM free hRPA (Fig. 2.2B) and both the rate and extent of
hRPA-eGFP dissociation were dependent upon the concentration of the free hRPA (Fig.
2.2C).
We next conducted experiments involving iterative changes between hRPA-eGFP and
hRPA-RFP (Fig. 2.2D), and between hRPA-eGFP and untagged hRPA (Fig. 2.2E). If hRPA is
able to undergo facilitated exchange, then these iterative changes in hRPA identity should
coincide with changes in the fluorescence color or signal intensity observed on the individual ssDNA molecules. This behavior has been previously observed for S. cerevisiae
RPA (Gibb et al., 2014). As anticipated, when ssDNA-bound hRPA-eGFP was chased with
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buffer containing hRPA-RFP (100 nM) the fluorescence signal on the ssDNA molecules
changed rapidly from green to red, and vice versa (Fig. 2.2D). Similarly, when ssDNAbound hRPA-eGFP was chased with buffer containing wild-type hRPA (100 nM) the fluorescence signal on the ssDNA molecules oscillated between green and dark, and vice
versa (Fig. 2.2E). This last experiment demonstrates that untagged hRPA also undergoes
facilitated exchange when chased with the eGFP-tagged protein, confirming that the observed behavior is not due to the presence of the eGFP (or RFP) tag. We conclude that, like
its yeast counterpart, hRPA is able to under concentration-dependent facilitated exchange
between free and bound states.

2.4.3 Human RPA exchange with heterotypic binding proteins
S. cerevisiae RPA (ScRPA) can undergo facilitated exchange in vitro when chased with either ScRPA or the E. coli ssDNA-binding protein SSB, and vice versa (Gibb et al., 2014).
This result provides strong evidence that the facilitated exchange involving ScRPA is not
reliant upon species-specific protein-protein contacts. Similarly, experiments using hRPA
and either E. coli SSB or ScRPA revealed that the former is readily displaced from ssDNA
by either of the heterologous proteins (Fig. 2.7). These findings reveal that hRPA displacement from ssDNA by another ssDNA-binding protein does not require any specific
interactions with the competing protein.
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2.4.4 Cooperative assembly of RAD51 on hRPA-coated ssDNA
The RPA-ssDNA complex is the physiologically relevant substrate for presynaptic complex assembly, and although many single-molecule studies have focused on RAD51 assembly on either naked ssDNA or naked dsDNA, relatively little is known about how
RAD51 assembles onto hRPA-coated ssDNA molecules. Therefore, we next examined
the assembly of human Rad51 filaments on the hRPA-eGFP-coated ssDNA curtains (Fig.
2.3A). The addition of RAD51 led to the rapid loss of fluorescent signal as hRPA-eGFP was
displaced from the ssDNA (Fig. 2.3B,C). Reactions performed at different RAD51 concentrations confirmed that RAD51 filament assembly was cooperative (Fig. 2.3D), consistent
with previous reports of RAD51 ssDNA binding behavior (Candelli et al., 2014; Hilario et
al., 2009; van der Heijden et al., 2007). The experimentally observed assembly rates were
fit to a Hill equation, yielding a Hill coefficient of n = 1.95 ± 0.32 (adjusted R2 of 0.952)
(Fig. 2.3 D), which is also consistent with previous reports (Candelli et al., 2014; Hilario
et al., 2009; van der Heijden et al., 2007).

2.4.5 Free RPA inhibits presynaptic filament assembly
Although the RPA-ssDNA complex is the physiologically relevant target for presynaptic
filament assembly, RPA can interfere with the filament assembly process by preventing
Rad51 binding. For instance, if RPA is added prior to or concurrently with Rad51 in bulk
biochemical reactions, then RPA out competes Rad51 for available ssDNA binding sites
(Sung et al., 2003). This inhibitory effect of RPA can be overcome by including recombination mediator proteins such as Rad52 (in yeast) or BRCA2 (in humans) (Jensen et al.,
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2010a; Sung and Klein, 2006). In vivo, Rad52 and BRCA2 help load Rad51 onto ssDNA
to overcome the inhibitory effects of RPA and these mediators are clearly needed for the
timely assembly of RAD51-ssDNA complexes at DNA lesions (Heyer et al., 2010; San Filippo et al., 2008; Symington, 2014). Interestingly, RAD51 filament formation in our ssDNA
curtain assays is observed in the absence of mediator, and we see no evidence that the
ssDNA-bound RPA prevents Rad51 loading for either S. cerevisiae (Gibb et al., 2014; Gibb
et al., 2014) or human proteins (see above). However, our assays are performed within
microfluidic chambers allowing for the removal of free RPA prior to RAD51 addition. This
situation differs considerably from either bulk biochemical or the in vivo situation where
free RPA is always present. Therefore, we next asked whether RAD51 ssDNA-binding
activity was affected by the presence of free hRPA.
To determine the effect of free hRPA on RAD51 filament assembly, we concurrently
injected a fixed concentration of RAD51 (750 nM) along with varying concentrations of
free hRPA-eGFP (0 – 200 nM) into sample chambers containing hRPA-eGFP-coated ssDNA
molecules (Fig. 2.4A). Low concentrations of free hRPA (≤25 nM) had no appreciable effect
on the rate of RAD51 filament assembly (Fig. 2.4A,B). However, higher concentrations of
hRPA (≥50 nM) significantly reduced the rate of RAD51 filament assembly (Fig. 2.4A,B). It
should be noted that each RPA heterotrimeric complex is capable of associating with up to
30 nucleotides, whereas each RAD51 monomer engages 3 nucleotides of ssDNA meaning
that 10x more RAD51 than RPA is necessary to occupy the same amount of ssDNA. Given
that free hRPA is likely to compete with RAD51 for the same ssDNA sites, we fitted the
resulting assembly rate data to a competitive inhibition model (Fig. 2.4B), yielding an
apparent inhibition constant (Kapp) of 35.49 nM ± 9.33 nM (adjusted R2 of 0.835). This
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number is an estimate as the binding site size for RPA is much larger compared to RAD51,
but we are able to conclude that free RPA restricts RAD51 filament assembly through a
mechanism involving simple competitive inhibition.
Interestingly, for concentrations of hRPA that inhibited assembly we also noticed a
qualitative difference in the pattern of RAD51 assembly (Fig. 2.4A,C). In the absence of
hRPA, nucleation of the RAD51 filaments occurred rapidly and relatively uniformly along
the length of the ssDNA (Fig. 2.3C & 2.4A). In contrast, with increasing concentrations
of hRPA, visual inspection of the resulting kymographs revealed clear evidence of independent RAD51 nucleation events followed by progressive elongation of the unlabeled
RAD51 filaments in both directions along the ssDNA (Fig. 2.4A,C). In reactions with 750
nM RAD51 and 50 nM hRPA, the apparent rates of assembly for 3’→5’ and 5’→3’ growth
were 57 ± 42 and 51 ± 35 nm/min, respectively (Fig. 2.4D). Our resolution of 1 pixel per
750 nucleotide of RAD51-ssDNA precludes us from being able to directly observing the
initial nucleation events as there may be only a few RAD51 molecules involved in these
events and our fluorescence signal depends on RPA dissociation rather than RAD51 binding. The nucleation sites appeared to be randomly distributed along the length of the
ssDNA molecules (Fig. 2.4C,E) and the mean distance between visibly resolved nucleation events was 0.88 ± 0.30 µm (Fig. 2.4F). We anticipate that this value reflects an upper
bound on the actual lengths of the RAD51 filaments under these reaction conditions, as
there are likely to be nucleation events too close to resolve (see below) (Candelli et al.,
2013; Modesti et al., 2007; van der Heijden et al., 2007). We conclude that the presence of
as little as 50 nM free hRPA can significantly reduce the rate of RAD51 filament assembly
through inhibition of nucleation and also results in the formation of longer individual
63

Rad51 filaments.

2.4.6 Disassembly of RAD51 filaments
Previous in vitro studies have demonstrated that calcium enhances RAD51-mediated DNA
strand exchange by attenuating ATP hydrolysis and thus preventing the self-inactivation
of RAD51 (Dmitry and Alexander, 2004; Ristic et al., 2005). Our DNA curtain assays
recapitulate this effect, showing an increase in the rate of RAD51 filament assembly with
Ca2+ present (Fig. 2.8). Indeed, RAD51 filament assembly on the hRPA-coated ssDNA was
completely inhibited in the absence of Ca2+ , highlighting the importance of preventing
ATP hydrolysis in the assembly of the human presynaptic complex (Fig. 2.8). Moreover,
RAD51 presynaptic complexes assembled in the presence of 5 mM Ca2+ , 1 mM Mg2+ , and
1 mM ATP remained stable even when free RAD51 was flushed from the sample chamber
(Fig. 2.5A). However, RAD51 dissociated from the ssDNA upon removal of Ca2+ , even in
the continued presence of 2 mM Mg2+ and 1 mM ATP (Fig. 2.5A,B). This suggests that
RAD51-ADP-ssDNA is not a stable complex and readily dissociates after ATP hydrolysis.
We next asked whether RAD51 filaments prepared in the presence of Ca2+ remained
intact when chased with buffer lacking ATP. RAD51 dissociated from the DNA upon the
removal of both ATP and Ca2+ , at a similar rate to the removal of Ca2+ alone (Fig. 2.5B,C).
Surprisingly, the RAD51 filaments remained fully intact when Ca2+ was retained in the
buffer even when ATP was flushed from the sample chamber (Fig. 2.5B,C). These findings
highlight the influence of Ca2+ on ATP hydrolysis and the stability of RAD51 filaments.
We examined RAD51 filament disassembly induced by Ca2+ removal by following the
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re-binding of hRPA-eGFP (Fig. 2.5A,B,D). Interestingly, inspection of the resulting kymographs revealed that hRPA-eGFP binding began at defined positions along the ssDNA
with subsequent spreading of the fluorescence signal from the initial binding sites in both
the 5’→3’ and 3’→5’ directions at apparent rates of 85±48 and 82±41 nm/min, respectively (Fig. 2.5D,E). The initial appearance of RPA-eGFP on the ssDNA likely signifies the
initiation of RAD51 filament dissociation, with the bi-directional spreading of hRPA-eGFP
reflecting the progressive, end-dependent disassembly of two adjacent RAD51 filaments.
As with RAD51 filament nucleation (Fig. 2.4), the positions at which RAD51 disassembly initiated appeared to be randomly distributed along the ssDNA, reflecting lack of sequence specificity for the initiation of filament disassembly within our resolution limits
(Fig. 2.4D,F). Assuming that the distance between sites of initial hRPA-eGFP nucleation
represents the ends of adjacent RAD51 filaments, then the visually observed filaments exhibit a mean length of 0.92 ± 0.31 µm (Fig. 2.5G). However, these length estimates should
be taken with caution because there are likely numerous filaments too short to be spatially resolved in our measurements, therefore this value likely represents an upper limit
on filament length under our reaction conditions (see Discussion) (Candelli et al., 2013;
Modesti et al., 2007; van der Heijden et al., 2007).

2.5 Discussion
Single-stranded DNA curtains allow for the direct visualization of the dynamics of protein
binding and dissociation on the ssDNA in real-time. Here, we have used these curtains
to study the dynamic properties of human RPA and RAD51 during filament assembly and
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disassembly, to provide new insights into these processes. Together our data allow us to
propose a model for the dynamic interplay between hRPA, RAD51 and ssDNA during the
early stages of DSB processing and presynaptic complex assembly (Fig. 2.6).

2.5.1 Mechanism and impact of hRPA turnover
Recent studies have begun to shed light on the highly dynamic behavior of RPA in its interactions with ssDNA (Chen and Wold, 2014), including the ability of hRPA to undergo
rapid one-dimensional diffusion (Nguyen et al., 2014) and that of ScRPA to rapidly exchange between free and bound states (Deng et al., 2014; Gibb et al., 2014; Gibb et al.,
2014). Our work shows that hRPA remains very stably bound to ssDNA in the absence
of free protein (Fig. 2.6A). However, hRPA undergoes rapid exchange between bound
and unbound states when free hRPA is present in vitro (Fig. 2.6B). These observations
are most consistent with a facilitated exchange mechanism, wherein the four ssDNAbinding OB-folds interact with the ssDNA through multiple contacts to allow hRPA to
undergo constant microscopic dissociation events without complete dissociation of the
protein from the ssDNA (Brosey et al., 2013; Fan and Pavletich, 2012; Stauffer and Chazin,
2004). Previous studies have determined that these OB-folds have different affinities for
ssDNA, resulting in two RPA binding modes that are differentiated by the number of OBfolds associated with ssDNA (a weak 8-nt mode with only 2-OB folds associated, and a
stronger 24-30 nt binding mode with 3-4 OB folds associated with the ssDNA) (Brosey et
al., 2013; Fan and Pavletich, 2012). Macroscopic dissociation of RPA requires that all four
OB-folds be disengaged from the ssDNA simultaneously and becomes possible only when
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free protein molecules are present to compete for the short patches of ssDNA that become
exposed during each microscopic dissociation event. Importantly, we have previously reported a similar behavior for ScRPA and E. coli SSB (Deng et al., 2014; Gibb et al., 2014;
Gibb et al., 2014), and bulk biochemical studies have also suggested that SSB undergoes
facilitated dissociation (Kunzelmann et al., 2010). These findings suggest that the ability
to undergo facilitated exchange in vitro is a broadly conserved property among ssDNAbinding proteins (Gibb et al., 2014; Stauffer and Chazin, 2004). We note that facilitated
exchange has also been reported for various dsDNA-binding proteins in vitro, including
Fis, HU, HMGB, NHP6A, EcoRI, and the transcription factor CueR (Giuntoli et al., 2015;
Graham et al., 2011; Hadizadeh et al., 2016; Joshi et al., 2012; Sidorova et al., 2013; Sing
et al., 2014).
Interestingly, when chased with an excess of untagged RPA, 20% of hRPA-eGFP remained bound to ssDNA . We have previously reported a similar behavior for ScRPA
(Gibb et al., 2014), highlighting another similarity between the human and yeast proteins.
It is not yet clear why a subpopulation of RPA remains resistant to facilitated exchange,
although a recent report has also demonstrated the existence of two distinct hRPA populations with differential ssDNA dissociation kinetics (Chen et al., 2016). It is possible
RPA has differential affinities for particular sequences within ssDNA, and bulk biochemical studies have shown that yeast and human RPA both display a moderate preference
for polypyrimidine versus polypurine (Wold, 1997). Alternatively, it is possible that RPA
can adopt a conformation that enhances its affinity for ssDNA or hRPA-hRPA contacts,
as recently demonstrated for E. coli SSB (Bell et al., 2015), which may render individual
RPA molecules resistant to facilitated exchange. Future studies will be necessary to help
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distinguish between these possibilities.
The ability of RPA to undergo facilitated exchange has important implications for understanding the role and behavior of RPA during DSB repair. RPA is highly abundant,
and eGFP-RPA localizes to DSB sites rapidly (Brenot-Bosc et al., 1995; Lisby et al., 2004;
Solomon et al., 2004; West, 2003). Our work predicts that DSB-bound RPA can undergo
facilitated exchange as a feasible mechanism to hand ssDNA off to downstream proteins
in the DSB repair pathway.

2.5.2 Effects of free hRPA on RAD51 presynaptic filament assembly
The role of RPA during the early stages of recombination is complex, as it both inhibits
and facilitates ssDNA engagement by Rad51 (Bianco et al., 1998; Wold, 1997). RPA can
compete with Rad51 for ssDNA binding, but is also necessary for removing secondary
structure from ssDNA to enable efficient Rad51 presynaptic complex formation. In vivo,
the inhibitory effect of RPA is overcome by mediator proteins such as Rad52 or BRCA2,
which promote the nucleation of Rad51 on RPA-coated ssDNA (Heyer et al., 2010; San
Filippo et al., 2008). Our ssDNA curtain studies with human and yeast Rad51 have shown
that ssDNA-bound RPA does not prevent Rad51 filament formation in the absence of a
mediator protein (Fig. 2.6A). This result was somewhat surprising given the requirement
for mediator proteins during recombination in cells and in numerous in vitro studies.
However, this apparent discrepancy is explained by the finding that in our experimental
system we are able to control the concentration of free RPA, leading to the suggestion
that free RPA restricts RAD51 nucleation, whereas ssDNA-bound RPA only does not (Fig.
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2.6A,B). It is likely that mediators can work together to help suppress this inhibition in
vivo, and this will be a major focus for future studies.
Interestingly, RAD51 filament assembly appears qualitatively different when free
hRPA is present. In the absence of free hRPA, RAD51 filament assembly is very rapid,
and appears to entail numerous nucleation events, followed by relatively limited elongation, leading to a nearly uniform disappearance of hRPA-eGFP from the ssDNA (Fig.
2.6A). These observations are consistent with previous studies suggesting that RAD51 filament formation occurs through many nucleation events, giving rise to relatively short
filaments consisting of a few tens of RAD51 monomers each (Candelli et al., 2013; Modesti
et al., 2007; van der Heijden et al., 2007). In contrast, when free hRPA is present, RAD51
filament assembly becomes much slower, and a significant number of the resulting RAD51
filaments could be segregated into visually identifiable nucleation events followed by bidirectional filament elongation. Taken together, these observations are consistent with a
model where free hRPA inhibits RAD51 nucleation, but has a lesser impact on filament
growth. As a consequence, the fewer RAD51 nucleation events that take place in the
presence of free hRPA result in the formation of longer filaments (Fig. 2.6B). This can be
compared to how RecA is unable to nucleate and assemble on a SSB-bound ssDNA but
can grow by elongation on the same substrate provided there are pre-existing RecA nuclei
(Joo et al., 2006). Although we were able to assemble RAD51 filaments at high enough
RAD51 concentration on RPA-bound ssDNA, this would suggest nucleation as a point of
conservation in the regulation of filament assembly and the part of assembly that can be
heavily influenced by mediators.
We note that free hRPA likely affects the characteristics of the resulting RAD51 fil69

aments as well. Specifically, RAD51 nucleation events in the absence of free RPA may
result in short RAD51 filaments (Candelli et al., 2013; Modesti et al., 2007; van der Heijden
et al., 2007) that are out of register with one another, resulting in potential discontinuities
within the protein filament (Candelli et al., 2013; Modesti et al., 2007; van der Heijden
et al., 2007). In contrast, the infrequent RAD51 nucleation events that occur when free
hRPA is present would yield longer contiguous RAD51 filaments that may possess a different catalytic potential. Future work will determine whether discontinuities within the
RAD51 filament indeed affect its ability to promote the homology search and DNA strand
exchange.
Our observations also raise the question of how RAD51 displaces hRPA from ssDNA.
One possibility is that there exist protein-protein interactions between RAD51 and hRPA
that somehow promote the association of RAD51 with the ssDNA while simultaneously
enabling the removal of hRPA. However, even though hRPA and RAD51 can interact directly (Stauffer and Chazin, 2004) and RPA may be able to localize RAD51 to ssDNA, the
generally inhibitory nature of hRPA on the ssDNA-binding activity of RAD51 would suggest that this interaction only makes a small contribution to RAD51 binding activity. In
addition, human RAD51 and bacterial RecA can both assemble on ssDNA bound by S. cerevisiae RPA, further diminishing the importance of protein-protein interactions for RAD51
binding (Lee et al., 2015; Qi et al., 2015). Another possibility is that RAD51 takes advantage
of the inherent propensity of hRPA to undergo facilitated turnover, and simply nucleates
at ssDNA sites that are exposed during the hRPA microscopic dissociation events, possibly at moments when human RPA shifts to a weaker binding mode with the smaller 8-nt
footprint (Brosey et al., 2013). In agreement with this hypothesis, we can detect assembly
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of human RAD51 and ScRad51 filaments on ssDNA bound by the heterologous RPA. We
can even detect efficient assembly of E. coli RecA filaments on ssDNA bound by either
human or S. cerevisiae RPA (Gibb et al., 2014; Lee et al., 2015; Qi et al., 2015). This hypothesis also leads to a competitive inhibition model where free hRPA can compete with
hRAD51 for binding to ssDNA that is exposed during microscopic dissociation of bound
hRPA to inhibit nucleation and thereby slowing down filament assembly (Fig. 2.6B). Based
on these results, in our system, the most probable model for RAD51 binding relies mostly
on RAD51 displacing ssDNA-bound hRPA by taking advantage of its inherent propensity
to undergo facilitated exchange and this displacement is prevented by free hRPA through
competitive inhibition (Fig. 2.10). However, although the interaction of RPA and RAD51
is not a major contributor in vitro, in cells, it may play a more significant role when other
recombination mediators are present to counteract the inhibitory aspect of RPA binding.

2.5.3 Stability and disassembly of the human Rad51 presynaptic
complex
Calcium strongly stimulates DNA strand exchange by human RAD51 (Dmitry and
Alexander, 2004; Ristic et al., 2005), and it acts by inhibiting ATP hydrolysis thereby keeping the presynaptic filament in the ATP-bound state (Dmitry and Alexander, 2004; Ristic
et al., 2005). Indeed, Ca2+ is critical to filament assembly in our assays, and in reactions containing ≤2 µM RAD51, we are unable to detect stable ssDNA binding or filament
assembly in the absence of Ca2+ . Interestingly, previous studies have reported RAD51
filament assembly on ssDNA in the absence of ATPase inhibition by Ca2+ , but these stud-
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ies did not included ssDNA pre-bound by RPA (Dmitry and Alexander, 2004; Hilario et
al., 2009; van der Heijden et al., 2007). Our finding that RAD51 cannot assemble on RPAcoated ssDNA suggests the possibility that the presence of RPA on the ssDNA may impose
more stringent requirements for filament assembly. For instance, RAD51 may be unable
to nucleate on RPA-coated ssDNA, or nucleation may give rise to highly unstable complexes that rapidly dissociate in the absence of an agent that prevents ATP hydrolysis
(Fig. 2.6C). In our experiments, we inhibited ATPase activity with calcium, but in vivo it
is more likely to be one or a combination of recombination mediators in the nucleus as
cellular calcium levels are much lower than those used in our experiments (Jensen et al.,
2013). Importantly, we do not observe RAD51 mediated hRPA dissociation in the absence
of Ca2+ ; if transient nucleation can take place under these conditions then it does not
result in any detectable displacement of the bound hRPA. Transient nucleation with few
RAD51 molecules may not be sufficient to promote complete dissociation of all four RPA
OB-binding domains. Remarkably, when ATP hydrolysis is inhibited with Ca2+ , RAD51
filament assembly was rapid, complete, and stable even following removal of free ATP,
provided Ca2+ was present. Upon removal of Ca2+ , the release of inhibition on ATP hydrolysis causes the rapid dissociation of RAD51 from the ssDNA, even if ATP is present
in the buffer. These findings agree with previous studies showing that ATP hydrolysis
promotes RAD51 filament disassembly on dsDNA (Ristic et al., 2005; van Mameren et al.,
2009), and further suggest that inhibition of ATPase activity locks RAD51 in a conformation of high stability.
Interestingly, the sigmoidal shape of the disassembly curves obtained upon the removal of Ca2+ suggest the existence of a rate limiting step that must take place prior to
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RAD51 dissociation from the ssDNA. Although we do not yet know the nature of this slow
step, previous reports have suggested that RAD51 dissociation from dsDNA also involves
a slow step, being attributed to either ATP hydrolysis or the exchange of Ca2+ for Mg2+
(Hilario et al., 2009; van Mameren et al., 2009). To explore this process further, we used
Monte Carlo simulations to model potential mechanisms of RAD51 filament disassembly
and the simulation data were evaluated by comparison to the experimentally observed dissociation rates (Fig. 2.12). Within the simulations we assumed that disassembly initiated
upon the exchange of Ca2+ for Mg2+ , which was necessary to enable ATP hydrolysis and
occurred rapidly after the buffer change, that RAD51 monomer dissociation proceeded exclusively from the filament ends, and that this end-dependent dissociation step was rate
limiting (Fig. 2.12A). We also assumed that the rate of ATP hydrolysis was equivalent to
the steady state hydrolysis rate in the presence of Mg2+ only (Fig. 2.11), and we made no
implicit assumptions regarding the lengths of individual RAD51 filaments bound to the ssDNA, but instead ran simulations for a distribution of filaments with a fixed lengths (Fig.
2.12B). Interestingly, the MC simulations suggest that the average lengths of the independent RAD51 filaments were on the order of 100-150 protein monomers (Fig. 2.12B,C),
which is in good agreement with previous estimates of RAD51 filament lengths (Modesti
et al., 2007; van der Heijden et al., 2007), and suggests that RAD51 filament assembly is
dominated by nucleation. However, this simulation result seemingly disagrees with the
visually observed lengths of the RAD51 filaments in our assays (Fig. 2.4F, 2.5G). There are
at least two plausible explanations for this discrepancy. First, our experimental analysis
was restricted to well-defined filaments that could be identified by visual inspection and
ascribed as individual filaments. Such readily defined filaments encompassed just 30%
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of the total RAD51-ssDNA length, so the resulting data likely represent an upper bound
for the actual filament lengths. The second possibility is that our model for RAD51 filament dissociation used in the MC simulations may not accurately reflect the disassembly
process. For instance, a model invoking even a small propensity of RAD51 dissociation
internal positions within the filaments, rather than exclusively restricting dissociation to
filament ends, can readily accommodate longer individual filaments (Fig. 2.12D-F). Future work will be necessary to more completely test the models for RAD51 dissociation,
but together our findings provide a new basis for probing the properties of the human
presynaptic complex.

2.5.4 Mechanism of presynaptic complex assembly
In summary, from the results of our experiments we suggest a model where hRPA engages the ssDNA overhangs rapidly and then undergoes continuous turnover between
free and bound states (Brosey et al., 2013; Fan and Pavletich, 2012). This dynamic equilibrium is assured by free nuclear hRPA (Brenot-Bosc et al., 1995; Ghaemmaghami et al.,
2003; Solomon et al., 2004). Free hRPA restricts RAD51 nucleation, which may help antirecombinase Srs2 in keeping RAD51 from inappropriately associating with certain ssDNA
intermediates, such as Okazaki fragments. Upon RAD51 nucleation we find that filament
elongation is bidirectional, and the presence of free RPA may help ensure the formation of
longer contiguous RAD51 filaments. Mediators, such as Rad52 in S. cerevisiae and BRCA2
in humans, would then function by both targeting RAD51 to the correct locations and
possibly promoting nucleation of RAD51 filaments by increasing the local concentration
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ratio of RAD51 to RPA. This mechanism of mediator action would need to be verified in
vivo but would allow cells to maintain high concentrations of RPA to quickly engage and
protect ssDNA, and yet still enable proper presynaptic complex assembly at processed
DSBs. Homologous recombination in eukaryotes involves the participation of at least 45
different proteins (Heyer et al., 2010; San Filippo et al., 2008; Symington, 2014), many of
which are also subject to regulation through posttranslational modifications. This work
has focused on only two primary protein participants, hRPA and RAD51, but the experimental approaches and results reported here provide the requisite foundation for further
studies of human HR proteins, intermediates, and mechanisms.
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Figure 2.1: Human RPA can bind tightly to ssDNA. (A) Schematic of the double-tethered hRPAssDNA curtain, showing the nanofabricated patterns on the surface of a fused silica microscope
slide. The ssDNA molecules are anchored to the lipid bilayer in defined a 5’- 3’ orientation through
a biotin-streptavidin-biotin linkage and aligned at the zig-zag shaped chromium (Cr) barriers. The
ssDNA is labeled and extended by injection of hRPA-eGFP and downstream ends are anchored
through non-specific adsorption of the RPA-ssDNA to the exposed Cr pedestals. (B) Kymographs
showing single ssDNA molecules bound by hRPA-eGFP in the absence of free RPA. Images (100msec exposure) where collected at 2-second intervals for 10 minutes (upper panel) or at 24-second
intervals for 2 hours (lower panel), as described (Gibb et al., 2014). (C) Loss of RPA-eGFP signal
over time is due to the photobleaching. Collecting images with longer shutter time (24 sec) led to
the same rate of signal decrease when corrected for total illumination time. Each curve represents
normalized averages over time calculated from at least 14 individual ssDNA molecules, and the
shaded regions represent standard deviation.
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Figure 2.2: Facilitated exchange of ssDNA-bound hRPA. (A) Representative kymograph showing
hRPA stably bound to ssDNA in the absence of free RPA. Arrowhead indicates injection of HR
buffer alone. (B) Kymograph showing dissociation of ssDNA-bound hRPA-eGFP upon injection
of unlabeled wild-type hRPA (1 µM), as shown by the black arrowhead. (C) Normalized RPAeGFP signal intensity versus time after injection of different concentrations of unlabeled, wild-type
hRPA. Each curve represents normalized averages over time calculated from at least 18 different
ssDNA molecules, and shaded regions represent standard deviation. Loss of RPA-eGFP signal over
time is due to combination of photobleaching (e.g. at 0 nM and 10 nM free hRPA) and hRPA-eGFP
turnover in the presence of 100–1000 nM free hRPA. Accordingly, the curves were fit to double
exponential decays (solid black lines), with one of the rates corresponding to photobleaching.
(D) Two-color kymograph showing facilitated exchange between successive injections of hRPAeGFP (green) and hRPA-RFP (magenta), and the corresponding color-coded arrowheads indicate
injection time each different hRPA protein. (E) Kymograph showing facilitated exchange between
successive injections of hRPA-eGFP (green) and (F) wild-type hRPA (dark), and the corresponding
arrowheads indicate the injection time for each protein.
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Figure 2.3: Assembly of the RAD51 presynaptic complex. (A) Schematic showing the ssDNA
curtain experiment for visualizing assembly of wild-type (dark) RAD51 using ssDNA-bound by
hRPA-eGFP as a starting substrate. (B) Kymograph showing hRPA-eGFP stably bound to ssDNA in
the absence of RAD51. (C) Kymograph showing displacement of hRPA-eGFP from the ssDNA upon
injection of unlabeled RAD51 (indicated by black arrowhead) in the presence of 2 mM ATP, 1 mM
Mg2+ and 5 mM Ca2+ . The decrease in signal intensity is the result of hRPA-eGFP photobleaching,
dissociation of hRPA-eGFP by RAD51, and the movement of molecules away from the TIRF field
due to extension of the ssDNA. (D) The observed dissociation rates (see Fig. 2.9A), corrected to
remove the contribution of photobleaching, are plotted against the RAD51 concentration. The
constants are subsequently fitted to the hill equation to extract the Hill coefficient of 1.95 ± 0.322,
Vmax = 0.011 ± 0.0042 s−1 and km = 828 ± 319 nM.
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Figure 2.4: Influence of hRPA on RAD51 presynaptic complex assembly. (A) Assembly of the
RAD51 filament on ssDNA-hRPA in the presence of free hRPA-eGFP. Representative kymograph
showing dark RAD51 (750 nM) binding to hRPA-eGFP coated ssDNA in the presence or absence
of 50 nM free hRPA-eGFP, as indicated. (B) Plot of hRPA-eGFP dissociation rates after injection
of 750 nM RAD51 with different concentrations of free hRPA-eGFP in buffer containing 2 mM
ATP, 1 mM Mg2+ and 5 mM Ca2+ . Each rate was calculated from at least 42 different ssDNA
molecules (see Fig. 2.9B). The resulting data were fitted to the adjusted hill equation for competitive
inhibition by hRPA. (C) Kymographs highlighting individual nucleation events (white arrowheads)
and the bi-directional RAD51 filament growth. (D) Plot showing filament elongation rates for
5’→3’ and 3’→5’ growth. (E) Position distribution histogram showing the locations of different
RAD51 nucleation events along the length of the ssDNA substrate; error bars correspond to std.
dev. obtained from bootstrapping. (F) Size distribution histogram reporting the lengths of RAD51
filaments based on the distances between adjacent nucleation events, as highlighted by the white
arrowheads in (C) for 750 nM RAD51 with 50 nM RPA.
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Figure 2.5: Disassembly of the RAD51 presynaptic complex. (A) Kymograph showing the assembly
of an RAD51 filament on hRPA-eGFP coated ssDNA in buffer containing 1 mM ATP, 1 mM Mg2+
and 5 mM Ca2+ . Free RAD51 was removed by chasing with buffer containing 1 nM hRPA-eGFP,
and filament disassembly was initiated by chasing with buffer lacking Ca2+ . (B) Kymographs
showing the behavior of pre-assembled the RAD51 filaments when chased with buffers with and
without Ca2+ , ATP, or both, as indicated. (C) hRPA-eGFP normalized signal intensity versus time
after injection of free hRPA-eGFP as a readout of RAD51 dissociation. Signal increase is the result
of binding of free hRPA-eGFP that follows the dissociation of RAD51 from ssDNA. Shaded regions
on the curves represent standard deviation, at least 23 ssDNA molecules were measured for each
condition. (D) Kymographs highlighting the bi-directional disassembly of RAD51 filaments as visualized by re-binding of fluorescent hRPA-eGFP. White arrows highlight the positions at which
disassembly initiates, and dashed lines highlight examples of bi-directional filament disassembly.
(E) Plot showing filament disassembly rates for 5’→3’ and 3’→5’ dissociation. (F) Position distribution histogram showing the locations at which RAD51 filament dissociation initiates along
the ssDNA; error bars correspond to std. dev. obtained from bootstrapping. (G) Size distribution histogram reporting the lengths of RAD51 filaments based on the distances between adjacent
positions at which disassembly initiates; as highlighted by the white arrowheads in (D).
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unrestricted, resulting in numerous, short filaments. (B) When free hRPA is present, hRPA is in
dynamic equilibrium between free and bound states. Free hRPA also restricts RAD51 nucleation
events, giving rise to fewer, but longer filaments. (C) In the absence of Ca2+ RAD51 either cannot
nucleate on the DNA, or the nucleation events do not result in stable DNA-bound complexes that
are capable of supporting filament elongation. Additional details are presented in the Discussion.
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Figure 2.7: Exchange of heterologous ssDNA-binding proteins. (A) Two-color kymograph showing facilitated exchange between successive injections of 100 nM hRPA-eGFP (green) and 100 nM
ScRPA-mCherry (magenta), and the corresponding color-coded arrowheads indicate injection time
each different protein. (B) Kymograph showing facilitated exchange between successive injections
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Figure 2.8: Calcium promotes RAD51 presynaptic complex assembly. (A) Kymographs showing
the binding of wild-type RAD51 (2 μM) to hRPA-eGFP coated ssDNA in the presence of 2 mM
ATP, 1 mM MgCl2 , and either 0 mM, 1 mM or 5 mM Ca2+ , as indicated. (B) Normalized hRPAeGFP signal intensity following injection of 2 μM wild-type RAD51 (dark) at different CaCl2 , as
indicated. Solid lines represent single exponential fits to the data, error bars are standard deviation
and N = 22 – 43 ssDNA molecules for each data set.
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Figure 2.9: hRPA-mediated inhibition of RAD51 presynaptic complex assembly. (A) Plot of hRPAeGFP signal versus time after injection of different concentrations of RAD51 in buffer containing
1 mM MgCl2 , 2 mM ATP and 5 mM CaCl2 . Curves represent the normalized averages calculated
from N = 22 – 43 different ssDNA molecules, shaded regions represent standard deviation, and
solid lines are single exponential fits to the data. (B) Plot of hRPA-eGFP signal versus time after
injection of 750 nM RAD51 with different concentrations of free hRPAeGFP in buffer containing
1 mM MgCl2 , 2 mM ATP and 5 mM CaCl2 . Curves represent the normalized averages calculated
from N = 42 – 73 different ssDNA molecules, shaded regions represent standard deviation, and
solid lines are single exponential fits to the data.
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Figure 2.10: Facilitated exchange during presynaptic complex assembly. (A) RPA has four DNAbinding domains (DBDs; labeled A to D) that can associate with the ssDNA. Microscopic dissociation results in the release of a subset of the DBDs, but RPA does not macroscopically dissociate
into solution because it retains contacts with the ssDNA. In the absence of free protein each microscopic dissociation step is rapidly reversible. (B) Microscopic dissociation events will expose
a small patch of ssDNA, providing the opportunity for free RPA (magenta) to bind the ssDNA.
The newly bound RPA restricts re-association of the microscopically dissociated DBD, thereby
promoting macroscopic dissociation of the original RPA molecule (green), resulting in rapid exchange between the free and bound proteins. (C) In the absence of free RPA, RAD51 may more
readily nucleate by capturing small patches of ssDNA that are exposed upon RPA microscopic
dissociation. (D) Free RPA restricts nucleation by competing with RAD51 for the exposed ssDNA.
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Figure 2.11: RAD51 ATP hydrolysis rate. (A) TLC assay used to evaluate the rate of ATP hydrolysis
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Methods.
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Figure 2.12: Monte Carlo simulations of RAD51 disassembly. (A) End-dependent filament disassembly model in the absence of internal RAD51 dissociation. k1 and k2 correspond to the rates of
ATP hydrolysis, which was fixed at 0.009 sec-1 (Fig. 2.11), and the rate at which the ADPbound
RAD51 monomers dissociate from the filament ends, respectively. (B) Monte Carlo simulation
for varying rates of end-dependent dissociation (k2) for different RAD51 filament lengths. Colorcoding corresponds to χ2 values based on comparison of the simulation results to the experimental
data for RAD51 filament disassembly (see Fig. 2.5C). (C) Examples of simulation results compared
to the experimental data for RAD51 filament disassembly. (D) End-dependent filament disassembly model with internal RAD51 dissociation, where kint corresponds to the rate of internal dissociation. (E) Monte Carlo simulation for varying rates of end-dependent dissociation for different
RAD51 filament lengths with kint set to 0.0005 sec-1. Color coding corresponds to χ2 values based
on comparison of the simulation results to the experimental data for RAD51 filament disassembly. (F) Examples of simulation results compared to the experimental data for RAD51 filament
disassembly.
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Human RAD52 interactions with
Replication Protein A and the RAD51
presynaptic complex
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3.1 Abstract
Rad52 is a highly-conserved protein involved in the repair of DNA damage. Human
RAD52 has been shown to mediate ssDNA annealing and its depletion from cells causes
synthetic lethality with mutations in other key recombination proteins. Here, we use
single-molecule imaging and ssDNA curtains to examine the binding interactions of human RAD52 with RPA-coated ssDNA, and we monitor the fate of RAD52 during assembly of the presynaptic complex. We show that RAD52 binds tightly to the RPA-ssDNA
complex and imparts an inhibitory effect on RPA turnover. We also found that during
presynaptic complex assembly, most of the RPA and RAD52 is displaced from the ssDNA,
but some RAD52-RPA-ssDNA complexes persist as interspersed clusters surrounded by
RAD51 filaments. Once assembled, the presence of RAD51 restricts formation of new
RAD52 binding events, but additional RAD52 could bind once RAD51 dissociated from
the ssDNA. Together, these results provide new insights into the behavior and dynamics
of human RAD52 during presynaptic complex assembly and disassembly.

3.2 Introduction
Homologous recombination (HR) is a conserved pathway for the repair of double-stranded
breaks, and is important for maintaining genomic integrity (Cromie et al., 2001; Heyer,
2015; Heyer et al., 2010; Jasin and Rothstein, 2013; Mehta and Haber, 2014; Pâques and
Haber, 1999; San Filippo et al., 2008; Symington, 2014). HR involves the exchange of genetic information between homologous DNA molecules and performs crucial roles in the
repair of double-stranded breaks (DSBs)(San Filippo et al., 2008; Symington, 2014), the res89

cue of stalled replication forks (Carr and Lambert, 2013; Cox et al., 2000), meiosis (Brown
and Bishop, 2014; Hunter, 2015; Lam and Keeney, 2014), and break-induced replication
(Anand et al., 2013; Llorente et al., 2008; Malkova and Ira, 2013). DSBs that are left unrepaired can lead to genetic instability and chromosomal rearrangements (Cromie et al.,
2001; Mehta and Haber, 2014; Pâques and Haber, 1999; San Filippo et al., 2008; Symington,
2014). Defects in HR have been linked to many genetic diseases and cancer syndromes,
such as Fanconi anemia and Bloom Syndrome (Aguilera and García-Muse, 2013; Kass et
al., 2016; Prakash et al., 2015; San Filippo et al., 2008).
Pairing of homologous sequences during recombination requires the action of ATPdependent DNA recombinases, which are members of the Rad51/RecA family of proteins
(Bianco et al., 1998; Kowalczykowski, 2015; Morrical, 2015). These proteins form extended
helical filaments on ssDNA, and the resulting nucleoprotein filaments are referred to as
the presynaptic complex (Bianco et al., 1998; Kowalczykowski, 2015; Morrical, 2015). The
presynaptic complex is a key intermediate in homologous recombination and is necessary
to align and pair homologous DNA sequences (Bianco et al., 1998; Kowalczykowski, 2015;
Morrical, 2015).
During DSB repair, long 3’ single-stranded DNA (ssDNA) overhangs are generated by
nucleases that resect the newly generated dsDNA end in 5’→3’ direction (Cejka, 2015;
Daley et al., 2015; Symington, 2014). These ssDNA overhangs are first bound by Replication Protein A (RPA), which protects the ssDNA from nucleases and also helps remove
secondary structures (Chen and Wold, 2014; Wold, 1997). RPA can inhibit presynaptic
complex assembly, but this inhibition is overcome by the action of mediator proteins
(Morrical, 2015; Sung and Klein, 2006). S. cerevisiae Rad52 is one of the most studied
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mediator proteins (Bendixen et al., 1994; Muris et al., 1994). S. cerevisiae Rad52 is a ringshaped oligomer (Shinohara et al., 1998) that helps load Rad51 on RPA-ssDNA (New et al.,
1998; Sung, 1997), binds tightly to ssDNA (Navadgi et al., 2003; Shinohara et al., 1998), and
promotes ssDNA annealing (Mortensen et al., 1996; Sugiyama et al., 1998; Sugiyama et al.,
2006). Rad52 also participates in second strand capture during the later stages of recombination and promotes the initiation of new DNA synthesis (Lao et al., 2008; McIlwraith
and West, 2008). The profound importance of Rad52 to DNA repair in S. cerevisaie is
highlighted by the extreme sensitivity of rad52 mutants to DNA-damaging agents (Game
and Mortimer, 1974; Symington, 2002; Symington, 2014).
Rad52 is highly conserved, and human RAD52 shares many biochemical traits with
its yeast counterpart (Hanamshet et al., 2016; Liu and Heyer, 2011). Like yeast Rad52,
Human RAD52 also forms ring-like structures (Singleton et al., 2002; Stasiak et al., 2000;
Van Dyck et al., 1998; Wataru et al., 2002), binds tightly to ssDNA and promotes ssDNA
annealing (Brouwer et al., 2017; Grimme et al., 2010; Reddy et al., 1997; Rothenberg et al.,
2008; Van Dyck et al., 1998). However, human RAD52 does not have a known mediator
activity (Hanamshet et al., 2016; Liu and Heyer, 2011), and in striking contrast to S. cerevisiae, RAD52 deletions do not produce a strong phenotype in vertebrates (Hanamshet
et al., 2016; Liu and Heyer, 2011; Rijkers et al., 1998; Yamaguchi-Iwai et al., 1998). These
observations suggested that RAD52 was of lesser importance for DNA repair in higher
organisms, and that its functions had been overtaken by other proteins, such as BRCA2.
However, RAD52 deficiencies are now known to be synthetically lethal with several key
human recombination proteins, including BRCA1, BRCA2, PABL2, and the RAD51 paralog XRCC3 (Chun et al., 2013; Feng et al., 2011; Lok et al., 2013). In addition, recent studies
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have revealed an important role for mammalian RAD52 in promoting DNA synthesis during replication stress (Bhowmick et al., 2016; Ciccia and Symington, 2016; Sotiriou et al.,
2016). These findings have led to a renewed interest in understanding how human RAD52
functions during DNA repair (Hanamshet et al., 2016; Lok and Powell, 2012), and have revealed RAD52 as an important target for anticancer therapeutics (Chandramouly et al.,
2015; Cramer-Morales et al., 2013; Huang et al., 2016; Lok and Powell, 2012; Sullivan et al.,
2016).
Despite the wealth of information available for S. cerevisiae Rad52, the exact role(s)
human RAD52 in homologous recombination remains largely unclear. Here, we use twocolor single-molecule imaging and ssDNA curtains to begin examining the dynamics of
human RAD52, RPA, and RAD51 on ssDNA during presynaptic complex assembly. We
show that RAD52 binds very tightly to RPA-ssDNA, and the presence of RAD52 restricts
facilitated exchange of RPA, highlighting a potential regulatory role of RAD52 that is conserved from yeast to humans. Although most of the bound RAD52 and RPA is displaced
upon addition of RAD51, we find that many small RAD52-RPA clusters remain embedded
between longer RAD51 filaments. However, RAD52 appears incapable of directly associating with regions of that are coated by RAD51, suggesting that RAD52 cannot bind
to internal regions of the RAD51 filaments. Together, these data begin to provide new
insights into the behavior of human RAD52 during presynaptic complex assembly.
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3.3 Results
3.3.1 RAD52 binding to ssDNA curtains
We have previously shown that S. cerevisiae Rad52 binds very tightly to ssDNA coated
with yeast RPA (Gibb et al., 2014). Given the high degree of conservation, we hypothesized that human RAD52 should behave similarly. For single molecule visualization, we
expressed human RAD52 as fusion construct labeled at the N-terminus with GFP. Previous
studies have shown that GFP-tagged RAD52 is targeted to repair foci in vivo (Essers et al.,
2002; Lisby et al., 2001; Liu et al., 1999; Liu and Maizels, 2000), and our bulk biochemical
assays confirmed that GFP-RAD52 retained the ability promote strand annealing similar
to unlabeled RAD52 (Fig. 3.1A,B). GFP-RAD52 was also able to overcome RPA-mediated
inhibition of ssDNA at levels comparable to unlabeled RAD52 (Fig. 3.1C,D).
We next used ssDNA curtains and human RPA-RFP to mimic the early stages of HR
in which the processed 3’ ssDNA ends are initially coated with RPA (Fig. 3.2A, B)(Gibb
et al., 2012; Gibb et al., 2014; Gibb et al., 2014; Ma et al., 2017; Ma et al., 2017). When 50
pM GFP-RAD52 was injected into the sample chambers, we were able to readily detect
binding of individual GFP-RAD52 complexes to both RFP-tagged RPA-ssDNA (Fig. 3.2B),
and also to unlabeled RPA-ssDNA (Fig. 3.2C). At the low protein concentrations used in
these reactions, the GFP-RAD52 complexes bound as discrete puncta to the RPA-ssDNA.
However, when the concentration of the GFP-RAD52 injection was increased to 600 pM,
the RAD52 complexes were able to coat the entire RPA-ssDNA molecules (Fig. 3.2E).
Given these findings, subsequent experiments were conducted at 50 pM GFP-RAD52, unless stated otherwise.
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3.3.2 RAD52 binds as discrete complexes
When viewed in real time, we could detect individual GFP-RAD52 binding events on ssDNA bound by either RPA-RFP (Fig. 3.3A), or bound by unlabeled RPA (Fig. 3.3B). In
contrast to these results with RPA-ssDNA, we could detect no binding of GFP-RAD52 to
a control surface that did not have a tethered ssDNA substrate (Fig. 3.3C), confirming
that the GFP-RAD52 binding events only occurred on the RPA-ssDNA. We saw no evidence of either cooperative binding as would be evidenced by nucleation and spreading
of GFP-RAD52 along the RPA-ssDNA. Instead, GFP-RAD52 binding always occurred as
discrete events (Fig. 3.3A,B). This finding is in contrast to our prior results with S. cerevisiae Rad52, which binds and appears to spread more extensively along the RPA-ssDNA
complexes (Gibb et al., 2014).
We next analyzed both the signal intensity and position distributions of the GFPRAD52 binding interactions. When examined at the level of single ssDNA molecules,
we could readily identify the locations of discrete GFP-RAD52 complexes that bound to
the RPA-ssDNA (Fig. 3.3D). A binding position distribution histogram confirmed that
there was no position or regional specificity for GFP-Rad52 binding to the RPA-ssDNA
complexes (Fig. 3.3E). Interestingly, the bound GFP-RAD52 visually appeared to have
relatively uniform fluorescence signal, which was confirmed by quantitation of the signal intensities for individual GFP-RAD52 complexes (Fig. 3.3F). The presence of a single
prominent peak in this signal intensity distribution is consistent with the conclusion that
GFP-RAD52 was behaving as a relatively well-defined entity, rather than a distribution
of complexes with vastly different numbers of GFP fluorophores.
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3.3.3 RAD52 binds tightly to RPA-ssDNA
We next examined the stability of interactions observed between GFP-RAD52 and the
RPA-ssDNA complexes. For this, we examined the GFP-RAD52 bound to RFP-tagged
RPA-ssDNA over a total period of either 12 minutes or 100 minutes (Fig. 3.4A,B). In each
of these experiments the laser illumination was shuttered between each frame, and the
frame acquisition rates were adjusted such that the total time during which the samples
were exposed to laser illumination was identical for each of the two measurements, as
previously described (Gibb et al., 2014). From each of these measurements, we then plotted to survival probability for the individual GFP-RAD52 complexes (Fig. 3.4C,D). These
experiments revealed half-life of 29.4 ± 0.56 minutes for the 12 minute observation, and
256 ± 10.9 minutes for the 100 minute measurements, and in both cases more than 72% of
the GFP-RAD52 remained visible by the end of the measurments (Fig. 3.4C,D). The similar slopes for these two graphs (Fig. 3.4C,D), and the finding that the half-time varies in
proportion to laser exposure time indicates that any loss of GFP-RAD52 during these observations could be attributed to photo-bleaching, whereas the complexes themselves are
so stable that their binding lifetime must significantly exceed the 100-minute maximum
duration of our experiments. We conclude that human RAD52, like S. cerevisiae Rad52
(Gibb et al., 2014), binds very tightly to RPA-ssDNA and does not dissociate appreciably
for at least 2 hours.
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3.3.4 RPA turnover in the presence of RAD52
We have previously shown that yeast and human RPA can bind ssDNA very stably when
free RPA is absent from solution (Gibb et al., 2014). However, when free protein is present
in solution, the bound RPA can undergo rapid exchange between free and bound states
through a mechanism called facilitated dissociation (Gibb et al., 2014). This mechanism
involves the existence of microscopically dissociated states of the bound RPA, which lead
to macroscopic dissociation only when free RPA is present to compete for the transiently
exposed naked ssDNA (Gibb et al., 2014; Graham et al., 2011).
Interestingly, our previous results have shown that yeast Rad52 restricts the ability
of RPA to undergo facilitated exchange (Gibb et al., 2014). To determine whether human
RAD52 acts similarly, we conducted RPA exchange experiments with two different substrates: (i) ssDNA-RPA (Fig. 3.5A), and (ii) ssDNA-RPA bound by RAD52 (Fig. 3.5B). In
the first scenario, as expected, the bound RPA was rapidly exchanged by the free dark
wtRPA, which was confirmed the sharp decline in overall RPA-RFP signal intensity (Fig.
3.5A,C). In the second case, there was also a decrease in RPA-RFP signal intensity, but this
reduction less compared to the experiment without RAD52 (Fig. 3.5B,C).
We further studied the mechanism of this inhibition by examining the spatial relationship between the bound GFP-RAD52 complexes and the RPA-RFP that remained bound
following the wtRPA chase. Inspection of this data revealed co-localization of bound GFPRAD52 with exchange resistant RPA-RFP (Fig. 3.5D). This finding was also confirmed by
correlation analysis, which revealed that the areas bound by exchange resistant RPARFP where correlated with the presence of GFP-RAD52 complexes (Pearson’s r = 0.66,
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P < 1 × 10−5 ; N=820)(Fig. 3.5E). Together, these findings suggest that human RAD52
had an inhibitory effect on RPA facilitated exchange.

3.3.5 RAD52 during presynaptic complex assembly
The role of human RAD52 in HR remains unknown. To help better understand its potential function(s), we next asked how GFP-RAD52 behaves during assembly of the RAD51
presynaptic complex. To determine the fate of GFP-RAD52 during presynaptic complex
assembly, we first prepared single-tethered RFP-tagged RPA-ssDNA curtains, and we then
injected 200 pM GFP-RAD52 into the sample chamber (Fig. 3.6A). Under these conditions,
we observed extensive co-localization of GFP-RAD52 and RPA-RFP on the ssDNA (Fig.
3.6B). We used single-tethered curtains for these measurements so that we could observe
the binding of GFP-RAD52 and RPA-RFP, and also independently monitor the binding of
wild-type (unlabeled) RAD51 based upon the observed changes in length of the ssDNA
molecules, as previously described (Gibb et al., 2014; Ma et al., 2017).
Next, we injected 1 µM human RAD51 in buffer containing 30 mM Tris [pH 7.4], 1
mM MgCl2 , 5 mM CaCl2 , 100 mM KCl, 0.2 mg/ml BSA, 1 mM DTT, and 2 mM ATP. We
then observed the reactions in real time with constant buffer flow; constant buffer flow is
necessary to maintain the single-tethered ssDNA extended parallel to the sample chamber surface (Gibb et al., 2014; Ma et al., 2017). As expected, introduction of RAD51 into
the sample chamber resulted in an increase in the apparent length of the ssDNA, which
coincided with a loss of RPA-RFP fluorescence signal intensity (Fig. 3.6B). Interestingly,
the GFP-RAD52 signal also decreased upon assembly of the presynaptic complex, indi-
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cating that RAD51 displaced some of the RAD52 from the ssDNA. Quantitation of the
total fluorescence signal intensity, integrated across the entire length of the ssDNA, for
GFP-RAD52 and RPA-RFP indicated that RAD51 binding under these conditions resulted
in displacement of 75% and 60% of the RPA and RAD52, respectively (Fig. 3.6C).
Interestingly, some RAD52 remained bound to the ssDNA even after RAD51 binding (Fig. 3.6B). Side-by-side comparison of the GFP and RFP fluorescence signals demonstrated that RAD52 was co-localized with small clusters of RPA that also remained associated with the presynaptic complex after RAD51 binding (Pearson’s r = 0.70, P < 1×10−5 ;
N=323) (Fig. 3.6B,D). These findings show that small clusters of RAD52 and RPA can remain associated with the presynaptic complex, and these clusters are interspersed between the RAD51 filaments.

3.3.6 Binding of RAD52 on the presynaptic filament
We next sought to determine whether additional RAD52 could associate with the presynaptic complex after binding of RAD51. For this, we assembled RFP-tagged RPA-ssDNA
and then added 200 pM GFP-RAD52, followed by 1 µM RAD51 in the presence of ATP
and Ca2+ , as indicated above. As expected, addition of RAD51 caused the length of the
ssDNA to increase, and some RPA-RFP and GFP-RAD52 remained bound to the ssDNA
(Fig. 3.7A). Next, we injected an additional 2 nM GFP-RAD52 into the sample chamber
while monitoring the length and fluorescence signal of the presynaptic complexes (Fig.
3.7B). Notably, the addition of just 600 pM GFP-RAD52 in the absence of RAD51 results
in complete coverage of the ssDNA by RAD52 (see Fig. 3.1E). However, we do not de-
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tect extensive new binding of GFP-RAD52 to the presynaptic complex, and we do not
detect substantial new GFP-RAD52 binding to regions that had been previously devoid
of RAD52 (Fig. 3.7B). This assertion was verified by comparing spatial distribution of
the normalized GFP-RAD52 fluorescence signals along the presynaptic complex before
and after the 2 nM GFP-RAD52 injection (Pearson’s r = 0.67, P < 1 × 10−5 ; N=518)(Fig.
3.7C). Even though GFP-RAD52 did not appear to bind to many new locations, there was
still an overall increase in the fluorescence signal at locations corresponding to the preexisting GFP-RAD52 clusters (Fig. 3.7D, right), which was confirmed by analysis of the
fluorescence signal intensities before and after injection of 2 nM GFP-RAD52 (Fig. 3.7D,
left). Together, these observations are most consistent with a model where ssDNA-bound
RAD51 filaments exclude the binding of new RAD52, but additional RAD52 can interact
with the presynaptic complex through association with pre-existing RAD52 clusters.

3.3.7 Disassembly of the presynaptic filament
We next asked whether additional RAD52 could bind to the ssDNA after dissociation of
RAD51. We have previously shown that Ca2+ promotes assembly of the human RAD51
presynaptic complex (Ma et al., 2017), consistent with prior reports from bulk biochemical assays (Bugreev and Mazin, 2004; Mazina and Mazin, 2004). Therefore, we initiated
presynaptic complex disassembly by switching to buffer that contained 2 nM GFP-RAD52
and 1 nM RPA-RFP, but lacked ATP and Ca2+ . Under these conditions, the signal tethered ssDNA gradually shortened, indicating that RAD51 was undergoing dissociation,
and at the same time the fluorescence signal increased for both GFP-RAD52 and RPA-RFP
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(Fig. 3.7E,F). These results confirm that additional GFP-RAD52 & RPA-RFP can bind to
the ssDNA substrate, but only after RAD51 has dissociated from the ssDNA. These results
provide additional support for the conclusion that RAD52 cannot bind directly to human
RAD51 filaments.

3.4 Discussion
Here we used ssDNA curtains to study the interactions of human RAD52 with the early
intermediates of the homologous recombination pathway. We demonstrate that human
RAD52 binds tightly to RPA-ssDNA. At low protein concentrations (50 pM), RAD52 binds
as discrete complexes that are positioned randomly along the length of the RPA-ssDNA.
When the concentration of RAD52 is increased to 600 pM, the protein appears to coat
the entire length of the RPA-ssDNA. Interestingly, there is no evidence that RPA is displaced from the ssDNA even at these highest concentrations of RAD52, indicating that
both proteins can extensively co-occupy the ssDNA prior to the arrival of RAD51. The
RAD52 complexes are extremely stable, and we can see no evidence for RAD52 dissociation from the RPA-ssDNA complexes even when viewed over a 100-minute observation
period. In addition to these results with double-tethered ssDNA, we can also observe extensive RAD52-dependent compaction of single-tethered ssDNA molecules (not shown).
This compaction can be reversed by displacement of RAD52 from the ssDNA by the addition of 7M urea (not shown). These observations are consistent with the ring-like structure
of RAD52 and the fact that its ssDNA-binding domain follows the circular contour of this
surface, which would necessitate a reduction in the apparent end-to-end distance for any
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bound ssDNA, as has been previously reported (Brouwer et al., 2017). How RAD52 affects
the conformation of RPA bound to ssDNA remains to be discovered.
We find some striking similarities, as well as some notable differences, between the
results we report here for human RAD52 and results we have previously reported for S.
cerevisiae Rad52 (Gibb et al., 2014). Both yeast and human RAD52 bind tightly to RPAssDNA, and¬ both also appear to restrict the facilitated exchange of RPA when free RPA is
present in solution. When RAD51 is added to the reactions, much of the RPA and RAD52
dissociate from the ssDNA, but small clusters of RPA and RAD52 remain interspersed
between the resulting RAD51 filaments. Retention of these RPA-RAD52 clusters within
the presynaptic complex is another trait shared between the yeast and human systems.
We do not yet know whether these RPA-RAD52 reflect biologically relevant breaks in
the RAD51 filament, or whether they might arise due to the limited complement of HR
proteins used in our in vitro assays. Future work will be necessary to explore these and
other possibilities.
The most pronounced difference for the human and yeast RAD52 proteins occurs after addition of RAD51. For the S. cerevisiae proteins, we find that RPA and RAD52 can
both bind extensively to the assembled presynaptic complex (Gibb et al., 2014). These
new binding events initiate at pre-existing clusters of RPA-Rad52, and can then appear to
spread along the Rad51 filaments, but with no evidence that Rad51 is displaced from the
ssDNA (Gibb et al., 2014). Thus, the S. cerevisiae system appears to allow for assembly of
more extensive Rad51-RPA-Rad52-ssDNA co-complexes. We have previously speculated
that the presence of S. cerevisiae RPA and Rad52 in these co-complexes may facilitate some
downstream step(s) in recombination (Gibb et al., 2014), such as second strand capture,
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which is thought to require RAD52 (Sugiyama et al., 2006). In contrast, we cannot detect
extensive re-binding of either RPA or RAD52 to the human presynaptic complexes. We
do detect some binding of additional RAD52 and RPA to pre-existing RPA-RAD52 clusters, but this re-binding is modest when compared to the yeast proteins, and we find no
evidence that either human RPA or human RAD52 can spread into the RAD51 filaments.
Therefore, if additional human RAD52 is required to participate in any downstream recombination steps, then it must enter the pathway at some stage downstream of RAD51
filament assembly, and does not appear to interact extensively with the ssDNA-bound
RAD51. Or, perhaps additional protein components of the presynaptic complex, such as
the RAD51 paralogs, may be needed to allow further association of human RAD52. Future
work will be necessary to explore these possibilities.
Interestingly, our results show that human RAD52 binds very tightly to RPA-ssDNA in
vitro, with essentially no turnover on our experimental time scales. Fluorescently-labeled
RAD52 forms recombination foci that co-localize with DNA damage in vivo (Lisby et al.,
2001; Liu et al., 1999; Liu and Maizels, 2000). Previous fluorescence recovery after photobleaching (FRAP) studies have shown that mammalian RAD52 undergoes rapid exchange
between free and bound states within these repair foci, whereas RAD51 is largely immobile (Essers et al., 2002). Our in vitro studies do not necessarily contradict these findings
because there are three key experimental differences that likely contribute to different
outcomes for RAD52 turnover. First, we find that RAD52 binds extensively and tightly to
RPA-ssDNA, but much of this bound protein is displaced upon addition of RAD51. There
is a much more limited association of RAD52 with the presynaptic complex after RAD51
binding. The in vivo FRAP measurements were made under conditions where RAD51 was
102

already present, and so may not report on RAD52 association with RPA-ssDNA without
RAD51 present (Essers et al., 2002). Second, our observations raise the question of what
might be the relevant concentrations of RPA, RAD52 and RAD51 in vivo. Unfortunately,
it is notoriously difficult to measure in vivo protein concentrations, although recent estimates suggest that human cells have on the order of 100 nM RAD51 and 1 µM RPA
(Kulak et al., 2014). We are unaware of any estimates for RAD52 concentrations in mammalian cells, although Rad52 concentrations in yeast have been reported from 1 to 20 nM
(Ghaemmaghami et al., 2003; Kulak et al., 2014). However, we urge caution in interpreting these values with respect to either our data or the concentrations of these protein that
are necessary for DNA repair in vivo, because the relevant in vivo concentrations must
take into account the fact that these repair factors form sub-nuclear foci in response to
DNA damage (Lisby and Rothstein, 2015). Any interpretation of relevant in vivo protein
concentrations requires an understanding of the local concentrations within repair foci,
and to our knowledge such information is not yet available (Lisby and Rothstein, 2015).
Therefore, it remains a significant future challenge to define the concentrations of proteins within repair foci. Third, at this stage our experiments include only a very limited
subset of the proteins known to associate with the presynaptic complex. It is possible, if
not likely, that the presence of additional protein factors will have an impact upon the
binding and turnover characteristics of RAD52, as well as any other proteins associated
with the presynaptic complex. Similarly, RAD52 is regulated by both phosphorylation
and sumoylation (Bergink et al., 2013; Honda et al., 2011; Kitao and Yuan, 2002; Ohuchi
et al., 2008; Sacher et al., 2006; Torres-Rosell et al., 2007), and these post-translational
modifications may have an impact upon its behavior in our assays. Future ssDNA curtain
103

studies incorporating more recombination protein components and protein modifications
may help continue to shed new light on the behaviors and properties of the human presynaptic complex.

3.5 Experimental Procedures
3.5.1 Protein expression and purification
RPA was purified as previously described (Ma et al., 2017). 6xHis-tagged human RAD52
and 6xHis-tagged GFP-tagged human RAD52 were expressed in E. coli Rosetta cells. For
brevity, we refer to these his6-tagged proteins as RAD52 and GFP-RAD52 throughout. A
single colony was inoculated into 1L of LB containing 50 µg/ml carbenicillin and induced
at 0.8 OD600 using 0.5 mM IPTG. Cells were grown overnight at 16˚C and then harvested
by centrifugation at 4000xg for 25 min at 4˚C. The cell pellet was resuspended in lysis
buffer (500 mM NaCl, 20 mM Tris [pH 7.5], 2 mM β-ME, 5 mM imidazole, 10% glycerol, and
0.5 mM PMSF) and then lysed by sonication. The lysate was clarified by centrifugation at
25,000 rpm for 30 mins at 2˚C, and ammonium sulfate was added to achieve 30% saturation.
A stir bar was placed in the beaker and the mixture was stirred for 30 minutes at 4˚C.
The solution was spun at 9000 rpm for 15 minutes at 4℃ and the pellet was dissolved
in NTA buffer (40 mM KPO4 [pH 7.5], 600 mM NaCl, 20 mM Immidazole, 4 mM β-ME)
using a pipette. The resuspension was filtered through a Whatman filter to remove any
undissolved precipitate. The protein solution is then bound to Ni-NTA resin (Qiagen)
equilibrated in NTA-buffer for 1 hour in batch at 4˚C on a rotator. The Ni-NTA resin was
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then washed with NTA buffer with 30 mM imidazole and eluted using NTA buffer with 300
mM imidazole. The pooled fractions were dialyzed into R buffer (50 mM KCl, 20 mM TrisHCl [pH 7.4], 1 mM DTT, 1 mM EDTA, 10% glycerol) and bound onto an ssDNA column
(lyophilized powder, Sigma-Aldrich, D8273). Column was washed with R buffer with 110
mM KCl and eluted with a 0.05 – 3M KCl gradient. The pooled fractions were dialyzed
into R150 buffer (150 mM KCl, 20 mM Tris-HCl [pH 7.4], 1 mM DTT, 0.5 mM EDTA, 50%
glycerol) overnight at 4˚C using 10,000 MWCO Snakeskin dialysis tubing (Thermos-Fisher
Scientific). Protein concentrations were measured using 280 nm absorbance.

3.5.2 Single-strand DNA annealing assays
These assays used two complementary oligonucleotides (A and B): A: 5’-AAA TAG ACA
GAT CGC TGA GAT AGG TGC CTC ACT GAT TAA GCA TTG GTA ACT GTC AGA
CCA AGT TTA CTC ATA TAT ACT TTA GAT TGA TTT-3’; B: 5’-AAA TCA ATC TAA
AGT ATA TAT GAG TAA ACT TGG TCT GAC AGT TAC CAA TGC TTA ATC AGT GAG
GCA CCT ATC TCA GCG ATC TGT CTA TTT-3’. Oligonucleotide A (90-mer, 3.6 µM nucleotide) and P32-labeled oligonucleotide B (90-mer, 3.6 µM nucleotide) were incubated in
separate tubes with 0.6 µM RPA, as indicated, in 20 µl of reaction buffer (35 mM Tris-HCl
[pH 7.5], 1 mM DTT, 2 mM MgCl2 , 100 µg/ml BSA, and 50 mM KCl) at 30˚C for 5 minutes.
RAD52 (0.7 µM) or GFP-RAD52 (0.7 µM) was added to the mixture containing oligonucleotide A, and the two reaction mixes were then combined, and incubated at 30˚C. After
the indicated incubation times, 9 µl of the reaction mixture was transferred to a tube containing 9 µl of 36 µM oligonucleotide B, 1% SDS, 1 µg/µl proteinase K, and then incubated
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for 5 minutes at 37˚C. The resulting DA species were resolved by 8% PAGE in 1xTAE
buffer and the percent of product formation (dsDNA) was quantitated by phosphorimage
analysis.

3.5.3 Single-stranded DNA curtains
Flowcells were prepared as previously described (Gibb et al., 2012; Gibb et al., 2014; Krejci
et al., 2012). Biotinylated ssDNA was made by rolling circle replication using a circular
M13 ssDNA template, a biotinylated primer, and phi29 DNA polymerase, as described
(Gibb et al., 2012). For the extension and visualization of the ssDNA curtain, hRPA-eGFP
or hRPA-RFP (1 nM) was injected into the sample chamber at 1 ml/min in BSA buffer (40
mM Tris [pH 8.0], 2 mM MgCl2 , 1 mM DTT, and 0.2 mg/ml BSA). After 2 minutes, 150 µl of
7 M urea was flushed through the sample chamber to help remove any remaining ssDNA
secondary structure, and flow with 1 nM hRPA was continued for another 15 minutes to
ensure that both ends of the ssDNA were anchored to the flowcell surface. This step is
also performed for single-tethered ssDNA curtains.

3.5.4 TIRF microscopy and data analysis
Nikon Eclipse Ti-E with Perfect Focus System microscope with Nikon CFI PLAN APO 60x
objective was used for imaging. The signals were captured by 2 Andor iXon X3 EMCCD
cameras. Temperatures for the experiments were maintained through an objective heater
and a custom-made slide heater. Data from the cameras were acquired and saved on the
computer with the NIS-Elements software and then converted to tiff stacks for analysis
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using Fiji (ImageJ 1.48b, Wayne Rasband, National Institutes of Health, USA).

3.5.5 RAD52 binding experiments
All RAD52 binding experiments were performed at 37˚C using HR buffer (30 mM TrisAcetate [pH 7.5], 20 mM Mg-Acetate, 50 mM KCl, 1 mM DTT, 0.2 mg/ml BSA). RAD52
binding measurements were made on preassembled RPA (wild-type or RFP)-ssDNA complexes in a double-tethered curtain unless otherwise indicated. Free RPA protein was
washed away from the flowcell before binding of RAD52. RAD52 binding sites and intensity distributions were determined based on data from ssDNA-RPA-RFP curtains after the
injection of 50 pM of RAD52-eGFP. Position of RAD52 complexes was first determined
by visual inspection. Intensity distribution is based on the raw pixel intensity measured
at the positions of RAD52 complexes. RAD52 lifetime measurements were made with
ssDNA-RPA-RFP curtains after the injection of 50 pM of RAD52-eGFP. After all free protein was washed away from the flowcell, buffer flow was stopped and the complexes
were monitored at 1 or 20 second intervals for a total of 12 min or 2 hours, respectively
with 100 millisecond exposures. RPA chase experiments were conducted as previously
described (Gibb et al., 2014; Gibb et al., 2014; Ma et al., 2017). After assembly of ssDNARPA-RFP, buffer flow without RPA was continued to wash out any residual fluorescent
RPA molecules. RPA chase was done with an injection of 100 nM of wild-type RPA. In the
case of RAD52, 50 pM of RAD52-eGFP was injected after the RPF-RFP was washed away
from the flowcell. Free RAD52 was subsequently washed away before the wild-type RPA
chase. RPA turnover was assessed through the quantitation of the RPA-RFP signal over
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time. Co-localization analysis was done by analyzing the normalized signal intensities
for the green and the red channels individually (representing RAD52 or RPA signals) for
each pixel along the ssDNA molecules. The co-localization of RAD52 and RPA after the
wild-type RPA chase was evaluated using Pearson correlation analysis.

3.5.6 Presynaptic complex assembly
RAD51 filaments were formed at 37˚C using HRA buffer (30 mM Tris [pH 7.4], 1 mM
MgCl2 , 5 mM CaCl2 , 100 mM KCl, 0.2 mg/ml BSA, 1 mM DTT, and 2 mM ATP). After
forming ssDNA-RPA complexes, free RPA proteins were washed from the flowcell with
HRA buffer flow for at least 2 minutes at 1 ml/min. RAD51 (1 µM) was injected through a
50 µl sample loop for double-tethered experiments (at 1 ml/min) or through a 1 ml loop for
single tethered experiments (at 0.2 ml/min). Images were acquired at 2 second intervals.
Co-localization analysis was done as described above by analyzing the normalized signal
intensity for the green and the red channels individually for each pixel along the ssDNA
molecules. The correlation was evaluated using Pearson correlation analysis.

3.5.7 RAD52 and RPA binding to the presynaptic complex
Presynaptic complexes were formed as described above. After formation of the presynaptic complex, 2 nM GFP-RAD52 and 1 nM RPA-RFP were injected through the same 1 ml
loop at 0.2 ml/min into the flowcell. Binding of RAD52 and or RPA were directly visualized through an increase in the signal intensity of the red and green channels. RPA and
RAD52 co-localization analysis was done as described above. Where indicated, filament

108

was disassembled through the removal of calcium and ATP from the HRA buffer, as previously described (Ma et al., 2017). The length of the single tethered DNA molecules during
the disassembly of the presynaptic filament was determined by analyzing the smoothed
kymograms and defining the local minimium in the first derivative of the signal intensities
nearest to the bottom of the kymographs (where the 3’ ssDNA ends were located). The
first derivative is expected to have a minimum peak when the signal decreases abruptly
from the 3’ ends of DNA to the background; the pixel positions for these minima are
used to approximate the lengths of the DNA molecules for each frame (time point) in the
kymogram. These identified edges were then manually verified by eye.
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Figure 3.1: PAGE assays for RAD52 ssDNA annealing activity. (A) Gel image of an ssDNA annealing by RAD52 and GFP-RAD52 in the absence of RPA, and (B) corresponding quantitation analysis.
(C) ssDNA annealing by RAD52 and GFP-RAD52 in the presence of RPA, and (D) corresponding
quantitation analysis. Error bars represent standard deviation from three experiments.
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biotin-streptavidin-biotin linkage to the modified lipids in the bilayer and aligned at the zig-zag
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(C) Wide-field image of RPA-RFP (magenta) curtain in the presence of 50 pM GFP-RAD52 (green).
(D) Wide-field image of GFP-RAD52 (50 pM; green) bound to an wtRPA-ssDNA curtain (unlabeled). (E) Wide-field image of GFP-RAD52 (600 pM; green) bound to an wtRPA-ssDNA curtain
(unlabeled).
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Figure 3.3: RAD52 binding behavior. (A) Kymograph showing real time binding of GFP-RAD52 (50
pM; green) to an RPA-RFP coated ssDNA molecule (magenta). (B) Kymograph showing binding of
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Figure 3.4: GFP-RAD52 binding lifetime. (A) Kymograms showing GFP-RAD52 (green) bound to
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Figure 3.5: RAD52 regulation of RPA turnover. Kymograms showing RPA-RFP (magenta) turnover
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Figure 3.6: RAD52 and RPA behavior during presynaptic complex assembly. (A) Schematic illustration of the single-tethered ssDNA curtain assay. (B) Kymograms showing the binding of
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representation of the GFP-RAD52 and RPA-RFP fluorescence signal loss during presynaptic complex assembly. Each data point reflects the mea integrated signal intensity from entire ssDNA
molecules (N=12 molecules) and error bars represent standard deviation. (D) Side-by-side presentation of wide-field images of GFP-RAD52 (green) and RPA-RFP (magenta) showing co-localization
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the correlation between GFP-RAD52 and RPA-RFP binding distributions (based upon the normalized signal intensities) within the presynaptic complex.
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Figure 3.7: RAD52 binding to the presynaptic complex. (A) Kymographs showing the presynaptic
complex assembly on a RFP-RFP (magenta) bound ssDNA (single-tethered) in the presence of
GFP-RAD52 (200 pM; green). (B) Kymographs showing the same presynaptic complex following
injection of higher concentrations of GFP-RAD52 (2 nM) and RPA-RFP (1 nM). (C) Plots showing
examples of the normalized spatial distribution (position) of GFP-RAD52 signal before and after the
2 nM GFP-RAD52 injection for one ssDNA (left panel), and scatter plot quantitating the correlation
between the normalized GFP-RAD52 spatial distributions before and after the 2 nM GFP-RAD52
injection (right panel). (D) Plots showing examples of the raw signal intensity (not normalized)
for GFP-RAD52 before and after the 2 nM GFP-RAD52 injection for one ssDNA (left panel), and
scatter plot quantitating that the raw GFP-RAD52 signal increases after the 2 nM GFP-RAD52
injection (right panel). Magenta lines shown in the scatter plots for (C) and (D) represent the
diagonal for reference. (E) Kymographs showing the dissociation of RAD51 from the ssDNA after
removal of Ca2+ from the reaction buffer in the continued presence of 2 nM GFP-RAD52 (green)
and 1 nM RPA-RFP (magenta); RAD51 dissociation is evidenced by the decrease in ssDNA. (F)
Quantitation of the changes in total GFP-RAD52 and RPA-RFP signal intensities (integrated over
entire ssDNA molecules) that coincide with RAD51 dissociation (N=10 molecules) and error bars
represent standard deviation. Images shown in (A), (B), and (E) show the same ssDNA molecule
at each different stage of the experiment allowing for direct visual comparisons.
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Chapter 4
Discussion and Future Perspectives

In this work, we looked in detail at three important proteins in homologous
recombination— RPA, RAD52, and RAD51. Our motivation was driven by previous observations that defects in each one of these proteins can threaten cell viability. All three
of these proteins physiologically interact with ssDNA generated by the different nucleases at the DSB ends. Therefore, ssDNA curtains are poised to shed additional light onto
the dynamics of these proteins as they interact with each other on ssDNA. I used this
technique to look at several different processes directly downstream of strand resection.
First, for RPA, I examined its rate of turnover on ssDNA in the presence of other free
proteins, the formation of the RAD52-RPA-ssDNA complex—its dynamics of association
and dissociation, and how these interactions affect RPA stability. I also looked at the dy116

namics of assembly of RAD51 on these two protein-coated ssDNA molecules, specifically
at how they are changed by the presence of free RPA—which is abundant in the nucleus,
and how RAD52 interacts with filamentous RAD51. Finally, I examined and quantitatively
analyzed the disassembly of the RAD51 filaments formed from the different conditions described above and how nucleotide cofactor and divalent cations affect dissociation. These
additional insights raised new interesting questions about the mechanistic details of these
processes.

4.1 Mechanism of facilitated dissociation
4.1.1 Identity of transient microdissociated states
Using ssDNA curtains, I showed that facilitated dissociation is a conserved feature from
bacteria to yeast to humans. This universal conservation hints at the importance of this
process for single-stranded DNA binding proteins to achieve their functions that sometimes require contradictory stabilities on ssDNA. On one hand, RPA needs to bind stably
to ssDNA to prevent degradation; on the other hand, RPA needs to hand off the ssDNA
to other proteins like RAD51 as HR progresses. Initially, it was thought that could exist a protein-mediated dissociation of RPA akin to facilitated dissociation except that the
transient “microdissociated” states are induced through allostery by regulatory proteins
(Arunkumar et al., 2003; Fanning et al., 2006). Recently, it was shown that this can be
achieved solely through the random thermal motions of even apparently stable complexes
(Graham et al., 2011; Gibb et al., 2014). Here, I showed that this mechanism is not species
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specific. As protein-protein contacts are not required, this model implies that the free protein is fighting with the bound protein for the exposed ssDNA sites during the transient,
partially dissociated states.
Although the mechanism of facilitated dissociation agrees with most of the observations of RPA to date, ssDNA curtains do not have the spatial or temporal resolution
to capture the existence of these microdissociated states. As a result, the DNA contacts
that RPA makes in these partially dissociated states are not known, nor are their lifetimes before re-association with ssDNA. To address these questions, I can propose two
approaches. One involves generating RPA mutants that are stably locked in the 30-nt
binding mode. One way is to alter DBD-C and DBD-D to have higher affinities to ssDNA,
as those are most likely to dissociate during the transient microdissociations. Another
is to alter the BC linker (which becomes more rigid upon switching from 8-nt to 30-nt
mode) to be stiffer to prevent the shift back to the 8-nt mode and reduce partial dissociation. Using a structural approach, NMR study can be used to observe dynamic movements
of different DBDs in the RPA molecule as they come in and out of contact with ssDNA.
NMR shifts can also be predicted from MD simulations and compared to empirical data.
Cryo-EM (electron microscopy) may also be valuable as it becomes better at classifying
heterogeneous conformations of proteins to capture the various microdissociated states
during facilitated dissociation.
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4.1.2 Initiation of facilitated exchange
One interesting observation is that RPA exchange seems to be incomplete and that the
data does not fit well to a single exponential curve as expected from the facilitated exchange model. For several concentrations of free RPA, after the initial phase of facilitated
dissociation, the remaining un-dissociated RPA seemed to be stable even though there
is still free protein in solution. This raises the interesting question of why the proteins
seemed to stop exchanging after the initial phase. One candidate is flow: flow can exert
a force on RPA that facilitates microdissociation. There is a certain energy barrier to the
dissociation of DNA-protein contacts, ΔE‡ , which is inversely proportional to the rate of
microdissociation. It is possible that the force generated on the RPA molecules (in any
direction that is not toward the protein-DNA axis) from flow could reduce this energy
barrier and speed up the reaction. This can be easily tested by comparing the amount and
rate of dissociation in the presence and absence of continuous flow.

4.1.3 Allosteric control of RPA binding and dissociation
Although I showed that protein-protein contacts are not required for facilitated dissociation, it does not necessarily rule out the possibility that protein contacts or allosteric sites
on RPA could potentially favor dissociation. This could be especially relevant if flow is
indeed a major contributor to the rate of microdissociated states in our assay. As there
would not be same scale of force on RPA from flow in the nucleus, the energy barrier to
breaking the protein-DNA contact could be altered by conformational change. Prior NMR
study showed that RAD51 binds to the same site as the ssDNA binding site on RPA1 and
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that this interaction affects the displacement of RPA from ssDNA, suggesting a competitive process between ssDNA and RAD51 for RPA (Stauffer and Chazin, 2004). If RAD51
can interrupt the RPA-ssDNA interaction, this would expose the bound ssDNA for itself
to bind and shift the equilibrium toward complete dissociation of RPA. Proteins binding
to RPA’s DNA binding site could also help to stabilize the microdissociated state and promote complete dissociation.
For allosteric sites, proteins contacts on RPA could potentially alter their DNA binding activity and therefore increase or decrease the ΔE‡ for microdissociation. It has been
postulated that SV40 T antigen may promote a change in RPA to a weaker mode (likely
by disengaging DBD-C and DBD-D) that promotes DNA α polymerase loading (Fanning
et al., 2006). Here, I showed an interesting allosteric interaction for Rad52 that seems
to increase energy barrier to dissociation. Human RAD52 is able to alter the dynamics of facilitated dissociation and this protective effect appears to be local to the site of
RAD52 binding as per the resolution limit of our equipment (sub-μmeter). This may appear counterintuitive as RAD52 is expected to help load RAD51 onto RPA-coated ssDNA
and therefore should destabilize the RPA-DNA interaction. However, stabilizing the RPADNA interaction could prevent non-HR proteins from loading onto ssDNA and allow RPA
to continue to inhibit other repair pathways like MMEJ (Deng et al., 2014).
My single molecule observations agree with an earlier biochemical study that found
RAD52 on bound RPA increased the affinity of RPA, particularly the DBD-C of RPA2
(Jackson et al., 2002). It suggests that RAD52 binding alters the conformation of RPA
on ssDNA and increases the energetic barrier for DBD-C to dissociate and that DBD-C
dissociation is a vital step in facilitated dissociation. An alternative explanation is that
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RPA inherits some additional affinity to ssDNA indirectly through its association with
RAD52 and RAD52’s binding to ssDNA. This model is not as desirable because binding
of RAD52 with ssDNA would also lead to displacement of some of RPA DBDs that would
decrease RPA’s affinity. One way to test this hypothesis is to use RAD52 defective in
DNA binding and see whether the protection is still present. It is possible that part of
the allosteric modulation of RPA is the physical wrapping, which undeniably changes
the RPA conformation. Further structural studies, possibly through cryo-EM, could help
to capture the RAD52-RPA-ssDNA complex to elucidate the exact molecular interactions
between them.
Lastly, structural changes can also be induced through post-translation modifications
of RPA. RPA is known to be phosphorylated at the N-terminus of RPA2 in response to
DNA damage (Binz et al., 2004). It would also be interesting to examine phosphomimetics of RPA to study how phosphorylation may affect facilitated dissociation kinetics as
hyperphosphorylation of RPA2 at N-terminus is expected to stabilize it in the extended
30-nt conformation (Fanning et al., 2006).

4.2 RAD51 filament assembly
4.2.1 Concentration effects on facilitated dissociation
Interestingly, facilitated dissociation does not require the incoming protein to have a
higher affinity than the bound protein. Rather, this process is driven through a concentration difference as RPA and SSB can iteratively exchange with each other. This means that
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in a cellular context, a protein required for a downstream step in recombination and repair
can replace the previously bound protein simply through increasing its local concentration around the DNA substrate. This is useful as even proteins required at earlier steps
can have a high affinity to prevent unwanted dissociation from ssDNA while remaining dynamic enough to allow for rapid hand-off of the ssDNA substrate when needed.
For Rad51, this concentration change could be plausibly achieved through the binding of
multiple Rad51s to the mediator proteins of Rad52 in yeast and BRCA2 in humans. Each
BRCA2 has been shown to bind to four to six RAD51 monomers (Jensen et al., 2010a;
Shahid et al., 2014) and is able to target it to ssDNA, thereby increasing its concentration
near the ssDNA ends and promote its assembly on RPA coated ssDNA.

4.2.2 Cooperativity of RAD51 assembly on RPA-ssDNA
By the DNA curtains method, I am able to easily manipulate the concentration of free
RAD51 during the assembly process and found that the rate depends on approximately
the square of the concentration of RAD51. The Hill coefficient here can be interpreted
as the unit size for binding, which would mean that RAD51 binds onto the RPA-ssDNA
complex as dimers from solution directly or in a coordinated fashion. One problem is
that the overall assembly rate combines both nucleation and elongation. However, this
number agrees well with the exponential value measured for rate of nucleation alone
by another group (Candelli et al., 2014). Despite the shortcomings of this quantitative
approach, the important observation is that the assembly of the RAD51 filament on RPAssDNA is similar to naked ssDNA, and that is not a case of simple monomeric binding on
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a 1-dimensional lattice.

4.2.3 Free RPA’s inhibition on RAD51 assembly
My observation that free RPA in solution qualitatively changes the number of apparent
nucleation events suggests that nucleation is the important step of regulation as elongation still occurred bidirectionally in the presence of free RPA. A recent study reported on
the co-existence of short Rad51 and Dmc1 filaments (∼100 nt) during meiosis in yeast
(Brown et al., 2015). My experiments demonstrated that the inhibition on assembly by
free RPA also increases the average length of the individual RAD51 filaments by reducing
the number of nuclei that can initiate filament growth. If RAD51 filaments during DSB repair has similar lengths to those reported above, these multiple discontinuous RAD51 filaments can have more flexibility and accommodate more searches simultaneously. Shorter
filaments also allow for faster dissociation kinetics if filaments are required to dissociate
from the ends (see section 4.3.1), as more filaments mean more sites for dissociation. Finally, an average length of 17 nt is long enough to define an unique sequence in the
human genome (Qi et al., 2015); therefore, short filaments are just as capable, if not more,
due to less structural hindrance, of finding the correct homologous site for strand exchange as longer RAD51 filaments. Future experiments involving mediator proteins can
help us understand how they help RAD51 handle the inhibition posed by free RPA and
the increase in filament length free RPA appears to cause. One obvious candidate here
is BRCA2, including BRCA2 mutants that have defects in RPA and or RAD51 binding;
however, RAD52 and paralogues like XRCC3 would also be of interest. Yeast Rad52 and
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paralogues including the Shu complex proteins are also of particular interest as many of
them have already be shown to affect yeast Rad51 assembly (Gaines et al., 2015; Sasanuma
et al., 2013). Using DNA curtains, we can examine whether the presence of these proteins
influence the kinetics of free Rad51 assembly and also whether they can counteract the
effects of free RPA on filament assembly in terms of nucleation rate and filament lengths.

4.2.4 Competitive inhibition on assembly by RPA
The mechanism of how free RPA inhibits RAD51 assembly also warrants further study.
Given the facilitated dissociation model, one hypothesis given in this thesis is that if
RAD51 takes advantage of the transiently exposed ssDNA during microdissociation of
RPA to form a stable nucleus and grow outward, additional free RPA can compete with
RAD51 for those sites of exposed DNA. This is supported by several other observations:
there does not seem to be a protein interaction requirement as heterologous Rad51 protein can assemble on RPA (human RAD51 on yeast RPA and vice versa), and there is no
discernible effect of free RPA when the ratio of [RAD51]: [RPA] is high. This second
point is a feature typical of competitive inhibitors—when the competitor is much lower
in concentration than the substrate, it will appear as if the competitor is not present (Vmax
is unchanged in competitive inhibition). A simple experiment that could provide further
evidence for this competition model would be to increase the RAD51 concentration at
inhibitory free RPA concentrations to see if that can restore the assembly rate back to the
maximum rate observed without free RPA. In addition, it would be interesting to replace
wild-type RPA with the recombination defective rfa1-t11, which is known to be displaced
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from ssDNA at a much slower rate (Kantake et al., 2003). According to the model shown
in figure 2.6, RAD51 assembly rate depends on the tendency of bound RPA to undergo
microdissociation and the amount of free DNA binding proteins (RPA) in solution. If the
slower dissociation of the mutant is mediated by a lower probability to undergo microdissociation, this would result in a slower RAD51 assembly rate compared to wild-type RPA.
However, the inhibitory effect on RAD51 assembly by free wild-type RPA or free mutant
RPA should be similar.

4.3 ATP hydrolysis and RAD51 disassembly
Calcium seems to be a factor that affects both RAD51 assembly and disassembly. Calcium
is important for assembly on RPA-coated ssDNA likely because RPA exerts a more stringent stability requirement on the nascent RAD51 nuclei as an unstable nucleus could be
rapidly dissociated by the rebinding of the RPA domains. Calcium is likely stabilizing the
RAD51 nuclei through its ability to inhibit ATPase activity and therefore dissociation. It
would be useful here to use the technique previously used in Candelli et al. to see how
the lifetimes of the differently sized nuclei are affected by calcium and by the bound RPA
and if single monomeric nuclei can still be observed under these conditions.

4.3.1 Mechanism of disassembly
There are varying reports on what happens to the RAD51 filament after ATP hydrolysis,
namely the kinetics and mechanism of dissociation. Different groups have suggested that
the removal of RAD51 after inactivation is slow and requires catalysts like RAD54 while
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others have shown rapid disassembly after ATP hydrolysis (Hilario et al., 2009; Modesti
et al., 2007; van Mameren et al., 2009). In addition, a group demonstrated that RAD51
likely dissociates through filament ends with ATP hydrolysis being the rate-limiting step.
I showed that free RPA is enough to encourage rapid disassembly of RAD51 after ATP is
allowed to hydrolyze by substituting in magnesium for calcium. Of note, RAD51 disassembly occurs from both 3′ and 5′ ends, similar to the bidirectional behavior observed in
assembly. However, disassembly overall is not linear but takes on a sigmoidal profile –
it is slow to initiate but the rate speeds up during the middle and slows down as reaction
reaches completion. Such a profile suggests a multi-step process of disassembly. Using
the minimum steps (hydrolysis and dissociation), I modeled the disassembly using Monte
Carlo simulation with the stipulation that dissociation only occur from filament ends. I
was able to fit the data with either short filaments (100 monomers) or longer filaments if
internal dissociation is allowed at a slower rate. These observations raises an interesting
question of whether internal dissociation is allowed in vivo or whether it can stimulated
by protein binding. This also leads to interesting idea that a protein may be able to stabilize an entire RAD51 filament by simply blocking dissociation of the terminal RAD51
or inhibiting its ATPase activity. In our system, the rate of ATP recycling (rebinding of
ATP after hydrolysis) seems to be very slow in comparison to dissociation as the presence
of ATP in the magnesium buffer could not stop dissociation. My findings provide a basis
to test other HR proteins for their ability to promote nucleotide exchange to maintain a
stable filament.
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4.3.2 ATP hydrolysis in vivo
Calcium’s cellular concentration is 100 nM, which is many orders of magnitude lower than
the concentration used in my experiments. It seems that BRCA2 has shown the ability to
act like calcium and inhibit ATPase activity of RAD51 (Jensen et al., 2010a). However, the
mechanism of this inhibition deserves further investigation. Currently, there is a cryoEM structure of BRCA2 in complex with RAD51 but only at 19.5 Angstrom resolution
(Shahid et al., 2014). More refined structural information and mutation analysis could
help us better understand the domain of BRCA2 that is most important for this regulatory
function.

4.4 Functions of RAD52
4.4.1 RAD52’s role in HR
Although RAD52 has been shown to be important for the repair of DSBs given that its
defect is synthetically lethal with several other recombination proteins (Feng et al., 2011),
how it functions as a back-up pathway in HR is unclear. RAD52 does not seem to have
parallel functions to BRCA2—RAD52 has not been shown to have mediator activity and
our experiments found that it is unable to interact with RAD51, different from observations of free RAD51 in solution (Kurumizaka et al., 1999) and from BRCA2 (Jensen et al.,
2010a). This latter point is in stark contrast to yeast Rad52, which binds Rad51 robustly
(Gibb et al., 2014). Several studies have reported on both yeast and human Rad52’s ability to perform strand exchange in vitro and very recent reports showed a novel inverse
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strand exchange activity for Rad52 using RNA as a template (Benson et al., 1998; Baoyuan
et al., 2004; Mazina et al., 2017). It is likely that Rad52 would need to bind to Rad51 may
assist with search and exchange in Rad51-dependent repair pathways, therefore, the lack
of binding I observed could be due to missing interacting partners that could help tether
RAD52 to RAD51 filaments. Here, future studies on the conditions under which RAD52
can perform strand invasion could provide answers on its role in HR and how it functions
alongside RAD51 in this alternative pathway to BRCA2.

4.4.2 DNA capture by RAD52
RAD52 is implicated in SSA and has annealing activity like yeast Rad52, which likely
explains their shared ability to facilitate second strand capture (Sugiyama et al., 2006;
Nimonkar et al., 2009; McIlwraith and West, 2008). This process also requires speciesspecific interactions between RPA and RAD52. To date, we do not have a clear picture of
the mechanism of how RAD52 brings the displaced strand and the second non-invading
DSB end together and exactly what protein interactions, configurations (RAD52 has multiple protein architectures), and stoichiometry are involved. This also applies to RAD52’s
role in annealing RPA-bound ssDNA in SSA repair. Recently, human RAD52 was reported to capture naked ssDNA from solution when it is bound to both single-stranded
and double-stranded DNA (Brouwer et al., 2017). It is interesting how RAD52 is able to
capture DNA stably that do not have any sequence homology. Through the DNA curtains
technique, one can ask how RPA affects the capturing ability of RAD52 and under which
conditions homology is enforced by RAD52.
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4.4.3 RAD52 and cancer therapeutics
Although RAD52 deficient cells do not show a phenotype in cell growth and proliferation, and it is not related to a cancer syndrome like BRCA2, it has been implicated in
drug resistance to chemotherapeutic drugs (Shi et al., 2012). Recent studies that revealed
novel functions of RAD52 in fork restart after replication stress add to RAD52’s potential
as a therapeutic agent for cancer (Bhowmick et al., 2016; Ciccia and Symington, 2016;
Sotiriou et al., 2016). Unrepaired DSBs from deficiencies in the HR pathway have many
consequences, of which include chromosomal rearrangements that are linked to cancer.
However, residual HR function in cancer cells could help them survive from the high levels of DSBs induced through radiation or chemotherapy. In these cancer cells that have
lost the function of the main pathway for HR (such as BRCA2-dependent pathways), their
reliance on back-up pathways like RAD52-dependent HR could prove to be an ideal target of pharmacological intervention. Abolishing these secondary pathways could make
them more susceptible to radiation and chemotherapy and decrease the risk of treatment
failure and relapse. In addition, since cancer cells are rapidly dividing, targetting DNA
replication through RAD52 is another interesting approach. A better understanding of
the different HR pathways and RAD52’s involvement will be of paramount importance in
these endeavors.
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A.1 Summary
Central to homologous recombination in eukaryotes is the RAD51 recombinase, which
forms helical nucleoprotein filaments on single-stranded DNA (ssDNA) and catalyses
strand invasion with homologous 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 predominantly 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 5’ end of RAD-51-ssDNA
filaments. Filament end capping propagates a stabilizing effect with a 5’ →3’ polarity
approximately 40 nucleotides along individual filaments. Finally we discover that filament capping and stabilization is dependent on nucleotide binding but not hydrolysis by
RFS-1/RIP-1. These data define the mechanism of RAD51 filament remodeling by RAD51
paralogs.
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A.2 Introduction
Homologous recombination (HR) is a highly conserved mechanism for the repair of DNA
double-strand breaks and stalled or collapsed replication forks. HR is characterized by a
remarkable homology search and strand exchange reaction catalysed by the RAD51 recombinase when it is assembled onto single-stranded DNA (ssDNA). Formation of such a
helical nucleoprotein filament allows searching for and invasion of homologous doublestranded DNA (dsDNA) to form joint molecules. Repair DNA synthesis from the 3’ 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 throughout the reaction 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., 2010b; 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 activities ultimately allow these proteins to stimulate strand exchange
by RAD51 in vitro (Jensen et al., 2010b; Solinger et al., 2002; Thorslund et al., 2010) and
promote HR and DNA damage resistance in vivo (Johnson and Jasin, 2001).
Another class of proteins that stimulate HR are the RAD51 paralogs (Chun et al., 2013;
French et al., 2002; Johnson et al., 1999; Pierce et al., 1999; Rattray and Symington, 1995;
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Takata et al., 2001). Although these proteins share significant sequence and/or structural
homology with RAD51, they do not exhibit recombinase activity in their own right, 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 succeeded in purifying milligram quantities of 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). RFS1/RIP-1 promotes HR by binding to the pre-synaptic filament and converting it to a stabilized conformation in which the ssDNA is more accessible to degradation by nucleases and the overall flexibility of the filament is increased. This represents a previously
unknown HR stimulatory mechanism, which we named filament “remodeling”. Remodeled filaments undergo strand invasion more efficiently, and RFS-1 mutants defective in
remodeling fail to stimulate RAD-51 recombinase 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 mechanistic basis through which
RAD51 paralogs execute RAD51 filament remodeling and stabilization. We present evidence that RFS-1/RIP-1 specifically binds to the 5’ end of individual RAD-51-ssDNA filaments and mediates remodeling in a 5’→3’ direction, in a manner dependent on ATP
binding but not hydrolysis by the complex. This end capping and remodeling activity
acts to block the turnover of RAD-51 from ssDNA, thus stabilizing the pre-synaptic filament in an active state. Together, these data define the mechanism of RAD51 filament
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remodeling and HR enhancement by RAD51 paralogs.

A.3 Results
A.3.1 RFS-1/RIP-1 shuts down RAD-51 dissociation from ssDNA
To investigate the mechanism by which RAD51 paralogs stabilize pre-synaptic filaments,
we monitored the stability of RAD-51 filaments assembled on long (approximately 50 kb)
ssDNA curtains using the rebinding of fluorescently labelled yeast RPA to naked ssDNA
(ScRPA-eGFP, hereafter abbreviated to RPA) (Figure A.1A-B) (Gibb et al., 2014; Qi et al.,
2015). RPA binds ssDNA with very high affinity (Wold, 1997), and a vast molar of excess
RFS-1/RIP-1 (1 μM) was unable to outcompete RPA binding to ssDNA curtains (Figure
A.1C), consistent with the low ssDNA affinity of RFS-1/RIP-1 (Taylor et al., 2015). In
contrast, like yeast Rad51 (Qi et al., 2015), 1 μM RAD-51 effectively displaced RPA from the
ssDNA, as observed by the loss of eGFP fluorescence signal from ssDNA curtains (Figure
A.1D). The rate of RPA displacement was increased at 2 μM RAD-51 (Figure A.1E), and
this concentration was used for all subsequent experiments to ensure rapid and complete
filament formation. Similar to yeast Rad51 (Gibb et al., 2014; Qi et al., 2015), RAD-51ssDNA filaments remained stable when free RAD-51 was removed and replaced by RPA
as long as ATP was maintained in the buffer (Figure A.1E-F). In contrast, transfer into
buffer without nucleotide co-factors drove the rapid disassembly of RAD-51 filaments
and re-establishment of the fluorescent RPA signal (Figure A.1E, G).
To assess the influence of RFS-1/RIP-1 in this system, RAD-51 filaments formed in the
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presence of ATP were incubated with 1 μM 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 μM RFS-1/RIP-1 in free solution to maintain its association from filaments. In
contrast to RAD-51 alone, we observed a striking stabilization of the filaments induced
by RFS-1/RIP-1, which persisted for over an hour (Figure A.1F-G). This result demonstrates that RFS-1/RIP-1 shuts down RAD-51 turnover from ssDNA even when ATP is
removed from the buffer (Figure A.1H). Thus, RFS-1/RIP-1 stabilizes RAD-51-ssDNA filaments against a competitor ssDNA binding protein as well as excess competitor ssDNA
(Taylor et al., 2015). This result suggests that RFS-1/RIP-1-mediated filament remodeling
locks RAD-51 onto ssDNA, shutting down its dissociation even when nucleotide cofactors
are removed from the reaction. To our knowledge, this is the first example of an HR regulatory protein that prevents RAD51 filament turnover under these conditions. We next
sought to determine the mechanism of action of RFS-1/RIP-1 in filament stabilization.

A.3.2 RFS-1/RIP-1 binds the 5’ ends of RAD-51-ssDNA filaments
We previously employed immuno-gold labelling 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). ssDNA molecules exhibit intrinsic 5’→3’ polarity with respect to the sugarphosphate backbone, and crystal structures of the yeast Rad51 (Conway et al., 2004) and
bacterial RecA (homolog of Rad51) (Chen et al., 2008) filaments assembled on ssDNA have
also revealed a structural polarity in the filament with respect to the underlying DNA. We
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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, accounting for its specific enrichment on one end.
Intriguingly, RFS-1/RIP-1 drives a reduction in the fluorescence of RAD-51-ssDNA
filaments formed on a 5’-Cy3-labelled 43mer 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 5’ 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-labelled at the 3’ end. However,
mixing RFS-1/RIP-1 with RAD-51-ssDNA filaments formed on DNA labelled with Cy3
at the 3’ end in stopped flow conferred no such reduction in fluorescence (Figure A.2AB), suggesting RFS-1/RIP-1 specifically binds the 5’ end. We also monitored the effect of
RFS-1/RIP-1 on the fluorescence of RAD-51 filaments formed on internally Cy3-labelled
oligonucleotides, in which the Cy3 was placed after the 11th or 22nd nucleotide (Int(11)Cy3 and Int(22)-Cy3, respectively) from the 5’ end. The fluorescence of these filaments
was also unaffected by RFS-1/RIP-1 (Figure A.2A-B), 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 (Figure
A.8A-B), and directly confirmed RAD-51 filament formation occurred with similar efficiency on all four oligonucleotides by electrophoretic mobility shift assay (EMSA) (Figure
A.8D). These results confirm that the Cy3 labels do not present a significant challenge to
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RAD-51 filament formation. Intriguingly, we observed that the rate of ssDNA binding
was reduced for RAD-51 binding near the 3’ label but was faster on the other three constructs (Figure A.8C). This suggests there may be a directional bias in RAD-51 filament
extension. This data is consistent with RAD-51 filament extension displaying either a unidirectional polarity for the 5’→3’ direction, or bidirectional extension that occurs faster
in the 3’→5’ direction than 5’→3’. Notably, similar differences in the rate of fluorescence
increase when monitoring 5’ and 3’ 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 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 preformed on 5’ Cy3-labelled ssDNA could represent binding of RFS-1/RIP-1 to the 5’ end,
or the conformational change in the remodeled filament, which also manifests as elevated nuclease sensitivity, increased flexibility in single molecule FRET, and enhanced
stability (Taylor et al., 2015). To investigate this, we first expanded the tested range of
labelled oligonucleotides to those in which the Cy3 was placed after the 2nd, 3rd, 5th
or 7th nucleotide (Int(2)-Cy3, Int(3)-Cy3, Int(5)-Cy3 and Int(7)-Cy3, respectively) in the
same stopped-flow experimental set up. We observed a clear length dependency in the
magnitude of fluorescence reduction conferred by RFS-1/RIP-1 (Figure A.2C-D). Significantly, there was a linear relationship between magnitude of fluorescence reduction and
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label position for the Cy3 labels between 0-5 nucleotides from the 5’ end (Figure A.2D).
This is consistent with the fluorescence reduction reflecting RFS-1/RIP-1 binding at the 5’
end, such that increasing distances away from the 5’ end rendered the fluorophore less
sensitive to changes in the environment induced by RFS-1/RIP-1 binding.
We previously demonstrated in three distinct stopped-flow experimental setups that
at equilibrium, the final fluorescence of RAD-51-ssDNA in the presence of RFS-1/RIP-1 is
intermediate to naked 5’ Cy3-43mer ssDNA and RAD-51-ssDNA alone (Taylor et al., 2015).
The mechanism of fluorescence reduction due to RFS-1/RIP-1 binding to the 5’ end of the
filament may represent a modulation of the efficiency of RAD-51-induced PIFE, such that
the overall equilibrium PIFE of 5’ Cy3-labelled 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 photoisomerization of the dye to the non-fluorescent cis when sterically
constrained by protein (Stennett et al., 2015). Indeed, our single molecule 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 5’ Cy3 dye, accounting for rapider photoisomerization and reduced PIFE. Furthermore, 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 5’ end should be detectable up to 5-6 nucleotides (25.5-30.6 Å)
from the 5’ end but no further and decline linearly with distance, which is in very good
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agreement with our experimental data (Figure A.2D). Notably, the ssDNA conformation
in RecA-ssDNA filaments is non-uniform: for any given triplet, the first two nucleotides
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 distance 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
filaments monitored in stopped-flow measurements, this nuance is lost due to averaging.
In summary, our data suggest RFS-1/RIP-1 preferentially engages with the 5’ end of
pre-formed RAD-51-ssDNA filaments.

A.3.3 RFS-1/RIP-1 recognizes an interface exposed at the 5’ end of the
filament, but not the 5’ end of the underlying ssDNA
We next examined if RFS-1/RIP-1 binding to the 5’ end of the filament requires a free 5’
DNA end or if the filament end defined by the terminal RAD-51 protomer is sufficient.
To test this we analysed RFS-1/RIP-1 binding to RAD-51 filaments formed on circular
ssDNA, which lacks DNA ends, by immuno-gold labelling and electron microscopy. Filaments formed on circular ssDNA tended to clump together more on the grid (Figure
A.8E), consistent with the constrained path of closed ssDNA molecules, compared to filaments on linear ssDNA, which generally adopted more discrete structures (Figure A.8F).
Using anti-FLAG-20-nm gold conjugates directed against the FLAG tag on RIP-1, we observed RFS-1/RIP- binding to filaments assembled on both linear and circular ssDNA (Figure A.2E-G, A.8E-J). This suggests RFS-1/RIP-1 primarily recognizes the 5’ filament end
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rather than the underlying 5’ DNA end. This is consistent with the fluorescence reduction associated with RFS-1/RIP-1 filament binding, which occurs on filaments formed on
oligonucleotides in which the native 5’ DNA end is blocked by labelling with the Cy3 dye
(Figure A.2A-B) (Taylor et al., 2015). Furthermore, the ssDNA curtains used to demonstrate RAD-51-ssDNA filament stabilization by RFS-1/RIP-1 (Figure A.1) are anchored to
the flow cell at both ends, and are therefore endless in the context of protein binding.
Together, these observations suggest that the 5’ end of ssDNA is not a major determinant of the structure recognized by RFS-1/RIP-1. In support of this, the likely substrate
for RFS-1/RIP-1 in vivo is a RAD-51 filament loaded at a resected double strand break or
ssDNA gap, and as such a naked 5’ DNA end is unlikely to be physiologically relevant in
the context of the filament.

A.3.4 RFS-1/RIP-1 propagates remodeling and stabilization of
RAD-51-ssDNA filaments beyond immediate proximity to the 5’
end
Rather than representing a read-out of 5’ filament end binding, an alternative interpretation of the stopped-flow data presented in Figure A.2 is that the fluorescence reduction induced by RFS-1/RIP-1 reflects the altered conformation of the remodeled RAD-51-ssDNA
filament, which is more flexible, nuclease-sensitive and stable, with remodeling only restricted to a short section of the filament, extending 5-7 nucleotides from the 5’ end. We
also previously demonstrated DNaseI sensitization by RFS-1/RIP-1 on filaments formed on
5’ fluorescently labelled oligonucleotides (Taylor et al., 2015), which could also formally
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represent a localized conformational change restricted to the 5’ filament end, since only
cleavage products retaining the 5’ fluorescent label are detectable. Similarly, we previously only tested filament stabilization by RFS-1/RIP-1 using 5’ labelled oligonucleotides.
To distinguish between these possibilities, we sought to determine if these properties
of remodeling propagate beyond this restricted region close to the 5’ filament end. We first
performed nuclease protection assays on a 61mer substrate fluorescently labelled at either
the 5’ or 3’ end (Figure A.3A). Interestingly, in the presence of RAD-51, both substrates
were protected to a similar extent (Figure A.3A) but the pattern of degradation products
was different (Figure A.9). Specifically, longer degradation products were enriched for
the 5’ construct and shorter products enriched for the 3’ construct, suggesting DNaseI
exhibits a degree of sequence preference in its cleavage of ssDNA, as for dsDNA (Herrera and Chaires, 1994), and that cleavage events nearer the 3’ 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 both constructs
(Figure A.3A, A.9). This suggests that the DNaseI sensitization induced by RFS-1/RIP-1
reflects filament remodeling, rather than 5’ end binding, since the effect also propagates
along the filament to cleavage sites closer to the 3’ end than the 5’ end.
Second, we tested for propagation of another property of the remodeled filaments by
monitoring stabilization of RAD-51 filaments formed on oligonucleotides Cy3-labelled
at the different positions used in Figure A.3 by RFS-1/RIP-1. Initially, we compared the
stability of filaments formed on the 5’-Cy3, Int(11)-Cy3 and 3’-Cy3 constructs to unlabelled competitor DNA (Figure A.3B-E). In the absence of RFS-1/RIP-1, the magnitude
of fluorescence reduction induced by mixing RAD-51 filaments with 100-fold excess of
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unlabelled competitor DNA corresponding to RAD-51 dissociation was smallest for the
5’ Cy3 labelled DNA (Figure A.3B) and larger but roughly equivalent for the Int(11)-Cy3
and 3’-Cy3 constructs (Figure A.3C-D). This observation is consistent with the fact that
the fluorophores in these positions fluoresce more intensely upon RAD-51 binding than
Cy3 at the 5’ position (Figure A.8A-B) and therefore would be expected to exhibit a larger
fluorescence reduction to return to the intensity associated with naked DNA.
In the presence of RFS-1/RIP-1, strong, concentration-dependent stabilization against
filament disruption by competitor DNA was observed for the 5’-Cy3 construct, with 50
nM RFS-1/RIP-1 sufficient to almost completely stabilize the filament as previously reported (Figure A.3B) (Taylor et al., 2015). However, no significant stabilization was observed when monitoring the 3’ Cy3-labelled oligonucleotide (Figure A.3D). In contrast,
the Int(11)-Cy3 oligonucleotide exhibited a clear, concentration-dependent stabilization,
but the extent of stabilization at both concentrations of RFS-1/RIP-1 was smaller than for
the 5’-Cy3 construct (Figure A.3C). Given that RFS-1/RIP-1 did not induce a fluorescence
reduction in filaments formed on the Int(11)-Cy3 construct (Figure A.2A), these data support the view that the fluorescence reduction reported in Figure A.2 represents the binding
of RFS-1/RIP-1 to the 5’ end, which only induces a change in the biophysical properties
of the Cy3 label when it is in close proximity (approximately 5-7 nucleotides) to the 5’
end, and not the remodeling of the filament. However RFS-1/RIP-1 induces a remodeled
conformation that propagates along the filament at least as far as 11 nucleotides from the
5’ 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 5’ end with a 5’→3’ polarity following RFS173

1/RIP-1 binding, such that RAD-51 protomers nearer the 5’ 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 5’-Cy3 construct, whereas the 3’Cy3 construct exhibited no stabilization (Figure A.3E). To monitor possible stabilization
propagation further, we expanded the competition experiments to the other internally
labelled constructs used in Figure A.2. We also quantified the extent of stabilization observed with RFS-1/RIP-1 relative to RAD-51 alone (Figure A.3F-G), rather than analysing
the absolute fluorescence reduction (Figure A.3E). This normalization accounts for the
inherent difference in the magnitude of Cy3 fluorescence changes associated with RAD51 binding (Figure A.8A-B) and dissociation (Figure A.3B-D, A.103) from the different
constructs, allowing exclusive analysis of the position-dependency of stabilization with
respect to 5’ filament end binding of RFS-1/RIP-1. If the 5’ end propagation model is true,
we predicted that there would be a direct relationship between Cy3 label position and the
extent of filament stabilization by a fixed concentration of RFS-1/RIP-1, analogous to that
observed in Figure A.2D.
Strikingly, in two independent experiments (Figure A.3F-G, A.10) we failed to detect
a strong correlation between the extent of filament stabilization and Cy3 label position
within the first 21 nucleotides. As before, 50 nM RFS-1/RIP-1 was sufficient to completely
stabilize the filament when monitoring the 5’ end whereas no stabilization was observed at
the 3’ end. In contrast, all internal labels tested showed a concentration-dependent (Figure
A.3G; A.10G-N) but intermediate stabilization effect, even as close as 2 nucleotides from
the 5’ end (Figure A.3F-G). These results may be explained by a model in which RFS-1/RIP1 exhibits two distinct modes of filament stabilization. First, RFS-1/RIP-1 binding to the 5’
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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 5’ end. Second, RFS-1/RIP1-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 propagates
along the filament at least as far as 21 nucleotides from the 5’ end. This would account for
the intermediate stabilization effect exhibited at Cy3 label positions from 2-21 nucleotides
from the 5’ end.

A.3.5 RFS-1/RIP-1 propagates filament stabilization from the 5’ end
with 5’→3’ polarity
To further test the 5’ end propagation model, we tested if stabilization declined between
21 nucleotides and the 3’ end by expanding the range of oligonucleotides analysed to
include those labelled after the 33rd, 38th or 41st nucleotide (Int(33)-Cy3, Int(38)-Cy3 and
Int(41)-Cy3, respectively), as well as the 5’-Cy3, Int(21)-Cy3 and 3’-Cy3 constructs (Figure
A.4A-G). We compared the stability of RAD-51 in the presence or absence of 50 nM RFS1/RIP-1 on these constructs and observed a profound length-dependent decline in the
magnitude of stabilization (Figure A.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 (Figure A.3F-G, A.10E, M; Figure A.4B, G), with a fluorescence reduction
of approximately 40-50% of that for RAD-51 only. As the Cy3 dye position was moved
towards the 3’ end, this fluorescence reduction relative to RAD-51 increased progressively
(Int(33)-Cy3: 61%; Int(38)-Cy3: 68%; Int(41)-Cy3: 82%; and 3’-Cy3 (43 nucleotides): 99%).
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Therefore, the cut-off point where significant stabilization was no longer detectable occurs
approximately 40 nucleotides from the 5’ end (Figure A.4G). These results demonstrate
filament stabilization propagates a significant distance through the length of the filament
from the 5’ end with 5’→3’ polarity.
Next, we wished to verify that the failure of RFS-1/RIP-1 to stabilize the filament at
a 3’ end and confer weak stabilization at the Int(38)-Cy3 and Int(41)-Cy3 labels was due
to termination of remodeling propagation rather than the influence of possible additional
biophysical properties of the 3’ filament end that could drive faster RAD-51 turnover in
this locality. To this end, we monitored filament stability on 5’ and 3’ Cy3-labelled 23mer
oligo(dT) constructs (Figure A.4H-J). As previously reported, RFS-1/RIP-1 almost completely stabilizes the 5’ end of this construct (Figure A.4H) (Taylor et al., 2015). Notably,
the same concentration (50 nM) of RFS-1/RIP-1 that was used in the above experiments
on 43mer constructs was also able to induce a striking stabilization at the 3’ end of the
23mer construct (Figure A.4I). The magnitude of fluorescence reduction relative to RAD-51
alone was 41.9 ± 1.4% (Figure A.4J), which is comparable to that observed on the Int(21)Cy3 43mer construct (Figure A.3F-G; Figure A.4G), which is labelled at a similar position
downstream of the 5’ end. Notably, this is in complete contrast to the effect observed at
the 3’ end of the 43mer (Figure A.3D-G, A.10F, N; Figure A.4F-G). This result therefore
supports the above evidence that stabilization propagates approximately 40 nucleotides
and is not negatively influenced by unique properties of the 3’ filament end.
Together, these data demonstrate that RFS-1/RIP-1 binding at the 5’ filament end is
able to induce a conformational change in the filament beyond the locality of its binding
site, which manifests in DNaseI sensitization and stabilization against competitor DNA.
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The stopped-flow stability assays reveal in high resolution the magnitude and 5’→3’ polarity of the propagation of remodeling.

A.3.6 RFS-1/RIP-1 5’ 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 exchange activity (Taylor et al., 2015). We considered the possibility
that a defect in ATP binding or hydrolysis underlies the failure of these mutants to mediate filament remodeling. To test this, we monitored 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 5’ Cy3 labelled 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 (Figure A.5A-B), suggesting RFS-1/RIP-1 must be nucleotidebound to associate with RAD-51-ssDNA filaments.
To determine the nucleotide requirements of RFS-1/RIP-1 activity, we performed similar experiments in which RFS-1/RIP-1 was pre-incubated with ADP (Figure A.5C-D),
the product of ATP hydrolysis, or ATPγS (Figure A.5E-F), a non-hydrolysable 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 (Δ Cy3 fluorescence = −0.08 to −0.09, 50 nM RFS-1/RIP-1) (Figure A.5D, F), suggesting that RFS-1/RIP-1
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requires nucleotide binding but not hydrolysis for normal 5’ filament end association.
Next, we wanted to test if RAD-51-ssDNA filaments remodeled by ADP- or ATPγSbound RFS-1/RIP-1 become as efficiently 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 A.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 ATPγS. After filament assembly, RAD-51 and ATP
was removed and RFS-1/RIP-1 injected with ADP or ATPγS buffer and incubated for 10
minutes to bind filaments. Excess protein and nucleotide was washed away for 2 minutes 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 A.1. We observed RFS-1/RIP-1 incubated with either ADP (Figure A.6B) or ATPγS (Figure A.6C) are able to stabilize RAD-51
filaments as effectively as in the presence of ATP (Figure A.6A, D).
Together, these results demonstrate that nucleotide binding is necessary and sufficient
to activate the 5’ 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 fluorescence reduction on pre-formed RAD-51ssDNA filaments, which mimics the situation observed for nucleotide-free RFS-1/RIP-1
(Figure A.5A, B). 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).
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A.4 Discussion
A.4.1 Mechanism of RAD51 filament remodeling by RAD51 paralogs
Our previous work revealed a function for RAD51 paralogs in remodeling RAD51 presynaptic filaments to a relaxed and stable structure, which is more proficient for strand
invasion (Taylor et al., 2015). Despite these insights, important mechanistic questions remained unresolved, particularly in relation to the precise nature of filament stabilization,
how the RAD51 paralogs engage with the presynaptic filament and the role of nucleotide
binding and/or hydrolysis in this process. We establish here that addition of RFS-1/RIP-1
shuts down the turnover of RAD-51 from ssDNA when ATP is removed, thus stabilizing
the pre-synaptic complex in an active state. To our knowledge, this is the first example of an HR regulator that prevents RAD51 filament turnover, which we propose is the
mechanism by which the RAD51 paralogs stabilize pre-synaptic filaments. We extend our
previous electron microscopy findings (Taylor et al., 2015) to show that RFS-1/RIP-1 engages with individual RAD-51 filaments by specifically recognizing an interface exposed
at the 5’ end of the filament, but not the 5’ end of the underlying ssDNA. Upon binding, RFS-1/RIP-1 propagates remodeling and stabilization of RAD-51 filaments in a 5’→3’
direction, which extends up to 40 nucleotides away from the 5’ end of the filament. Importantly, we provide evidence that the binding and remodeling of the RAD-51 filament
to its stable conformation is dependent on nucleotide binding but not hydrolysis by RFS1/RIP-1. We propose that a nucleotide co-factor is a critical determinate of the interaction
interface between the RAD51 paralogs and the 5’ terminal protomer of RAD51 in the filament. Hence, RAD51 paralogs act by capping the 5’ end of the presynaptic filament,
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which induces a conformational transition that propagates along the filament and shuts
down the disengagement of RAD-51 from ssDNA (Figure A.7A).

A.4.2 Molecular basis of RFS-1/RIP-1 binding to the 5’ filament end
A major question arising from our work is how RFS-1/RIP-1 engages with the 5’ filament
end. Interestingly, modelling 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 5’ end of the yeast RAD51 filament crystal structure (Conway
et al., 2004; Sasanuma et al., 2013). In contrast, docking to the 3’ end was associated
with steric clashes rendering such an association less plausible (Sasanuma et al., 2013).
Our study provides the first experimental evidence that RAD51 paralogs recognize an
intrinsic polarity within the RAD51 filament and bind specifically to the 5’ end. Given that
RFS-1 mutants that abolish the ability of RFS-1/RIP-1 to drive the fluorescence reduction
associated with 5’ filament end binding also fail to mediate remodeling and stabilization
(Taylor et al., 2015), we propose that normal 5’ filament end binding is a pre-requisite for
initiation of remodeling.
We also show RFS-1/RIP-1 is dependent on a nucleotide co-factor for 5’ filament end
binding and stabilization. Either ATP, ADP or ATPγS are sufficient to allow association
with the filament, demonstrating first that RFS-1/RIP-1 requires nucleotide binding but
not hydrolysis for this activity, and second providing a possible explanation for the failure
of the RFS-1 Walker A and B box mutants to mediate remodeling. Since these mutants are
within highly conserved residues of the nucleotide-binding pocket (Walker et al., 1982),
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they are likely defective for ATP binding.
In the future it will be important to establish tractable methods to obtain atomic resolution structural models of RAD51 paralogs bound to RAD51 filaments, to better understand
the intricacies underlying filament capping and remodeling. Docking of the yeast Csm2Psy3 heterodimer and Rad51-ssDNA filament crystal structures was achieved by modelling 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 tandem with a distinctive interface to that between the
two monomers of each homodimer pair (Conway et al., 2004). Both protomer-protomer
interfaces involve the ATP binding pockets of adjacent protomers and bound ATP cofactor (Conway et al., 2004), similar to 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 RIP1, only contains a Walker B box (Martín et al., 2006), while Csm2, despite lacking sequence
homology 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 5’ filament end
while Psy3 is distal (Sasanuma 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-containing protein of the Shu complex
(yeast Shu2 or human SWS1) (Liu et al., 2011b; Martín 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 interaction in yeast two-hybrid (Taylor et al., 2015), consistent with
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this residue exhibiting greater functional importance in maintaining a RIP-1/SWS-1 interface. SAXS data also indicate that Shu2 associates with Psy3 rather than Csm2 (She
et al., 2012), and by deduction, distal to the 5’ filament end. Together, these observations
support a model in which RFS-1 directly contacts RAD-51 at the 5’ filament end and RIP1 is positioned distally, allowing it to interact with SWS-1 (Figure A.7B-C). How SWS-1
influences filament binding and remodeling remains to be tested.
Another key question is how do nucleotide co-factors contribute to 5’ 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 to mediate normal 5’ filament end binding, a nucleotide co-factor may sit at the proposed RAD51/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 5’ 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 5’
DNA end. This is supported by the fact filament binding by RFS-1/RIP-1 is detectable in
stopped-flow even when the native 5’ DNA end is modified by the Cy3 dye. Notably,
RFS-1/RIP-1 also readily stabilizes the RAD-51 filaments in the ssDNA curtain assays,
even though the long ssDNA molecules have no accessible 5’ ends. In these assays, it is
likely that RFS-1/RIP-1 binds to the 5’ filament termini located between filament discontinuities (Figure A.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 presence of RAD-51 (Taylor et al., 2015). Thus,
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RFS-1/RIP-1 could contact ssDNA with higher affinity in the context of a pre-established
RAD-51 filament. Both RAD-51 and ssDNA contacts by RFS-1/RIP-1 could therefore be
required for its filament capping activity.

A.4.3 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 be modelled as binding the 3’ end of the yeast Rad51 filament (Pellegrini et al.,
2002; Sasanuma et al., 2013). This is consistent with electron microscopy studies demonstrating 3’ filament end binding of full-length BRCA2, suggesting BRCA2 promotes filament growth with 3’→5’ 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 5’→3’ direction, as has also been interpreted for yeast Rad51 (Antony
et al., 2009; Hwang and Myong, 2014; Qiu et al., 2013), or bidirectional assembly occurring more rapidly 3’→5’ than 5’→3’. BRCA2 may restrict filament extension polarity
to 3’→5’, which importantly would leave the 5’ 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 analyse the interplay between the nematode BRCA2 ortholog,
BRC-2, and RFS-1/RIP-1 during filament assembly and remodeling, since these proteins
may synergise 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
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Shu complex do not stimulate Rad51 binding to RPA-coated ssDNA, they significantly
synergise with Rad52 in this process (Gaines et al., 2015). We have also observed that RFS1/RIP-1 stimulates filament formation in the presence of ATP (Taylor et al., 2015), so it is
possible this activity may synergise 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 β2-adrenergic and μ-opioid G protein
coupled receptors, binding of agonists is not sufficient to drive the complete establishment
of the active conformation of the receptor, and full activation requires heterotrimeric G
protein engagement (Manglik et al., 2015; Sounier et al., 2015). As such, anchoring of the 3’
filament end by BRC-2 could co-operatively enhance filament remodeling by RFS-1/RIP-1
to allow propagation beyond the 40 nucleotide threshold defined in this study.

A.4.4 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 significantly distal to its binding site, manifested as
stabilization and nuclease-sensitization of the filament. Despite RFS-1/RIP-1 binding only
significantly modulating the fluorescence of Cy3 dyes positioned in close proximity to the
5’ filament end, a stabilizing effect is propagated as far as 40 nucleotides from the 5’ end.
In addition, nuclease deprotection is induced by RFS-1/RIP-1 throughout RAD-51-ssDNA
filaments formed on oligonucleotides, suggesting that this property is also propagated.
One possible mechanism is that the binding of RFS-1/RIP-1 induces a conformational
change in the proximal RAD-51 protomer in the filament. This in turn could modulate
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the interface between this RAD-51 molecule and an adjacent, distal RAD-51 protomer, ultimately propagating remodeling with 5’→3’ polarity through allosteric communication
between adjacent RAD-51 monomers within the filament, up to 40 nucleotides (13-14
RAD-51 protomers) from the end. Such long-range conformational propagation in response to a binding event by proteins and/or small molecule ligands is well-established
for signal transduction by membrane receptors, such a 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 organisational changes could occur throughout
RAD51 filaments in response to terminal binding events by RAD51 paralogs.
In conclusion, our study provides insights into the molecular mechanism of RAD51ssDNA filament remodeling by RAD51 paralogs, paving the way for future structural
studies of this process, and interplay with other HR mediators.

A.5 Experimental procedures
All experiments were performed at 25 ℃. 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
A.8) and RFS-1/RIP-1 filament binding experiments (Figure A.2, A.5), normalized to the
starting value for Cy3 fluorescence; for competition experiments (Figure A.3, A.4, A.10),
normalized to the value for Cy3 fluorescence at the 2.01998 s time point and truncated
before this. ssDNA curtains were prepared by rolling circle amplification of an M13mp18
single-strand plasmid, tethered at both ends in a flow cell and visualised by binding of
185

ScRPA-eGFP. RAD-51 filaments were assembled by flushing out ScRPA-eGFP and flowing
in RAD-51 in the presence of ATP. Filaments were equilibrated with buffer 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 μM RAD-51, 0.1 μM
RFS-1/RIP-1) and circular p8064 ssDNA or linearized PhiX ssDNA, then incubating with
anti-FLAG antibody conjugated to 20-nm gold particles, staining with uranyl acetate and
imaging. For nuclease protection assays, protein-DNA complexes were assembled on 5’
or 3’ fluorescently labelled 61mer ssDNA before challenging with DNaseI, deproteinizing
and resolving DNA products by PAGE.

A.5.1 Protein expression and purification
RAD-51 and RFS-1/RIP-1 were purified as described previously (Taylor et al., 2015).
RAD-51 was expressed using the Champion pET-SUMO system (Life Technologies) in
BL21(DE3) One Shot E. coli. The culture was grown in LB supplemented with 50 μg/ml
kanamycin at 37 ℃ to OD600 of 0.6-0.8, before induction for 4 h with 1 mM IPTG at 30 ℃.
Pellets were resuspended in 400 ml ice cold Lysis Buffer (50 mM potassium phosphate (pH
7.8), 1 M KCl, 10% glycerol) supplemented with cOmplete, EDTA-free protease inhibitor
cocktail tablets (Roche) (1 tablet per 25 ml buffer), and mixed well with a magnetic stirrer
at 4 ℃ until the mixture was homogenous. All subsequent steps were carried out at 4
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℃. The cells were lysed by addition of Triton X-100 to 0.1%. The lysate was sonicated
and cleared using a Ti45 rotor (Beckman Coulter) at 40,000 rpm for 60 min. Imidazole
was added to the supernatant to a final concentration of 25 mM and applied to 12 ml bed
volume of Ni-NTA agarose affinity gel (Qiagen 30210) which had been pre-washed with
Binding Buffer (50 mM potassium phosphate (pH 7.8), 1 M KCl, 10% glycerol, 25 mM imidazole (pH 7.5)). The protein was bound to the beads by rotating for 2 h then applied to 6
x 25 ml batch purification columns. The flowthrough was discarded and the beads washed
with 300 ml Binding Buffer and 300 ml Binding Buffer containing 50 mM imidazole (50 ml
per column). The protein was eluted with Binding Buffer containing 200 mM imidazole
by passing 8 ml twice over each column then washing with 4 ml Buffer K per column
(total eluate volume 72 ml), and dialyzed against 4 L Dialysis Buffer (20 mM Tris-HCl (pH
8.0), 300 mM KCl, 10% glycerol) overnight using 10 kDa MWCO SnakeSkin dialysis tubing
(Thermo Scientific). Some precipitate was observed the following day, but most protein
remained in solution. The His-SUMO tag was cleaved to yield native RAD-51 by addition
of His-tagged Ulp1 SUMO protease for 45 min. The protein was centrifuged and the soluble fraction collected and bound to the same batch of NiNTA agarose affinity gel used for
purification after regeneration according to the manufacturer’s instructions to remove the
SUMO protease and His-SUMO tag. The flowthrough containing native RAD-51 collected
and the resin washed with an additional 18 ml (3 ml per column) of Dialysis Buffer. These
were pooled (total 90 ml) and mixed at 1:1 ratio with Dilution Buffer (20 mM Tris-HCl (pH
8.0), 10% glycerol, 2 mM EDTA, 1 mM DTT) (total 180 ml) to reduce salt concentration to
150 mM KCl. The protein was bound to a 1 ml Mono Q 5/50 GL column (GE Healthcare)
at 0.5 ml / min using an Äkta Explorer HPLC system and washed with 30 ml R buffer (20
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mM Tris-HCl (pH 8.0), 10% glycerol, 1 mM EDTA, 0.5 mM DTT) supplemented with 100
mM KCl then 20 ml R buffer supplemented with 150 mM KCl. The protein was eluted
with a 30 ml gradient 150-640 mM KCl in R buffer and 0.5 ml fractions collected. The peak
fractions were pooled and either dialysed against Storage Buffer for 1 h, frozen in small
aliquots in liquid nitrogen and stored at –80 ℃, or concentrated and frozen directly in the
elution buffer. This method typically yielded 1.5-2.5 mg/ml recombinant RAD-51 (40-65
μM) which could be concentrated as high as 640 μM without precipitation.
RFS-1/RIP-1 was expressed in budding yeast cells by growing a 100 L culture in a
120 L BIOFLO 5000 fermenter (New Brunswick Scientific) in YP media + 2% raffinose
at 30℃, pH 5.8, agitation 200 rpm and airflow 20 L/min until OD600 of 0.7-0.8, before
induction for 5 h with 2% galactose. The cells were harvested and washed twice with
Yeast Wash Buffer (25 mM HEPES-KOH (pH 7.5), 1 M sorbitol) then once with Buffer K
(45 mM HEPES-KOH, 10% glycerol, 0.1 M potassium glutamate, 5 mM magnesium acetate)
supplemented with 0.02% NP-40. The cells were then resuspended in 70 ml buffer K +
0.02% NP-40 supplemented with cOmplete, EDTA-free protease inhibitor cocktail tablets
(Roche) (1 tablet per 25 ml buffer) and frozen dropwise in liquid nitrogen. Cells were
lysed by crushing in a freezer mill (SPEX CertiPrep 6850) for 6 x 2 min cycles at rate
15 under liquid nitrogen and the frozen cell powder stored at –80℃. For purification,
the cell powder was thawed to room temperature in a water bath, diluted with Buffer
K and the potassium glutamate concentration adjusted to 0.5 M and mixed well with
a magnetic stirrer at 4℃ until the lysate was homogenous. All subsequent steps were
carried out at 4 ℃. The lysate was cleared in an Optima LE-80K Ultracentrifuge (Beckman
Coulter) using a Ti45 rotor at 40,000 rpm for 90 min and the supernatant was applied to
188

10 ml bed volume of anti-FLAG M2 affinity gel (Sigma A2220). The protein was bound
to the beads by rotating overnight then applied to 5 x 25 ml batch purification columns.
The flow-through was discarded and the beads washed with 750 ml Buffer K (150 ml per
column). The protein was eluted with 1 mg/ml 3xFLAG peptide in Buffer K by passing
2 ml twice over each column then washing with 4 ml Buffer K per column (total eluate
volume 30 ml), and dialyzed against 4 L Storage Buffer (20 mM Tris-acetate (pH 8.0), 100
mM potassium acetate, 10% glycerol, 1 mM EDTA, 0.5 mM DTT) overnight using 10 kDa
MWCO SnakeSkin dialysis tubing (Thermo Scientific). The protein was then concentrated
on a 30 kDa MWCO Amicon Ultra-15 Centrifugal Filter Unit pre-washed with water and
Storage Buffer to a final volume of 1 ml, frozen in small aliquots in liquid nitrogen and
stored at –80 ℃. This method typically yielded 3-4.4 mg/ml recombinant RFS-1/RIP-1 (5580 μM complex) devoid of detectable nuclease activity. For electron microscopy studies,
100 μl concentrated RFS-1/RIP-1 was subsequently applied to a Superdex S200 5/150 GL
column (GE Healthcare) in Storage Buffer and the peak fractions collected, pooled and
stored in 1.45 μM aliquots.

A.5.2 EMSA
RAD-51 was mixed with a master mix containing 645 nM (nucleotides) of the indicated
Cy3-labelled (dT)43 oligonucleotide, 20 mM Tris-HCl (pH 7.5), 8% glycerol, 1 mM DTT,
50 mM sodium acetate, 2 mM M gCl2 and 2 mM ATP, in 10 μl reaction volume at 25℃.
Protien-ssDNA complexes were crosslinked with 0.25% glutaraldehyde for 10 min at 25
℃. Reactions were resolved on 1% agarose gels in 1X TBE (70 V, 2 h 20 min) at 4 ℃. Gels
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were imaged on a FLA-9000 scanner (Fujifilm).

A.5.3 Nuclease protection assays
Proteins were diluted from concentrated stocks into T Buffer (25 mM Tris-HCl (pH 7.5),
10% glycerol, 0.5 mM EDTA (pH 8.0), 50 mM KCl), which was also used in no protein controls. Proteins were pre-incubated for 5 min on ice then mixed with 7310 nM (nucleotides)
5’- or 3’-fluorescein-labelled 61mer oligonucleotide (GACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCTTTGCCCACCTGCAGGTTCACCC) in 10 mM Tris-HCl (pH
7.5), 50 mM KCl, 1 mM DTT, 1 mM ATP, 1 mM MgCl2 , 1 mM CaCl2 , in 10 μl reaction
volume at 25 ℃ for 10 min. 1 μl (2 U) bovine pancreatic DNaseI (New England Biolabs)
was then added for 20 min at 25 ℃. The samples were deproteinized with 0.125% SDS and
12.5 μg proteinase K for 10 min at 37 ℃ and resolved in 10% native polyacrylamide gels
in 1X TBE (110 V, 50 min) or in 20% denaturing polyacrylamide urea gels in 1X TBE (15
W, 90 min). Gels were imaged on a FLA-9000 scanner (Fujifilm) and quantified with Multi
Gauge V3.2 (Fujifilm). After adjusting for background, the % protection was determined
for all samples then normalized to the value for RAD-51 only. Average relative protection
values from at least 5 experiements were then determined.

A.5.4 Immuno-gold electron microscopy
RFS-1/RIP-1 was purified via a gel filtration column prior to use as described above.
Anti-FLAG antibody (Sigma F3165) was conjugated to 20-nm gold particles using the
InnovaCoat Gold Conjugation Mini kit (Innova Biosciences). 1 μM RAD-51 ± 0.1 μM
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RFS-1/RIP-1 and 1 μM (nucleotides) of linearized PhiX ssDNA (length: 5386 nucleotides)
(gift of Michael Mcilwraith and Stephen West) or 6 μM (nucleotides) of p8064 circular
ssDNA (length: 8064 nucleotides) (Tilibit Nanosystems) were co-incubated in 20 mM
Triethanolamine-HCl (pH 7.5), 8% glycerol, 1 mM DTT, 50 mM sodium acetate, 2 mM
MgCl2 , 2 mM ATP for 10 min at 25 ℃, before incubation with anti-FLAG-20-nm gold for
a further 5 min at 25 ℃. Samples were applied to glow-discharged continuous carboncoated grids, negatively stained by 2% uranyl acetate, and by negative stain as described
previously (Taylor et al., 2015).
For quantification of anti-FLAG-20-nm gold binding to filaments in Figure A.2E-G,
images (2120 nm x 1511 nm) were acquired at nominal magnification 67,000X from between 70 and 125 fields of view per condition, and scored for number of anti-FLAG-20-nm
gold particles unbound to filaments or bound to filaments >50 nm in length. Only gold
particles directly on filaments and not those juxtaposed were counted. Clusters of >3 gold
particles were not counted. Filament clumps of >4 filaments were not counted.
For quantification of filaments associated with anti-FLAG-20-nm gold in Figure A.8GH, the same images were scored for number of filaments bound or unbound to anti-FLAG20-nm gold. Clumps of filaments indistinguishable as individual filaments for counting
were scored as one. Clusters of >3 gold particles were not counted. Anti-FLAG-20-nm
gold particles were also re-scored as unbound to filaments or bound to filaments by these
alternative criteria (Figure A.8I-J), and showed a similar fold enrichment in the presence
of RFS-1/RIP-1 to Figure A.2E-F.
Statistical analysis was performed in GraphPad Prism 6 (GraphPad Software). All
images were scored by a researcher blinded to the identity of the samples.
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A.5.5 Stopped-flow assays and data analysis
Stopped-flow experiments were performed using an SFM-300 stopped-flow machine (BioLogic) fitted with a MOS-200 monochromator spectrometer (Bio-Logic) with excitation
wavelength set at 545 nm. Fluorescence measurements were collected with a 550 nm long
pass emission filter. The machine temperature was maintained at 25 ℃ with a circulating
water bath.
For all experimental setups, a master mix containing all common reaction components
for each of the two syringes was prepared to which variable components were added to
generate the mixtures for individual syringes for different experimental conditions. These
individual syringe mixtures are indicated in the mixing schemes. Since equal volumes
were injected into the mixing chamber from each syringe, the two solutions became mutually diluted. Therefore, all reaction components common to each syringe were prepared
at the final concentration, whereas reaction components present in only one syringe were
added at twice the desired final concentration. All concentrations quoted represent final
concentrations after mixing. Components of each syringe were pre-incubated for 10 min
before the start of experiments to allow the contents to reach equilibrium.
All reactions were performed in Stopped Flow Buffer (50 mM Tris-HCl (pH 7.5), 5 mM
MgCl2 , 50 mM NaCl, 2 mM ATP) except where indicated to determine the nucleotidedependency of RFS-1/RIP-1 activity in Figure A.5. All reactions contained 15 nM (moles)
Cy3 fluorescently labelled (dT)43 or (dT)23 oligonucleotide (Cy3-43mer or Cy3-23mer),
with the fluorophore either conjugated to the 5’ or 3’ end or integrated into the DNA
backbone after the indicated nucleotide position. Proteins were added directly from con-
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centrated stocks. Unlabelled (dT)43 or (dT)23 oligonucleotide was used at 1500 nM (moles)
(100-fold excess) in competition experiments. For all experiments, controls were also performed for buffer alone with and without DNA to confirm fluorescence signal stability
over the time course of the experiments (data not shown). For experiments on pre-formed
RAD-51 filaments we employed a saturating concentration of RAD-51 (1 μM on 43mer,
750 nM on 23mer), to ensure all ssDNA present was coated by RAD-51 filaments.
Fluorescence measurements for most experiments were collected according to the following protocol: (1) every 0.00005 s from 0-0.05 s; (2) every 0.0005 s from 0.05-0.56 s; (3)
every 0.02 s from 0.56-60.54 s.
For each condition analysed, traces were collected from between four and twentytwo independent reactions (n = 4-22, see individual figure legends for details). In Figure
A.4, these were pooled from two or three independent experiments. For presentation,
average traces for each experiment were generated. Absolute fluorescence values were
converted to arbitrary units by a normalization procedure to facilitate comparison. For
all experiments the raw data were normalized to the same fluorescence value for the 0 s
time point, except for the unlabelled DNA competition experiments (Figure A.3, A.4, A.9)
where raw data were normalized to the same value for Cy3 fluorescence at the 2.01998 s
time point and truncated before this, as previously (Taylor et al., 2015).
For analysis, for all experiments in Figures A.2, A.5 and A.8, ten-point moving averages were calculated on each individual normalized trace, which were used to define
initial (0 s) and final (60.54 s) fluorescence values and Δ Cy3 fluorescence values for each
experiment. Half-times in Figure A.8 were measured as the time points where the fluorescence from moving averages was closest to the value calculated for the Δ Cy3 fluorescence
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midpoint. Average values and associated standard deviations were then calculated. For
competition experiments (Figure A.3, A.4, A.9), the relatively small changes in fluorescence observed meant the data was too noisy for analysis from moving averages for Δ
Cy3 fluorescence in this way. For these experiments, Δ Cy3 fluorescence values were
calculated on each individual normalized trace as the difference between the mean fluorescence values measured across all time points from 1.01998 to 2.99998 s (start value, on
either side of the adjusted start at 2 s) and 58.54 to 60.54 s (end value). Average values and
associated standard deviations were then calculated. Positive and negative Δ Cy3 fluorescence values represent increases and decreases in fluorescence respectively. To determine
the % of Cy3 fluorescence reduction observed for RAD-51 only in Figures A.3F, G and A.4
G, J, the Δ Cy3 fluorescence value for each trace calculated in the presence of RFS-1/RIP-1
was divided by the average Δ Cy3 fluorescence value for RAD-51 alone and multiplied by
100. Average values and associated standard deviations or standard errors of the mean
were then calculated.

A.5.6 ssDNA curtains assays
Flowcells were prepared as previously described (Gibb et al., 2012; Gorman et al., 2010)
The single-stranded DNA substrates were prepared by rolling circle replication using an
M13mp18 single strand plasmid annealed to a biotinylated primer, as described (Gibb et
al., 2012; Gibb et al., 2014). For the extension and visualization of the ssDNA-ScRPAeGFP curtain, Saccharomyces cerevisiae RPA-eGFP (1 nM) was flown in at 0.8 ml/min
with BSA buffer (40 mM Tris-HCl (pH 8.0), 2 mM MgCl2 , 1 mM DTT, and 0.2 mg/ml
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BSA). After 2 minutes, 150 µl of 7 M urea was injected to remove protein aggregates
and unresolved secondary structures followed by 15 minutes of continuous flow of 1 nM
ScRPA-eGFP in BSA buffer. RAD-51 filaments were assembled using CeH buffer (50 mM
Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM MgCl2 , 2 mM ATP, 1 mM DTT, 0.2 mg/ml BSA)
unless otherwise indicated. Excess ScRPA-eGFP was flushed out with CeH buffer at 1
ml/min for a minimum of 2 minutes before injecting the indicated concentration of RAD51. For sample injections of RFS-1/RIP-1, the flowcell chamber is first equilibrated to the
appropriate buffer (CeH buffer with the nucleotide RFS-1/RIP-1 is incubated in and/or
ScRPA-eGFP) with a one minute buffer flow at 1 ml/min.
For visualization, a 488 nm laser is used to illuminate the eGFP molecules. 100 msec
exposure images are captured at 20 second intervals unless indicated otherwise. For analysis, kymograms of individual ssDNA molecules were generated using Fiji (ImageJ 1.48b,
Wayne Rasband, National Institutes of Health, USA). Fluorescence intensity of the kymograms are adjusted based on the intensity profile of the background kymograms. The
average pixel intensity for each time point is normalized so that the first frame has an
intensity of 1.
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Figure A.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 μM RIP-1/RFS-1 alone, 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. (E) After RAD-51 filament assembly, free protein and ATP were
washed out of the solution and the filament was allowed to disassemble in buffer lacking nucleotide
and containing 1 nM ScRPA-eGFP, demonstrating the dependence of RAD-51 on ATP for stability.
ScRPA-eGFP binding serves as a proxy for RAD51 dissociation. (F) RIP-1/RFS-1 is able to bypass
the ATP requirement for RAD-51 filament stability. RIP-1/RFS-1 is first incubated with the RAD51 filament in the presence of ATP for 10 minutes before ATP was washed away from the flowcell.
The flowcell was chased with RFS-1/RIP-1 and 1 nM ScRPA-eGFP to monitor for disassembly. (G)
Quantitation of the intensity of the ScRPA-eGFP signal over the time course of the experiment for
the data in E-F. (H) Schematic depiction of RAD-51-ssDNA filament stabilization by RFS-1/RIP-1
in this assay. Panels labelled (i)-(iv) represent the indicated observations in E-F.
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Figure A.2: RFS-1/RIP-1 binds the 5’ end of individual RAD-51-ssDNA filaments (A and C) Average
normalized Cy3-43mer 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.
Schematics of the different Cy3 label positions are shown inset. RAD-51-ssDNA filaments preformed with 1 μM RAD-51 + 15 nM Cy3-43mer for 10 min were mixed with buffer ± 200 nM
RFS-1/RIP-1. (A) 5’-, Int(11)-, Int(22)- and 3’-Cy3 constructs (n = 5-9). (C) Int(2)-, Int(3), Int(5)- and
Int(7)-Cy3 constructs (n = 5-8). (B) Graph of average Δ Cy3 fluorescence for the data presented
in A (errors: s.d.). (D) Graph of Cy3 position-dependence of Δ Cy3 fluorescence in the presence
of RFS-1/RIP-1 for the data presented in A (5’-Cy3) and C (other contructs) (errors: s.d.). (E-G)
Quantification of % anti-FLAG-20-nm gold particle binding to RAD-51-ssDNA filaments ± RFS1/RIP-1. (E, F) Filaments formed on circular ssDNA from 2 independent experiments. (G) Filaments
formed linearized ssDNA. **** Two-tailed Chi-square test of independence, p < 0.0001.
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Figure A.3: RFS-1/RIP-1 induces remodeling throughout RAD-51-ssDNA filaments a significant
distance beyond the 5’ end (A) DNaseI protection assay on protein-DNA complexes formed by
RAD-51 and RFS-1/RIP-1 on 5’ or 3’ fluorescently-labelled 61mer ssDNA. Products were resolved
by native PAGE. The average extent of protection relative to RAD-51 only samples is quantified.
(B-D) Average normalized Cy3-43mer 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. RAD-51-ssDNA filaments pre-formed with 1 μM RAD-51 + 15 nM Cy3-43mer and
indicated concentrations of RFS-1/RIP-1 for 10 min were mixed with 100-fold excess unlabelled
43mer (n = 9-11). (B) 5’-Cy3 construct. (C) Int(11)-Cy3 construct. (D) 3’-Cy3 construct. (E) Graph
of RFS-1/RIP-1 concentration-dependence of Δ Cy3 fluorescence for the data presented in B-D.
(F-G) Graphs of Δ Cy3 fluorescence in the presence of RFS-1/RIP-1 as a % of Δ Cy3 fluorescence
for RAD-51 only samples on constructs Cy3-labelled 3’ or up to 21 nt from the 5’ end for the data
presented in Figure S3 (n = 5-8; errors: s.d.). See also Figures S2 and S3.
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Figure A.4: RFS-1/RIP-1 binding propagates a stabilizing effect along RAD-51-ssDNA filaments
with 5’→3’ polarity (A-F) Average normalized Cy3-43mer fluorescence profiles plotted as a function of time. RAD-51-ssDNA filaments pre-formed with 1 μM RAD-51 + 15 nM Cy3-43mer ± 50 nM
RFS-1/RIP-1 for 10 min were mixed with 100-fold excess unlabelled 43mer. Label position is indicated top centre of each profile. Data were pooled from three independent experiments (n = 19-22).
(G) Graph of Cy3 position-dependence of Δ Cy3 fluorescence in the presence of RFS-1/RIP-1 as a
% of Δ Cy3 fluorescence for RAD-51 only samples for the data presented in A-F (errors: s.e.m.).
(H-I) Average normalized Cy3-23mer fluorescence profiles plotted as a function of time. RAD-51ssDNA filaments pre-formed with 750 nM RAD-51 + 15 nM Cy3-23mer ± 50 nM RFS-1/RIP-1 for
10 min, then mixed with 100-fold excess unlabelled 23mer. Label position is indicated top centre
of each profile. Data were pooled from two independent experiments (n = 12-16). (J) Graph of Δ
Cy3 fluorescence in the presence of RFS-1/RIP-1 as a % of Δ Cy3 fluorescence for RAD-51 only
samples for the data presented in H-I (errors: s.e.m.).
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Figure A.5: Binding of RAD-51-ssDNA filaments requires ATP binding but not hydrolysis by RFS1/RIP-1 (A) Average normalized Cy3-43mer 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. RAD-51-ssDNA filaments pre-formed with 1 μM RAD-51 + 15 nM Cy343mer for 10 min were mixed with buffer with the indicated concentration of ATP ± 50 nM RFS1/RIP-1 (n = 7-9) (B) Graph of ATP-dependence of Δ Cy3 fluorescence in the presence of RFS-1/RIP1 for the data presented in A (errors: s.d.). (C, E) Average normalized Cy3-43mer fluorescence
profiles plotted as a function of time. RAD-51-ssDNA filaments pre-formed with 1 μM RAD-51
+ 15 nM Cy3-43mer for 10 min were mixed with buffer with the indicated nucleotide ± 50 nM
RFS-1/RIP-1 (n = 4-9) (D, F) Graphs of average Δ Cy3 fluorescence for the data presented in C and
E respectively (errors: s.d.).
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Figure A.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 μM RAD-51 in the
presence of 2 mM ATP and the subsequent stabilization on the RAD-51 filament by the RFS-1/RIP1 complex when it is pre-incubated with (A) ATP, (B) ADP, or (C) ATPγS. Free RAD-51 and ATP
was washed out of the flowcell before the injection of RFS-1/RIP-1, which is pre-incubated with
with the indicated nucleotide before injection. RIP-1/RFS-1 is incubated with RAD-51 filaments
in the flowcell for 10 minutes before free nucleotide was washed away and more RIP-1/RFS-1 is
flown in with buffer containing 1 nM ScRPA-eGFP. Buffer conditions inside the flowcell 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 experiment for the data in A-C.
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Figure A.7: Model for the proposed mechanism of RAD51-ssDNA filament remodelling by RAD51
paralogs. (A) RFS-1/RIP-1 binds the 5’ end of individual RAD-51-ssDNA filaments and propagates
a stabilizing effect with 5’→3’ polarity up to 40 nucleotides from the 5’ end. In the context of a
larger pre-synaptic complex, such as in ssDNA curtain experiments, RFS-1/RIP-1 may cap RAD51-ssDNA filaments arising from separate nucleation events to allow stabilization of the entire
assembly. (B-C) Putative model for the interaction network between RAD51, RAD51 paralogs and
Shu complex proteins from (B) C. elegans and (C) S. cerevisiae in the context of the RAD51-ssDNA
filament 5’ 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. Equivalent
protein features identified in the S. cerevisiae proteins are also noted.
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Figure A.8: RAD-51 filament assembly on different oligonucleotides and RFS-1/RIP-1 binding to
RAD-51-ssDNA filaments formed on circular ssDNA. (A) Average normalized Cy3-43mer 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. 1 μM RAD-51 preincubated with ATP was mixed with 15 nM Cy3-43mer. 5’-, Int(11)-, Int(22)- and 3’-Cy3 constructs
were analysed (n = 9). (B) Graph of average Δ Cy3 fluorescence for the data presented in A (errors: s.d.). (C) Graph of average half-time for the fluorescence change for the data presented in
A (errors: s.d.). (D) Protein-DNA complexes formed by RAD-51 on the 5’-, Int(11)-, Int(22)- and
3’-Cy3-43mer constructs with ATP resolved in native agarose gels. (E and F) Example images of
anti-FLAG-20-nm gold particles bound (red arrows) or unbound (white arrows) to RAD-51-ssDNA
filaments (black arrows) formed in the presence of RFS-1/RIP-1 on either (E) circular p8064 ssDNA
or (F) linearized PhiX ssDNA. (G-H) Quantification of % RAD-51-ssDNA filaments (including aggregated filaments) formed on circular ssDNA labelled with anti-FLAG-20-nm gold particles ±
RFS-1/RIP-1 from two independent experiments. **** Two-tailed Chi-square test of independence,
p < 0.0001. (I-J) Quantification of % anti-FLAG-20-nm gold particle binding to RAD-51-ssDNA
filaments (including aggregated filaments) formed on circular ssDNA ± RFS-1/RIP-1 from 2 independent experiments. **** Two-tailed Chi-square test of independence, p < 0.0001.
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Figure A.9: RFS-1/RIP-1 propagates filament DNaseI sensitization beyond immediate proximity to
the 5’ filament end. DNaseI protection assay on protein-DNA complexes formed by RAD-51 and
RFS-1/RIP-1 on 5’ or 3’ fluorescently-labelled 61mer ssDNA. Products were resolved by denaturing
PAGE.

204

Figure A.10: RFS-1/RIP-1 propagates filament stabilization beyond immediate proximity to the 5’
filament end. (A-F) Average normalized Cy3-43mer fluorescence profiles plotted as a function of
time for the data in Figure A.3F. The arrow indicates the components of the two syringes rapidly
mixed at the 0 s time point in a stopped-flow instrument. RAD-51-ssDNA filaments pre-formed
with 1 μM RAD-51 + 15 nM Cy3-43mer ± 50 nM RFS-1/RIP-1 for 10 min were mixed with 100-fold
excess unlabelled 43mer. Label position is indicated top centre of each profile (n = 6-8). (G-N)
Average normalized Cy3-43mer fluorescence profiles plotted as a function of time for the data in
Figure A.3G. RAD-51-ssDNA filaments pre-formed with 1 μM RAD-51 + 15 nM Cy3-43mer and
the indicated concentration of RFS-1/RIP-1 for 10 min were mixed with 100-fold excess unlabelled
43mer. Label position is indicated top centre of each profile (n = 5-8).
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