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Abstract……. 
 

Homologous recombination (HR) is an essential mechanism for the repair of toxic 

DNA double-strand breaks (DSBs), which, when not repaired accurately, can give 

rise to cancer and hereditary disorders. During HR, RAD51 forms helical 

nucleoprotein filaments on RPA-coated ssDNA with the help of mediator proteins 

(BRCA2 and RAD51 paralogs) and catalyses strand invasion into homologous 

duplex DNA. How this is achieved in not completely understood. To dissect the 

process on molecular level, I first reconstituted nematode RAD-51 presynaptic 

filament assembly in the presence of mediator proteins at the single-molecule level 

and demonstrated that BRC-2 promotes RAD-51 nucleation, while RAD-51 paralogs 

transiently bind 5’ RAD-51 filament ends to stimulate RAD-51 growth in a 3’ to 5’ 

direction. In the second part of the thesis, I investigated the consequences of a 

permanently ‘switching on’ RAD-51 by engineering a variant of human RAD51, I287T, 

that forms presynaptic complexes efficiently without the recombination mediators 

present and analysed its impact on cellular DNA metabolism. I showed that RAD51 

I287T is toxic in cells as it interferes with genome duplication by promiscuously 

loading at replication forks. Lastly, I demonstrated that nematode RAD-51 is 

surprisingly tolerant to mismatches during DNA strand exchange catalysis. The 

mismatch tolerance can be abolished by engineering specific mutations into the DNA 

binding loop of RAD-51, which causes meiotic HR stalling in the absence of 

regulatory motor proteins. Together, this work has uncovered unappreciated 

mechanisms that promote and maintain optimal RAD51 filament assembly and how 

deviations to optimal assembly rates can lead to disease - a phenomenon referred 

to as the ‘Goldilocks principle’ of RAD51 assembly. 
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Chapter 1. Introduction 

1.1 DNA double-strand breaks and their repair 

DNA double-strand breaks (DSBs) are among the most toxic lesions that our genome 

can encounter. DSBs arise spontaneously as a result of fork breakage during DNA 

replication, after exposure to ionising radiation or can be programmed to promote 

meiosis or V(D)J recombination during lymphocyte development (Chapman et al., 

2012). Either way, an inability to accurately repair DSBs results in accelerated 

ageing, cell death and/or cancer development in metazoans. To counter these 

deleterious lesions, our cells have evolved multiple pathways to repair DSBs. These 

pathways share common steps during the repair reaction. In general, DSB repair 

involves three steps (Figure 1.1):  

 

I) DSB sensing by sensor proteins. 

II) Signal transduction and DSB repair pathway choice. 

III) Mechanistic DSB repair performed by multiple effector pathways. 

 

1.1.1 DSB sensing and DSB repair pathway choice 

Cells possess specialized proteins that sense, recognize and bind to DSB ends with 

high affinity. In eukaryotic cells, two major DSB sensors are: KU70/80 dimer and 

MRN (MRE11-RAD50-NBS1) complex, that bind broken DNA ends (Myler et al., 

2017; Symington, 2016). While KU70/80 plays an important role in repair of DSBs 

via non-homologous end joining (NHEJ), the MRN complex is involved in DSB 

sensing and also the subsequence resection step necessary for HR and micro-

homology mediated end joining (MMEJ). MRN also acts as a ‘molecular velcro’ to 

physically tether broken DNA ends together (Williams et al., 2008). 

As part of its sensing function, the MRN complex recruits the effector kinase ATM, 

which upon its recruitment triggers a DSB signalling cascade through the 

phosphorylation of multiple proteins. ATM phosphorylates a histone variant gH2AX 

(Burma et al., 2001), which rapidly accumulates at the site of DSB (Rogakou et al., 

1998). The spreading and amplified gH2AX signal can be detected by 

immunofluorescence staining as so called ‘foci’ in the cell nucleus, which is a reliable 
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marker of DNA damage. ATM-phosphorylated gH2AX is then recognized by mediator 

of DNA damage checkpoint protein 1 (MDC1) (Stewart et al., 2003; Stucki et al., 

2005). MDC1 is also phosphorylated by ATM, which leads to the recruitment of an 

E3 ubiquitin ligase RING finger 8 (RNF8). RNF8 ubiquitylates an unknown protein 

that is bound by an another E3 ubiquitin ligase, RNF168. RNF8, RNF168 and 

possibly other E3 ubiquitin ligases then ubiquitinate multiple targets among which is 

H2A (Doil et al., 2009; Huen et al., 2007; Mailand et al., 2007; Mattiroli et al., 2012; 

Stewart et al., 2009). Depending on the cell cycle position, H2A ubiquitination at 

lysine 15 (H2AK15ub) then recruits either p53 binding protein 1 (53BP1) or Breast 

cancer type 1 susceptibility protein (BRCA1) in complex with BRCA1 Associated 

RING Domain 1 (BARD1) protein (Doil et al., 2009; Kim et al., 2007; Sobhian et al., 

2007; Stewart et al., 2009; Wang et al., 2007). 53BP1 promotes NHEJ in G1 and 

limits DNA end resection, while BRCA1-BARD1 promotes DNA end resection in 

S/G2 required for HR and MMEJ. The antagonism between these two factors is most 

clearly demonstrated in BRCA1-deficient cells, wherein loss of 53BP1 is sufficient to 

rescue the DNA end resection defect (Bunting et al., 2010). How the decision 

between BRCA1 and 53BP1 recruitment made is currently poorly understood, 

however chromatin likely plays a major role. It has been suggested that ‘old’ parental 

histones marked by H4K20methyl serve to facilitate 53BP1 recruitment in G1 phase 

of the cell cycle (Nakamura et al., 2019), while newly deposited histones bearing no 

methylation at H4K20 (H4K20me0) are bound by the ankyrin domain of BARD1 (and 

its partner BRCA1) in S/G2 phase (Figure 1.1).  

 

The choice between DSB repair pathways mediated by 53BP1 (pro-NHEJ) and 

BRCA1-BARD1 (pro-HR/MMEJ) ultimately impinges on DSB resection. DNA ends 

must be adequately processed for each different repair pathways to take place. In 

the case of 53BP1-mediated DSB repair, extensive DNA end resection is supressed 

by 53BP1-binding shieldin complex, which is recruited to 53BP1 via RIF1 (Chapman 

et al., 2013; Dev et al., 2018; Di Virgilio et al., 2013; Ghezraoui et al., 2018; Gupta et 

al., 2018; Mirman et al., 2018; Noordermeer et al., 2018; Xu et al., 2015; 

Zimmermann et al., 2013). The Shieldin complex consists of 4 proteins: SHL1, SHL2, 

SHL3 and REV7. The single-stranded (ss)DNA binding domain of SHL2 containing 

3 tandem oligosaccharide binding (OB) folds then tightly binds any short ssDNA tails 

generated at the break site and prevents further nucleolytic processing of DNA ends. 
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If longer ssDNA tracks are present at the break site, shieldin can also recruit the 

CST-Pola complex to re-synthesize the opposing strand (Mirman et al., 2018). 

Whether this so-called fill-in reaction and direct resection inhibition by SHL2 are 

mutually exclusive phenomena, or if one of them is the predominant one is not well 

understood. In the case of BRCA1/BARD1-mediated DSB repair, unshielded DNA 

ends are nucleolytically processed to yield 3’ ssDNA overhangs bound by replication 

protein A (RPA). RPA binding to ssDNA also stimulates the endonuclease activity of 

short-range resection nuclease MRE11 (Cannavo et al., 2019) and long-range DNA 

digestion by the DNA2 helicase-nuclease (Ceppi et al., 2020). Whether BRCA1 plays 

a direct role in promoting DNA end resection or simply competes with 53BP1 is not 

known (Figure 1.1). 
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Figure 1.1: An overview of metazoan DSB repair. Examples of endogenous and exogenous 

sources of DSBs are indicated on top. Following DSB induction, DSB is sensed, and downstream 

cycle stage-regulated signalling cell takes place to decide which effector pathway will ultimately 

repair the DSB. 
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1.1.2 DSB repair effector pathways: NHEJ and MMEJ 

The three major pathways that deal with DSBs are non-homologous end joining 

(NHEJ), homologous recombination (HR) and microhomology-mediated end joining 

(MMEJ). The choice between these pathways is dictated by the cell cycle stage, 

chromatin environment and DNA sequence context. 

 
Non-homologous end joining (NHEJ) is a simple pathway for DSB repair of 

predominantly transcriptionally inactive genes in G1 phase of the cell cycle. NHEJ is 

error-prone by nature and generates mutations, typically small deletions and 

insertions (Chapman et al., 2012). During NHEJ, KU70/80-bound DNA ends recruit 

DNA-dependent protein kinase (DNA-PK) (Gottlieb and Jackson, 1993). DNA-PKs 

then phosphorylate multiple targets. dsDNA ends are processed by the Artemis 

nuclease and polynucleotide kinase-phosphatase PNKP among other proteins 

(Lieber et al., 2003). Processed DNA ends are then re-joined by the action of the 

XRCC4-LIG4 complex (Frank et al., 1998; Grawunder et al., 1997). 

 

Microhomology-mediated end joining (MMEJ) is a highly mutagenic DSB repair 

pathway operating in eukaryotic cells in all phases of the cell cycle, when higher 

levels of DNA end resection and RPA loading are present. MMEJ generates small 

deletions containing 2-6 nt of microhomology at the break site. Initial work identified 

ligase 3 (LIG3) and poly-ADP ribose polymerase 1 (PARP1) as potential factors 

participating in MMEJ. More recently, POLQ was identified as a major MMEJ factor 

in mammalian cells (Sfeir and Symington, 2015). This is evident by POLQ-mediated 

joining of synthetic substrates containing microhomology in vivo and in vitro and 

synthetic lethality between POLQ and HR and/or 53BP1 loss (Ceccaldi et al., 2015; 

Feng et al., 2019; Kent et al., 2015; Mateos-Gomez et al., 2015). Diverse enzymatic 

activities of POLQ also play a part in MMEJ. POLQ helicase domain displaces RPA 

to allow for strand annealing of micro-homologies (Mateos-Gomez et al., 2017), 

POLQ polymerase domain potentially clips the resulting DNA flaps and extends 3’ 

ends of annealed ssDNA strands (Zahn et al., 2021).  
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1.2 DSB repair via homologous recombination 

Homologous recombination (HR) is a complex largely error-free pathway for the 

repair of mitotic and meiotic DSBs. HR operates in S/G2 phase of the cell cycle and 

consists of several steps including:  

 

I) Resection of broken DNA ends, which are coated by RPA.  

II) RPA displacement and formation of presynaptic recombinase-ssDNA 

filament. 

III) Homology search within sister chromatid of homologous chromosome and 

formation of a displacement loop (D-loop) intermediate, which is then 

extended by DNA polymerases. 

IV) Extended D-loop processing by multiple redundant pathways to restore 

the broken genetic information and formation of crossover and/or non-

crossover products. 

 

Multiple proteins are involved in HR and create many parallel branches that can 

complete the repair reaction once the strand invasion step has occurred (Figure 1.2).  
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Figure 1.2: An overview of metazoan HR and its branches. Key HR sub-pathways are marked: 

SSA – single-strand annealing, MMEJ – microhomology-mediated end-joining, SDSA – 

synthesis-dependent strand annealing. Key HR intermediates: D-loop – displacement loop and 

dHJ – double Holliday junction. Recombination products, NCOs – non-crossovers and COs – 

crossovers. See main text for more details. 
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1.2.1 DNA end resection 

DSB repair via HR can either occur directly following exposure to certain DNA 

damaging agents or may arise as intermediates of various DNA repair processes 

such DNA inter-strand crosslink (ICL) repair. Depending on the nature of the 

damaging agent, DSBs can be either single-(replication block) or double-ended 

DSBs (i.e. ionizing radiation). During canonical double-ended DSB repair, DNA 

breaks are sensed and processed by the MRN complex, consisting of MRE11 

nuclease, RAD50 ATPase and the NBS1 adaptor protein (Paull and Gellert, 1998; 

Symington, 2016). This complex is critical for DNA end resection, which entails the 

endonucleolytic cleavage of a DNA strand by MRE11. MRE11 endonuclease activity 

is stimulated by phosphorylated CTIP (Anand et al., 2016). CTIP phosphorylation 

occurs in S/G2 phase of the cell cycle upon DNA damage (Sartori et al., 2007), which 

helps to restrict HR from taking over in G1, where NHEJ is actively repairing DSBs. 

KU70/80 and RPA presence at the DNA ends also stimulates MRE11 to help further 

overcome DSB repair via NHEJ (Reginato et al., 2017). MRE11 then also performs 

initial short-range exonucleolytic digestion of DSBs in a 5’ to 3’ direction. The short 

3’ ssDNA overhang generated by short-range resection is further extended by DNA2, 

EXO1, BLM and WRN proteins that constitute the long range resection machinery to 

yield long (1-3 knt) ssDNA overhangs covered by RPA (Mimitou and Symington, 

2008; Nimonkar et al., 2011). Single-strand annealing (SSA) catalysed by RAD52 

(Mortensen et al., 1996) can also operate on resected DSBs, taking advantage of 

short homologies flanking the DSB site, which are annealed together to promote 

repair. 

 

1.2.2 RAD51 presynaptic filament formation 

The most well-studied process in mitotic recombination is the formation of the helical 

RAD-51-ssDNA nucleoprotein filament following DNA end resection (Figure 1.3). 

This step is aided by multiple factors either directly by helping RAD51 to displace 

RPA bound to resected DNA or by stabilizing the nascent filaments. Once the 

presynaptic filament is established, RAD51 engages with the template duplex to 

search for homologous sequences. So called recombination mediator proteins, 

BRCA2 and RAD51 paralogs facilitate RPA displacement and assembly of RAD51 
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nucleoprotein filaments on ssDNA. Mutations in these proteins confer breast and 

ovarian cancer predisposition in humans, as well as Fanconi anemia (FA) – a 

complex congenital disease associated with bone marrow failure and cancer 

predisposition (Howlett et al., 2002; King et al., 2003; Meindl et al., 2010). The 

process of RAD51 filament formation is complex with multiple proteins involved. Next, 

I will describe in more detail several critical components involved in eukaryotic 

presynaptic filament assembly. 
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Figure 1.3: RAD51 presynaptic filament assembly. Human and nematode orthologs are shown. 

Given the complete RPA complex has not been identified in C. elegans, only human complex is 

shown. OB (A-E) – oligosaccharide binding domain. Wh - winged-helix domain. NLS – nuclear 

localization signal. Size of each polypeptide is indicated in aa. 
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BRCA2/DSS1. In human cells, PALB2 links BRCA1 to the recombination mediator 

protein, BRCA2 (Zhang et al., 2009). At present, a PALB2 ortholog has not been 

identified in other organisms, such as C. elegans. In human cells, DSS1 interacts 

with BRCA2 and directly facilitates RPA displacement via a DNA mimicry-like 

mechanism (Zhao et al., 2015). Although co-expression of nematode DSS-1 with the 

nematode BRCA2 homolog (BRC-2) improves overall BRC-2 solubility (Petalcorin et 

al., 2006), evidence for stable complex formation between DSS-1 and BRC-2 is 

lacking. Furthermore, DSS-1 addition does not have any effect on BRC-2’s mediator 

activity in bulk assays suggesting that DSS-1 does not perform a key role in HR in 

C. elegans (Petalcorin et al., 2006). Human BRCA2 is a large, 3418 amino acid-long 

protein harbouring multiple domains important for its function. These include 8 BRC 

repeats interacting with RAD51, an extreme C-terminal RAD51-interaction region 

called TR2 domain, a C-terminal DNA-binding domain composed of three OB folds 

and a protruding tower domain and multiple other domains serving as protein-protein 

interaction hubs. BRCA2 homologs in other species vary in size and domain 

composition. For instance, nematode BRC-2 contains a single BRC repeat, a TR2 

domain and a DNA-binding domain composed of a single OB fold (Martin et al., 

2005). Importantly, a human “mini-BRCA2” constructed as a fusion of one or two 

BRC-repeats, a C-terminal DBD and TR2 region is sufficient to largely complement 

loss of full-length BRCA2 in mammalian cells (Siaud et al., 2011) as well as in strand 

exchange assays in vitro (Zhao et al., 2015). Thus, nematode BRC-2 represents a 

minimal functional RAD-51 ssDNA loading factor, analogous to mammalian mini-

BRCA2. Due to the large size of human BRCA2, initial mechanistic studies were 

performed using full-length purified C. elegans and Ustilago maydis homologs 

(Petalcorin et al., 2006; Yang et al., 2005). Nematode BRC-2 interacts with nematode 

RAD-51 through its N-terminal BRC-TR2 domains and binds to ssDNA, but not 

dsDNA. This allows for specific RAD-51 targeting to RPA-covered resected ssDNA. 

Furthermore, BRC-2 was shown to inhibit RAD-51 ATPase activity (Martin et al., 

2005). Since ATP-bound RAD-51 is more stable on ssDNA than ADP-bound form 

(Carreira et al., 2009), this mechanistically explained how BRC-2 stabilizes a RAD-

51 nucleus on ssDNA. The BRC-repeat and TR2 domain of BRC-2 display two 

different modes of interaction with RAD-51. The BRC repeat binds RAD-51 in a 1:1 

stoichiometry and when injected into the worm germline is sufficient to strip RAD-51 
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from ssDNA, causing loss of RAD-51 foci. Conversely, the TR2 domain binds 

specifically to RAD51-ssDNA filaments and when injected into the worm germline, 

stabilizes and increases the number of RAD-51 foci (Petalcorin et al., 2007). A similar 

mechanism was proposed later for human BRCA2. Specifically, human BRCA2 BRC 

repeats 1-4 were shown to bind RAD51 in solution with 1:1 stoichiometry, inhibit 

ATPase activity of RAD51, promote RAD51 binding to short ssDNA oligonucleotides 

and disrupt RAD51-dsDNA filaments (Carreira et al., 2009). BRC repeats 5-8 on the 

other hand, do not inhibit ATPase activity of RAD51, bind specifically to RAD51-

ssDNA filaments and stabilize them, but fail to prevent RAD51-dsDNA filament 

formation (Carreira and Kowalczykowski, 2011). The TR2 domain of human BRCA2 

was shown to bind RAD51-ssDNA filaments and stabilize them (Davies and 

Pellegrini, 2007; Esashi et al., 2007). Taken together, these observations indicate 

that BRC and TR2 act as a RAD51 loading unit, with the BRC repeat recruiting 

RAD51 monomers and acting to transport a portion of the RAD51 pool to damage 

sites and then uses TR2 as a stabilizing region to load a RAD51 nucleus on ssDNA. 

 

RAD51 and RPA. Once loaded on ssDNA, RAD51 displaces trimeric ssDNA-bound 

RPA complex. RPA complex binds ssDNA with nanomolar affinity and plays a 

universal role as an ssDNA-binding factor in eukaryotic replication and DNA repair 

(Arunkumar et al., 2003). While in other eukaryotes RPA consists of three subunits, 

the third small subunit of RPA has not yet been identified in nematodes. In yeast and 

humans, during meiosis, a meiotic specific recombinase, DMC1 (Bishop et al., 1992), 

assembles on ssDNA together with RAD51. No meiotic RAD-51 paralog is found in 

C. elegans.  

 

RAD51 paralogs and Shu complex. RAD51 paralogs are proteins similar in 

sequence, size and domain organization to RAD51. RAD51 paralogs are highly 

unstable when expressed on their own but form stable heteromeric complexes. In 

humans, there are 5 canonical RAD51 paralogs: RAD51B, RAD51C, RAD51D, 

XRCC2 and XRCC3. They form two distinct complexes: RAD51C-XRCC3 (X3) and 

RAD51B-RAD51C-RAD51D-XRCC2 (BCDX2) (Masson et al., 2001). Similarly, in 

nematodes, two RAD-51 paralogs, RFS-1 and RIP-1 form a heterodimeric RFS-

1/RIP-1 complex (Taylor et al., 2015). In vitro, the RFS-1/RIP-1 complex binds the 5’ 

end of RAD-51 filaments (Taylor et al., 2016), stabilizes them and promotes DNA 
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strand exchange. In vivo, RAD51 paralogs were shown to be important for RAD51 

focus formation following exposure to DNA damage and repair of DSBs induced by 

DNA crosslinking agents and IR (Ward et al., 2007). RAD51 paralogs are recruited 

to DNA damage downstream of RAD51 as RAD51 depletion leads to loss of RAD51 

paralogs from chromatin in Xenopus egg extract (Raschle et al., 2015). How RAD51 

paralogs promote RAD51 accumulation on chromatin after DNA damage is not fully 

understood. 

Recent work has shown that C. elegans Shu protein, SWS-1, contains a conserved 

SWIM domain, which interacts with RIP-1 through its Walker B motif (McClendon et 

al., 2016). The precise role of SWS-1 or its human homolog (SWS1, which forms a 

complex with SWSAP1) is currently unknown. One possibility is that it may function 

in targeting RAD51 paralogs to replication forks or post-replicative gaps as proposed 

for yeast Shu complex and yeast RAD51 paralogs, Rad55-Rad57 (Godin et al., 

2013). In humans, Shu complex-deficient cells display meiotic defects, partial loss of 

RAD51 and DMC1 foci, subtle sensitivity to DNA damaging agents and subtle 

reduction in HR efficiency (Abreu et al., 2018; Prakash et al., 2021). Finally, RAD-51 

paralogs were proposed to possess post-synaptic functions stemming from synthetic 

lethality with nematode HELQ-1 in meiosis (Ward et al., 2010). In agreement, human 

BCDX2 complex was shown to directly interact with HELQ in human cells (Adelman 

et al., 2013).  

 

1.2.3 Homology search and DNA strand invasion 

Following RAD51 presynaptic filament formation, a homology search takes place to 

locate corresponding DNA sequence within the sister chromatid DNA strand followed 

by strand invasion. RAD51 is uniquely shaped by evolution to efficiently catalyse this 

reaction. First, RAD51 filaments contain two DNA binding sites, one that 

accommodates both ssDNA and dsDNA with high affinity, and another that binds 

preferentially dsDNA, once the first site is occupied with ssDNA strand (Chen et al., 

2008; Muller et al., 1990). Within this unique configuration, a strand-exchange 

reaction can take place. ATP plays an important role in the homology search 

process, but rather as a switch, than as the energy for a motor. The ATP-bound form 

of RAD51 is very stably bound to both ssDNA and dsDNA and in turn is highly active 
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in strand invasion assays in vitro (Chi et al., 2006). However, RAD51 needs to be 

turned over to allow for downstream processing of D-loops and replication forks. It is 

hypothesized that ATP hydrolysis allows for RAD51 dissociation from heteroduplex 

DNA once strand invasion has taken place. Indeed, ADP-bound RAD51 binds DNA 

with lower affinity and is less stable (Qi et al., 2015; Spirek et al., 2018). The 

molecular mechanism of the entire strand exchange process is poorly understood, 

but can be divided into several general steps (Figure 1.4): 

 

I) Initial dsDNA capture by a presynaptic filament formed on ssDNA  

II) Formation of a transient triplex DNA structure – so called paranemic joint 

III) Heteroduplex formation within short tracts of homology 

IV) D-loop formation 

V) Heteroduplex extension by polar branch migration 

VI) Recombinase release via ATP hydrolysis from the heteroduplex product 

 

 
Figure 1.4: DNA strand exchange steps. RAD51-ssDNA presynaptic filament searches for 

homology, once homology is located, initial duplex capture occurs, followed by local triplex DNA 

formation. Initial pairing and heteroduplex formation then take place. Once longer tract of DNA 

strand has been exchanged, D-loop structure is formed and extended by branch migration. Finally, 

RAD51 is released from dsDNA via ATP hydrolysis. 

 

This process is partially catalysed by RAD51 itself and partially aided by multiple 

eukaryotic recombination proteins. Among the most known is RAD54, a SWI2-SNF2 

family dsDNA translocase and heteroduplex pump (Wright and Heyer, 2014). In vitro, 

RAD54 and its ATPase activity are critical for optimal formation of displacement loop 

(D-loop) invasion product by RAD51 (Petukhova et al., 1998; Solinger et al., 2001). 

It is proposed that RAD54 performs many functions to stimulate D-loop formation 

including enhancing homology search, aiding heteroduplex formation by RAD51 
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presynaptic filaments and clearing off RAD51 from heteroduplex DNA once the D-

loop has formed to allow for D-loop extension (Wright and Heyer, 2014). In human 

cells, reports have proposed that BRCA1-BARD1 binds RAD51 filaments to stimulate 

homologous dsDNA capture in vitro (Zhao et al., 2017). More recent work also 

suggested that the BRCA1/BARD1 is important for stabilization of RAD51 at 

perturbed replication forks (RFs) to prevent fork degradation after HU-treatment 

(Daza-Martin et al., 2019). In C. elegans, a direct interaction between BRC-1/BRD-1 

and RAD-51 has not been observed. Yet, in meiosis, brc-1 deletion delays RAD-51, 

but not RPA focus formation indicating that it may perform a similar function in RAD-

51 stabilization/loading as its human counterpart (Janisiw et al., 2018; Li et al., 2018). 

During meiosis, DMC1 catalyses DNA strand exchange, while RAD51 serves as an 

accessory factor, binding ssDNA, but not performing strand exchange reaction 

(Cloud et al., 2012). Why have these two recombinases evolved is not yet 

understood. Interestingly, unlike in yeast and mammalian cells, no meiotic RAD-51 

paralog is found in C. elegans.   

 

1.2.4 Downstream processing of D-loops  

D-loops must be extended by DNA polymerases for HR to proceed. Analysis of 

synthetic D-loop extension activity in fractioned cell extracts identified 2 DNA 

polymerases capable of extending D-loops: Pold and Polh (McIlwraith et al., 

2005). During D-loop extension, multiple helicases can engage with D-loop 

structures and funnel recombination to different sub-pathways. During synthesis-

dependent strand annealing (SDSA), a helicase engages with the D-loop to migrate 

and eventually disrupt it, so that extension product can be annealed with daughter 

strands yielding non-crossover products. In metazoans, genetic screens have 

identified RTEL1 as a bona-fide SDSA factor (Barber et al., 2008). Nematode RTEL-

1 loss was shown to be synthetically lethal with loss of HIM-6 (nematode BLM 

homologue) and MUS-81, recombinant RTEL1 efficiently disrupts D-loops in vitro 

and RTEL-1 deletion leads to increased formation of crossovers in nematode meiosis 

(Youds et al., 2010). Collectively, this suggests that RTEL1 acts in a anti-crossover 

pathway by disrupting extended D-loops. Another factor, HELQ, plays a role 

downstream of RAD51 filament formation in C. elegans and human cells. RTEL1 and 
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HELQ operate in parallel pathways as evident from their synthetic lethal genetic 

interaction (Ward et al., 2010). The role of HELQ is not well understood. HELQ 

disruption in mammalian cells reduces HR efficiency in DR-GFP reporter assay 

(Adelman et al., 2013). Biochemical work suggests that nematode HELQ-1 can 

prevent binding of RAD-51 to dsDNA, but not ssDNA (Ward et al., 2010). One 

possibility is that HELQ-1 could disrupt RAD-51 bound to heteroduplex dsDNA after 

strand invasion. However, the exact role of HELQ in HR remains to be determined. 

Another branch of HR, break-induced replication (BIR), involves extensive DNA 

synthesis extension along the length of the entire chromosome arm coupled to D-

loop migration by PIF1 helicase. BIR occurs when homology downstream of invasion 

site is not available and can be both RAD51-dependent or independent. BIR has 

been best described in yeast, where it was shown that it is highly mutagenic due to 

long stretches of ssDNA left behind the migrating D-loop and an unusual mode of 

DNA synthesis, where two DNA strands are synthesized in a conservative manner, 

with Pold synthesizing both strands (Saini et al., 2013; Wilson et al., 2013).  

The displaced strand formed during D-loop extension can also be captured by the 

second strand to form a double-Holliday junction (dHJ), which must be resolved for 

proper chromosome segregation. This is achieved by multiple redundant pathways 

that process dHJs to complete repair. BLM-TOP3A-RMI1-RMI2 (BTR), possesses 

HJ dissolution activity (Karow et al., 2000), which yields exclusively non-crossover 

(NCO) products, which is evident by a synthetic lethality between HIM-6 and RTEL-

1 in nematodes (Barber et al., 2008). The second pathway to process dHJ is termed 

resolution, which can be catalysed by multiple nucleases (also known as resolvases). 

Two predominant pathways for dHJ resolution are catalysed by SMX complex 

(SLX4-SLX1-MUS81-EME1-XPF-ERCC1) and GEN1 dimer (Ip et al., 2008; Wyatt et 

al., 2017). Recently, a possible third pathway of late HR intermediate resolution by 

the LEM-3 was identified in C. elegans (Hong et al., 2018). It remains to be 

established whether LEM-3 or its human homolog ANKLE1 can resolve dHJ.  

 

1.2.5 Recombination and DNA inter-strand crosslink repair 

In addition to conventional DSBs repair, HR can function as a response to replication 

collision with DNA damage (trapped TOP1, UV-C adducts) or a DNA inter-strand 
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crosslink (ICL) (induced by cisplatin or nitrogen mustards). Cellular response to these 

agents also involves recruitment of HR factors but with multiple distinct features. In 

E. coli, the majority of spontaneous recombination events occur at ssDNA gaps 

behind the replisome (Xia et al., 2016). Similarly, BRCA2-deficient human cells 

accumulate ssDNA gaps behind the replisome, especially upon inhibition of PARP1 

(Cong et al., 2021). Similarly, in nematodes, RAD-51 is recruited to perturbed forks. 

This is aided by recombination mediator proteins similarly to conventional DSB repair. 

In C. elegans, unlike BRC-2, the RFS-1/RIP-1/SWS-1 complex is largely dispensable 

for RAD-51 focus formation at IR-induced DSBs, but critical for RAD-51 focus 

formation after exposure to CPT, UV-C, CDDP and nitrogen mustards. Accordingly, 

RAD-51 paralog deficient nematode strains are only slightly sensitive to IR but 

display strong sensitivity to CPT and cisplatin (Ward et al., 2007). This indicates that 

RAD-51 paralogs are preferentially required to repair damaged replication forks 

(RFs) (Figure 1.5A).  

 
Figure 1.5: Recombination at stalled RFs and DNA ICLs. (A) During stochastic RF stalling, 
replisome can skip past the lesion leaving RPA-coated ssDNA behind the replisome. This serves 

as a substrate for RAD51 filament assembly, which then performs strand exchange with sister 

chromatid to seal the gap. (B) DNA ICLs are recognized by FA proteins leading to double incision 

(unhooking) around ICL site. When converging RFs meet the unhooked ICL, DSB is formed. 

Translesion DNA synthesis (TLS) incorporates nucleotides opposite the lesion, while RAD51 
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assembles on resected ssDNA strands. Subsequently, strand invasion takes place for HR to 

repair the break. Resulting crosslink adduct is repaired probably by NER. 

  

DNA ICLs are a complex lesion requiring HR-mediated repair. Due to the fact that 

the lesion cross-links both DNA strands, nucleotide excision alone in G1 would not 

yield productive repair. Work in Xenopus laevis egg extracts using synthetic 

substrates containing ICL described in detail the ICL repair upon RF convergence 

(Semlow and Walter, 2021; Zhang et al., 2015). In metazoans, ICL repair involves 

the so called Fanconi anemia complementation (FANC) group of proteins. Fanconi 

anemia pathway is named after Guido Fanconi, a Swiss paediatrician, who, in 1927, 

documented specific birth defects and bone marrow failure in three siblings (Fanconi, 

1927). These symptoms, including increased spontaneous chromosomal aberration 

in patient-derived cells and predisposition to certain types of cancer – such as acute 

myeloid leukaemia, were classified as a heterogenous clinical syndrome known as 

Fanconi anemia (FA). FA was shown to be associated with mutations in specific 

FANC group proteins. There are 4 FANC groups divided according to their role in FA 

pathway of ICL repair (Figure 1.5B): 

 

I) FANC group 1: FANCM helicase 

II) FANC group 2: FA core complex (FANCA-G, FANCL and FANCT) 

III) FANC group 3: FANCI-FANCD2 complex 

IV) FANC group 4: HR proteins and translesion DNA polymerases  

 

During ICL repair, lesion recognition is likely triggered by convergence and/or stalling 

of RFs. This leads to recruitment of FANCM. Upon RF recognition by FANCM, a 

large multi-subunit E3 ubiquitin ligase FA core complex is recruited, which 

monoubiquitylates FANCI-FANCD2. Monoubiquitylated FANCI-FANCD2 binds in the 

physical proximity of the ICL and recruits the SLX4 nuclease scaffold protein together 

with ERCC1-XPF nuclease that ‘unhooks’ the DNA ICL by making a cut upstream 

and downstream of an ICL lesion (Semlow and Walter, 2021). Following ICL 

unhooking, a DSB is generated. Translesion polymerase REV1-Polz fills the gap 

opposite to unhooked ICL (Semlow and Walter, 2021). The resulting monoadduct 

can be repaired later via NER. RAD51 then catalyses DNA strand invasion for HR to 

complete the repair and restore an active RF.
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1.3 Single-molecule investigation of DNA repair  

Over the past four decades, pioneering work has revealed the cellular pathways 

responsible for repair of various DNA lesions. Classical ensemble protein 

biochemistry methods have yielded invaluable insights into how different enzymatic 

activities help to resolve the potentially detrimental consequences of persistent DNA 

damage. However, given the complexity of these pathways including genetic 

redundancy, complex protein-protein interaction networks and components shared 

by multiple repair pathways (e.g. SLX4 and RAD51), our detailed understanding of 

how cells maintain genome stability has been limited. A great example is presynaptic 

filament formation - a critical process for HR to take place. Ensemble methods such 

as negative stain electron microscopy have informed us that the bacterial 

recombinase, RecA, rapidly forms long nucleoprotein filaments on both ssDNA and 

dsDNA plasmids (Di Capua et al., 1982; Williams and Spengler, 1986). However, 

how this process occurs remained poorly understood due to one critical obstacle – 

it’s heterogeneity. RecA forms heterogenous species in solution, anything from a 

monomer to large species containing more than 10 RecA monomers (Kelley and 

Knight, 1997). There is no clear sequence preference for RecA binding to DNA, 

excluding formation of secondary structures (Bar-Ziv and Libchaber, 2001). In 

addition, long RecA filaments are likely formed a growth process, which involves 

addition of a RecA species to filament ends. What species addition is preferred – a 

RecA monomer, or a dimer? Does RecA filament growth occur from both ends? Or 

is there a directionality preference, similarly to actin filaments? And finally, how does 

ATP hydrolysis occur within the context of the filament? Interstitially or at the ends? 

Is there ATPase coordination between neighbouring RecA monomers? How do 

these filaments fall apart when no longer needed? All these questions are very 

difficult to address using standard bulk biochemistry methods. However, recent 

developments of single-molecule techniques has allowed us to address the 

heterogeneity problem and study these biochemical processes at an unprecedented 

detail. 
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1.3.1 The single-molecule approach 

Classic ensemble biochemistry methods report on a value of a particular parameter 

of the system. This value is a mean of individual values of thousands of molecules 

in the system. Single-molecule techniques allow inspection of the distribution of 

values around the mean. Bulk averaging can obscure important activities, if they 

occur in only a fraction of the overall population of molecules, or for a short time 

period. Furthermore, by tracking individual molecules, previously unappreciated 

intermediates and reaction steps can be identified. A wide variety of single-molecule 

techniques has been established to address these issues. In very broad terms, these 

methods can be categorized as fluorescence of force-based techniques for in vitro 

analysis of biochemical systems, or in vivo analysis of cellular processes.  

 

In vitro fluorescence-based approaches are based on tracking of individual 

fluorescently labelled molecules such as motor proteins on microtubules or DNA-

binding proteins on a single molecule of DNA. Reduction of background fluorescent 

signal can be achieved for instance by monitoring only a fraction of molecules 

present near the slide surface using total internal refection microscopy (TIRF) 

(Axelrod et al., 1983), or a fraction of molecules present in the same plane using 

confocal fluorescence microscopy (Heller et al., 2013).  

 

In vivo fluorescence-based approaches. Individual fluorescently labelled low-

abundance molecules can be tracked in vivo using the same methods described 

above. An example of this is single-molecule tracking of individual Halo-tagged 

telomerase molecules (Schmidt et al., 2016). Cells can be also pulse-labelled with 

specific probes and subsequently processed in a way that allows imaging on 

sparsely coated microscope slides. An example of this is single-molecule replication 

analysis of replication dynamics (SMARD) (Pasero et al., 2002). However, most 

protein complexes are more abundant in the cell, than in single-molecule in vitro 

systems, which complicates the analysis, as individual molecules are more difficult 

to resolve by conventional fluorescence microscopy methods (Hell et al., 2015). In 

recent years, development of super-resolution techniques has partially bypassed this 

issue. Techniques such as STORM and PALM which activate only a small fraction 

of fluorophores at a time, allows for localization of individual fluorophores by 
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gaussian fitting. This helps to overcome the diffraction limit and achieve super-

resolution (30-50 nm) imaging of different sub-cellular structures. Similarly, 

structured illumination microscopy (3D-SIM) achieves super resolution by 

illuminating the sample with a known specially structured pattern of light. It relies on 

the Moiré effect – which is created when two grids are overlayed at a small angle. 

This allows a much higher image resolution of the observed sample, especially along 

the z-axis of the specimen. For instance, 3D-SIM has been successfully used to 

visualize recombination intermediates in the nematode germline despite its relative 

thickness (Woglar and Villeneuve, 2018). 

 

In vitro force-based approaches include magnetic, optical tweezers and atomic-

force microscopy, among others. Using these approaches, force can be applied and 

measured on individual molecules tethered to microspheres (Neuman and Nagy, 

2008). Microspheres can then be manipulated with either magnetic fields or optical 

traps. Both approaches have their benefits and their downsides. Optical tweezers 

are more readily amenable to simultaneous fluorescence imaging and force 

detection, while magnetic tweezers have the advantage of multiplex data acquisition 

and twisting the trapped molecules by rotation of the magnet. Atomic force 

microscopy, AFM relies on force measurements using a cantilever tip to interact with 

the surface of the sample. In addition to force data, it can provide limited structural 

information (high-resolution AFM) or real-time imaging of both label-free biological 

molecules in the solution (high-speed AFM).  

 

In vivo force-based approaches are still in relative infancy due to difficulty with 

measuring forces inside a living cell and/or organism without disrupting its integrity. 

Most studies measure forces along the cell surface by AFM. Similar approaches 

were also taken to measure cuticular stiffness of immobilized nematodes during the 

ageing process (Essmann et al., 2020). Several pilot studies have demonstrated 

optical trapping of particles inside transparent organisms such as zebrafish 

(Johansen et al., 2016) and C. elegans (LUMICKS, 2019). 
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1.3.2 Optical trapping and mechanical properties of DNA 

Optical trapping is a phenomenon first observed more than 50 years ago (Ashkin, 

1970; Ashkin et al., 1986). The principle of optical trapping is momentum transfer of 

photons to a dielectric particle resulting in its trapping in close proximity to the focus 

of a laser. Resulting force exerted on the trapped particle has two components: the 

scattering force and the gradient force (Neuman and Block, 2004). The scattering 

force component can be sought as a result of incident light impinged on the particle 

from one direction and being scattered. The change of momentum of these photons 

results in an opposing force exerted on the particle (Newton’s third law), effectively 

pushing it in the same direction as the laser propagation. The second force 

component – the gradient force, results from refraction of light passing through the 

particle, if the particle has higher refractive index than its surrounding environment. 

Change of momentum of refracted photons results in a force in the opposite direction 

– towards the laser focus (Figure 1.6A). Near the laser beam focus, a high intensity 

gradient is present. Dielectric particles then experience the gradient force in the 

direction of the intensity gradient, due to dipole fluctuation. To achieve high gradient 

force that can exceed the scattering force and effectively trap the particle in all three 

dimensions, objectives with high numerical aperture (NA) are typically employed, 

which results in steeper intensity gradients. The trapped particles at the end are 

slightly displaced from the focal point of the laser in the ‘down-beam’ direction as a 

result of the balance between the two force components.  
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Figure 1.6: Principles of optical trapping. (A) Scattering (Fsc) and gradient (Fgr) forces acting 

on a bead in centre of an optical trap without any external force. Two representative rays of light 

with intensities indicated by line thickness are shown (red arrows). Gray lines (F1 and F2) 

represent corresponding gradient forces. (B) Scattering and gradient forces (Fsc and Fgr) acting 

on a particle deflected from the centre of an optical trap over a distance Dx by an applied external 

force. Two representative rays of light with intensities indicated by line thickness are shown (red 

arrows). Gray lines (F1 and F2) represent corresponding gradient forces.  (C) Deflection of the 

laser path caused by bead displacement is detected on a quadrant photodiode, QPD. (D) Force 

calibration using Lorentzian fit (black line) of the power spectra to calculate rolloff frequency f0. 

(Neuman and Block, 2004) 

 

Typically, a spherical particle – a bead, is trapped for the purpose of the experiment. 

The bead displacement from the trap by a specific distance, x, requires the force, F, 

which follows Hook’s law with the trap acting as a spring (Figure 1.6B): 

 

𝐅 = −𝛂 × 𝐱      (1) 

 

where a is the trap stiffness.  

 

Particle displacement, x, is detected by using a quadrant photodiode, which 

measures deflection of the trapping laser (Figure 1.6C). Position of the bead centre 

relative to the trap centre in two dimensions is used to calibrate the stiffness of the 

trap and subsequently calculate the forces exerted on the bead. For trap stiffness 

calibration, Brownian motion of a particle, of a known size, is measured when no 

external forces are applied (Neuman and Block, 2004). The higher the stiffness of 

the trap, the more high frequency motion will dominate. A one-sided power spectrum 

is measured. It corresponds to the thermal motion of the particle at different 

frequencies (Figure 1.6D). The power spectrum of a trapped bead can be fitted with 

a Lorentzian fit: 

 

𝐒𝒙𝒙(𝐟) =
𝒌𝑩𝑻

𝛑𝟐𝜷(𝒇𝟎
𝟐(𝒇𝟐 )

          (2) 

 

where  Sxx(f) is in units of displacement (nm or V)2/Hz 

 kB is the Boltzmann’s constant 
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 T is the absolute temperature 

b is hydrodynamic drag coefficient of the object b=6pha for Stokes drag 

coefficient on a sphere of radius a in a medium with viscosity h. 

 f0 is the rolloff frequency 

 

Once f0 is determined from the fit, trap stiffness (a) can be calculated as follows: 

 

𝛂 = 𝟏𝟐𝛑𝟐 × 𝐟𝟎	 × 𝛈 × 𝐫     (3) 

 

where h is the viscosity of the medium and r is the radius of the bead.  

 

Once the force calibration has been performed, molecules can be tethered between 

the beads and forces exerted on them can be accurately measured. Although it is 

possible to trap a variety of biological molecules, for the purpose of this thesis, I will 

focus on trapping of DNA and its biophysical properties. 

The first experiments that examined the elastic properties of trapped DNA molecules 

were performed at the end of the last century (Bustamante et al., 1994; Marko and 

Siggia, 1995; Perkins et al., 1994a; Perkins et al., 1994b; Smith et al., 1996; Smith 

et al., 1992; Wang et al., 1997). Using optically trapped beads, DNA was tethered to 

either one or two of them and subsequently stretched, allowing the force exerted on 

the DNA to be measured and the corresponding DNA extension. Stretching a single 

dsDNA molecule between the two beads gives a well-described force-distance (FD) 

curve (Figure 1.7A).  

 
Figure 1.7: DNA force-distance (FD) plot. (A) FD curve obtained from stretching a single 

molecule of l dsDNA from 0 to 125 pN. Once the distance in between the beads reaches Lc, 
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dsDNA begins to stretch linearly with distance. At high forces (>65 pN) the DNA begins to melt. 

(B) FD curve obtained from stretching a single molecule of l ssDNA from 0 to 100 pN. At low 

forces (<15 pN) pairing between complementary regions and secondary structure formation is 

possible. 

 

When the distance between the beads is lower than the DNA contour length, Lc, the 

molecule is randomly disordered. As the distance between the beads increases, the 

DNA is straightened out. When the distance exceeds the contour length, the 

molecule enters an enthalpic phase, where the DNA is stretched. Small change in 

distance result in a large increase in force. This state is referred to as S-DNA 

(stretched DNA) - an elongated base-paired DNA conformation under high tension. 

Finally, at very high forces, DNA enters the overstretching phase, where the base 

pairing between the two DNA strands slowly breaks down as the dsDNA begins to 

melt. At low force regimes, < 5 pN, the behaviour of the DNA can be described using 

the Worm-like Chain Model, WLC, where DNA is described as a polymer with 

relatively high stiffness over short distances but being relatively flexible over long 

distances. An important parameter describing local stiffness of DNA in this model is 

persistence length, Lp, which indicates the distance scale over which the DNA 

molecule remains straight. Within the low force regime, the length of the DNA, LDNA, 

is described as a function of force, F, according to WLC model as follows: 

 

𝐋𝐃𝐍𝐀 = 𝐋𝐜 #𝟏 −
𝟏
𝟐&

𝐤𝐁𝐓
𝐅×𝐋𝐩

'      (4) 

 

where kB is the Boltzmann’s constant and T is absolute temperature in Kelvin. 

 

This equation, however, fails to describe FD curve for DNA stretching at forces above 

5 pN. At higher forces, the elastic response resulting from extension cannot be 

neglected. This is solved by including the enthalpic term, which describes polymer 

stretching due to external forces. The extension of material, DL, due to application of 

external force, F, is described by the stretching modulus, S. For DNA: 

 

𝚫𝐋 = 𝑳𝒄 ×
𝑭
𝑺
          (5) 
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Upon incorporation of the stretching modulus into the WLC formula, the extensible 

WLC, eWLC, is given as follows (Odijk, 1995; Wang et al., 1997): 

 

𝐋𝐃𝐍𝐀 =	𝐋𝐜 #𝟏 −
𝟏
𝟐&

𝐤𝐁𝐓
𝐅×𝐋𝐩

+ 𝑭
𝑺'     (6) 

 

where  Lc is the contour length of dsDNA (0.34 nm/bp) 

 Lp is the persistence length of dsDNA (50 nm in 150 mM NaCl at pH = 7) 

 S is the stretching modulus of dsDNA (1400 pN in 150 mM NaCl at pH = 7) 

 kB is Boltzmann’s constant 

 T is absolute temperature in Kelvin 

 

eWLC can fit FD curves close to the overstretching transition. Twisting of the DNA 

double helix can also be taken into account (Gross et al., 2011) to fit the FD curve 

even closer to the overstretching transition (>35 pN), however this analysis is beyond 

the scope of this work. 

 

Beyond the overstretching regime, dsDNA is fully melted and becomes ssDNA. 

ssDNA is far more flexible and requires a different model to describe its FD curve 

(Figure 1.7B). This model is referred to as freely jointed chain, FJC. Each of the 

neighbouring bases are able to move freely relative to each other. At low forces (<15 

pN), potential base pairing within a relaxed ssDNA molecules prevents the use of the 

FJC model. However, at forces >15 pN, the FJC, with addition of a stretching 

modulus to account for backbone length change with increasing force, can be used 

as follows (Wang et al., 1997): 

 

𝐋𝐃𝐍𝐀 = 𝐋𝐜 -𝒄𝒐𝒕 1
𝟐×𝐅×𝑳𝑷
𝒌𝑩𝐓

2 − 1 𝒌𝑩𝐓
𝟐×𝐅×𝑳𝑷

23 × 1𝟏 + 𝑭
𝑺
2      (7) 

 

where  Lc is the contour length of ssDNA (0.42 nm/bp) 

 Lp is the persistence length of ssDNA (10 nm in 150 mM NaCl at pH = 7) 

 S is the stretching modulus of ssDNA (800 pN in 150 mM NaCl at pH = 7) 

 kB is the Boltzmann’s constant 

 T is absolute temperature in Kelvin 
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1.3.3 Single molecule enzymology of HR 

Single-molecule methods have been instrumental to provide invaluable insights into 

how accurate DSB repair is achieved. Here, I provide an overview of with specific 

examples of how single-molecule techniques helped to shine light on individual steps 

of HR. 

 

DNA end resection. After demonstrating that a single DNA molecule can be 

manipulated using optically trapped beads (Bustamante et al., 1994; Marko and 

Siggia, 1995; Smith et al., 1996; Wang et al., 1997) and also directly imaged by 

fluorescence microscopy (Perkins et al., 1994a; Perkins et al., 1994b), a next step 

was direct visualization of DNA processing by an enzyme. This was achieved by 

monitoring nucleolytic degradation of individual, singly tethered, 48.5 kb-long, l-

phage DNA (l DNA) molecules by the E. coli end-resection machinery, RecBCD 

(Bianco et al., 2001), in a two-channel microfluidics device, under constant buffer 

flow (Figure 1.8A). For the first time, translocation rates and processivity of single 

enzyme molecules were directly measured (Figure 1.8B).  

 
Figure 1.8: Single-molecule imaging of bacterial DNA end resection. (A) A schematic of an 

experiment, where singly tethered YOYO-1-stained l DNA was digested by single molecule of 

RecBCD complex. Corresponding frames of the experiment are shown. (B) Quantification of 
RecBCD processivity and unwinding rate from experiment in (A). (Bianco et al., 2001). 

 

Recombinase-ssDNA filament formation is a critical step in HR downstream of 

DNA end resection. Within the structure of RecA/RAD51-DNA filaments, both ssDNA 

and dsDNA are extended approximately 1.5-fold over the contour length of B-form 
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dsDNA (Chen et al., 2008; Conway et al., 2004; Short et al., 2016; Xu et al., 2017), 

with one RecA/RAD51 monomer contacting 3 nt of DNA (Figure 1.9A). Furthermore, 

RecA/RAD51-ssDNA filaments are significantly stiffer than ssDNA (Hegner et al., 

1999), resulting in a very characteristic change in FD plot (Figure 1.9B). This property 

of RecA was used to monitor RecA filamentation in real-time at a single-molecule 

level by measuring decreasing force exerted on ssDNA stretched between two 

optical traps.  

 
Figure 1.9: Physical properties of recombinase-ssDNA filaments. (A) CryoEM structure of 

human RAD51-ssDNA filament segment. Adapted from (Xu et al., 2017) (B) FD plots of single 

10.4 kb dsDNA, 10.4 knt ssDNA and 10.4 knt RecA-coated ssDNA (in ATP-g-S) molecules. 

(Hegner et al., 1999). 

 

To directly visualize the process, initial work (Galletto et al., 2006) took advantage of 

fluorescently labelled RecA filament formation on single-tethered double-stranded l 

DNA stretched by laminar flow (Figure 1.10A). This work showed that RecA filaments 

form rapidly by a two-step mechanism: rate-limiting nucleation (Figure 1.10B), 

followed by rapid, bi-directional filament growth (Figure 1.10C). Given the kinetic fit 

of apparent nucleation rates, it was suggested that a minimum of 4-5 monomers are 

required to form a stable RecA nucleus on dsDNA. Furthermore, preventing ATP 

hydrolysis by using slowly hydrolysable ATP analog, ATP-g-S, dramatically increases 

apparent nucleation rates, consistent with ATP-bound nucleofilaments being more 

stable species. The main drawback of this system is the lack of a proper substrate – 

SSB (RPA homolog in bacterial)-coated ssDNA. To circumvent this, long SSB-bound 

surface-tethered ssDNA substrates were used to measure RecA assembly (Figure 

1.10D) (Bell et al., 2012). Kinetic fits of apparent nucleation rates revealed that in 

contrast to dsDNA, the minimal nucleation species on ssDNA is a RecA dimer. In 
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addition, bi-directional growth with a 2-fold kinetic preference for the 5’ ® 3’ direction 

along an ssDNA backbone can be also observed (Figure 1.10D, E, F).  

Tethering of long ssDNA between optical traps is significantly more difficult. Among 

methods to generate these substrates is in vitro site-specific integration of partially 

single-stranded plasmid into linear phage DNA. Using this relatively laborious 

method, long ssDNA gaps flanked by biotinylated dsDNA handles can be generated 

and used to monitor RecA filament assembly (Figure 1.10G). Imaging using these 

substrates has shown that addition of bacterial recombination mediator complex, 

RecFOR, increases both nucleation and growth of RecA filaments. For human 

RAD51 protein, similar experiments were performed on both dsDNA (Hilario et al., 

2009) and bare ssDNA (Candelli et al., 2014). Surprisingly, even though RAD51 

nucleation was readily detectable, with dimer constituting the minimal nucleus on 

ssDNA, filament growth events were rare and very slow (Candelli et al., 2014; Hilario 

et al., 2009). This raises the possibility, that perhaps in contrast to the bacterial 

system, a strong growth-mediator is required in eukaryotes. 

 
Figure 1.10: Single-molecule studies of RecA filament assembly. (A) Experimental setup. 

Images showing RecA or RAD51 assembly on l dsDNA tethered to an optically trapped bead. 

RecA filaments grow rapidly, while RAD51 do not. (B) Nucleation rate of RecA cluster formation 
as a function of RecA concentration in different conditions. Lines represent power fit. (C) Growth 

rate of RecA filaments at different conditions. (D) Experimental setup to measure RecA filament 

growth rate in 5’ and 3’ direction along the ssDNA backbone. (E) TIRF images of a single l ssDNA 
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molecule with FAM-labelled RecA nuclei growing bidirectionally by addition of Cy3-labelled RecA 

monomers. (F) Quantificaiton of (E). (G) Growth of fluorescently labelled RecA filaments on SSB-

coated ssDNA gap withing long dsDNA substrate. Figures adapted from (Bell et al., 2012; Galletto 

et al., 2006; Hilario et al., 2009). 

 

Filament disassembly was also investigated (van Mameren et al., 2009) using 

fluorescently labelled human RAD51 and doubly tethered l DNA between optically 

trapped beads (Figure 1.11A). It was revealed that RAD51-dsDNA filament 

disassembly occurs in bursts, where multiple RAD51 monomers dissociate at once. 

These bursts are coupled to release of tension stored on the filament and 

interspersed by long pauses where no dissociation of RAD51 is observed (Figure 

1.11B). In accordance with previous work on RecA, where filament shrinkage 

exclusively occurs from the ends (Joo et al., 2006), a unified model was proposed, 

where an ATP-bound terminal RAD51 monomer in the filament acts as a filament 

cap, preventing dissociation from the ends even though ADP-RAD51 monomers are 

stochastically accumulating within the filament in the proximity of filament end. Once 

ATP hydrolysis occurs within the terminal monomer, all adjected ADP-bound 

monomers dissociate in a single disassembly burst (Figure 1.11C). Later, similar 

behaviour was confirmed also for RAD51-ssDNA filaments (Candelli, 2013). How 

this process is influenced by additional mediator factors is currently unknown. Based 

on the proposed filament end-recognition model of nematode Rad51 paralogs, it 

seems tempting to speculate that in vivo, filaments could be stabilized by end-

capping factors, similarly to tropomodulin capping and stabilizing pointed ends of 

actin filaments (Ono, 2010). 
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Figure 1.11: Single-molecule studies of RAD51 filament disassembly. (A) Experimental 

setup. RAD51 are assembled on double-tethered l dsDNA in the presence of ATP and then 

disassembly is visualized in protein-free channel. Inhibiting RAD51 ATP hydrolysis or DNA 

stretching slows down RAD51 filament disassembly. (B) Kymograph showing real-time 

disassembly of dsDNA bound RAD51 clusters. Number of RAD51 monomers (estimated from 

fluorescent intensity and previous photobleaching analysis) as a function of time is shown. (C) 
Burst-pause RAD51 filament shrinkage model with terminal ATP-bound monomer acting as a 

filament ‘cap’. Figure adapted from (van Mameren et al., 2009). 

 

Homology search and DNA strand exchange are among the most difficult 

processes to study by conventional ensemble biochemistry techniques. The problem 

of a protein finding a target DNA sequence seems rather simple at first glance. 

However, considering a short time window where a target needs to be found and 

excess of heterologous DNA that needs to be sampled makes it incredibly difficult – 

a good analogy being finding a needle in a haystack. Target search is a universal 

problem in biology, not unique to recombinase filaments, but also shared with such 

proteins as transcription factors, restriction enzymes and Cas9. The process is 

generally driven by diffusion – either 1D diffusion along a given lattice, 2D diffusion 

in a plane and/or 3D diffusion in space. Several diffusion-based mechanisms were 

proposed to facilitate DNA target search along heterologous DNA (Berg and von 
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Hippel, 1985; Berg et al., 1981; von Hippel and Berg, 1989) more than 30 years ago 

(Figure 1.12A): 

 

I) Sliding along the DNA lattice, where the protein randomly steps 

towards or away from its initial binding site. 

II) Hopping, where protein undergoes dissociation and re-binding cycles. 

Given DNA behaves like a rod-like structure on a short distance-scale, 

protein re-binding probability on adjected DNA site (10-20 bp away) is 

high. 

III) Jumping while similar to hopping, takes advantage of DNA folding 

within 3D space, where a ‘hop’ over short physical distance, might 

mean a large ‘jump’ between sites far apart on linear DNA strand. 

IV) Intersegmental transfer occurs when proteins contain multiple DNA 

binding sites. One site can independently engage and/or release DNA, 

while the other remains bound. This leads to sampling of different DNA 

segments in physical proximity. 

 

For RecA, single-molecule experiments using long (>1 knt) ssDNA donors and long 

(48.5 kb) dsDNA acceptors and optical trapping (Forget and Kowalczykowski, 2012) 

demonstrated that the predominant search mechanism occurs via intersegmental 

transfer (Figure 1.12B). Later, TIRF-based experiments using short (<40 bp/nt) 

substrates demonstrated that filament sliding over very short distances (<6 nt) also 

occurs (Ragunathan et al., 2012). Recently, it has been demonstrated that in contrast 

to a passive diffusion search model for RecA, in higher eukaryotes, active 

translocation of RAD51 filaments by RAD54 motor is critical for homology search 

along a linear dsDNA backbone (Crickard et al., 2020). RAD54 can translocate 

bidirectionally alongside the dsDNA backbone and physically bring RAD51-ssDNA 

to the sites of homology where DNA invasion aided by RPA-binding to the displaced 

strand takes place (Figure 1.13A, B).  



Chapter 1 Introduction 

46 

 

 
Figure 1.12: Bacterial homology search. (A) Target search models for DNA-binding proteins. 
(B) Transient loop formation mediated on l dsDNA by RecA filaments assembled of long 

fluorescently labelled ssDNA, confirming inter-segmental transfer homology search mechanism 

for RecA filaments. Adapted from (Forget and Kowalczykowski, 2012). 

 

During homology search by either 1D sliding, intersegmental transfer or RAD54-

assisted translocation, the donor duplex is probed by the filament for the presence 

of homology. In line with structural information, work using ssDNA curtains and short 

microhomology-containing dsDNA substrates (Figure 1.13C, D) has shown that 

homology probing occurs in 3-nucleotide steps (1 RAD51 monomer at a time, Figure 

1.13E), with a minimum of 8-9 nucleotides of homology required to achieve initial 

stable capture and ³15 nt or homology required to achieve very stable product 

capture (Qi et al., 2015), presumably through D-loop formation. In line with these 

observations is a recent report of the first cryoEM structure of 15 nt-long RecA-D-

loop intermediate (Yang et al., 2020). DNA extension within the filament greatly 

facilitates the probing process. Interestingly, the presence of even a single mismatch 

in the middle triplet of 9 nt minimal homology region destabilizes dsDNA capture 

intermediate when RAD51, or RecA is present, but not DMC1 – a meiosis-specific 

recombinase (Figure 1.13F) (Lee et al., 2015). Whether this intrinsic ability of DMC1 

to overcome the presence of DNA mismatches in vitro is important also in vivo is not 

understood. 
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Figure 1.13: Eukaryotic RAD51 homology search and strand exchange models. (A) 
Experimental setup. dsDNA curtains immobilized on functionalized surface are incubated with 

RAD51 filaments assembled on fluorescent ssDNA and GFP-RAD54 to visualize the reaction 

using TIRF. (B) Images showing target recognition or bypass by translocating RAD51-ssDNA-

RAD54 complex. Adapted from (C) Experimental setup to visualize DNA strand exchange using 

ssDNA curtains. (D) Left - images of fluorescent dsDNA captured by RAD51 filaments. Right – 

kymograph showing dissociation of fluorescently labelled dsDNA captured by RAD51 filaments. 
(E) Dissociation rate of captured dsDNA molecules as a function homology length. (F) Triplet-
stepping model for homologous DNA pairing by recombinase proteins. More triplets paired, more 

stable the capture (lower calculated free energy). Unlike RAD51, DMC1 can ‘overstep’ a 

mismatch (shown as triangle) in the middle triplet during DNA pairing to achieve stable capture. 

Figure adapted from (Crickard et al., 2020; Lee et al., 2015; Qi et al., 2015). 
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1.4 Thesis Objectives 

Homologous recombination is a critical pathway for largely error-free DSB repair and 

cancer suppression. A significant amount of work over the past decade has 

broadened our understanding of bacterial and eukaryotic recombinase filament 

assembly and homology search at the single-molecule level. However, our 

knowledge of how these processes are regulated by eukaryote-specific mediator 

factors is limited. Indeed, poor assembly parameters (such as filament growth) of 

eukaryotic recombinase compared to bacterial RecA suggest the need for additional 

factors to properly assembly RAD51 filaments in vivo. Similarly, given the poor strand 

exchange activity of RAD51, compared to RecA, a similar scenario likely applies to 

the homology search. Key questions that remain to be address: 

 

I) Which steps of eukaryotic RAD51 filament assembly/homology search do 

recombination mediators (BRCA2 and RAD51 paralogs) regulate? And 

how? 

 

II) Additionally, why is there a need for so many mediators (namely RAD51 

paralogs) in eukaryotes, compared to bacteria, where RecA can perform 

many of its functions efficiently on its own? 

 

Finally, in eukaryotes, two main recombinases have evolved – RAD51 and meiosis-

specific DMC1. From single-molecule work, it seems that the main difference 

between the two is the ability to discriminate and tolerate DNA mismatches during 

homology search. 

 

III) Why has a meiosis-specific mismatch-tolerant recombinase evolved? And 

what is the role of potentially deleterious mismatch tolerance in vivo? 

 

In my thesis, I will present my work addressing these open questions, with the aim 

of improving our understand of HR as a genome stability maintenance mechanism 

critical to prevent disease development such as cancer. To this end, I have employed 

a combination of approaches, which include protein biochemistry, single-molecule 
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biophysics and genetics. As a primary model system for my work, I chose the 

nematode C. elegans. The nematode is an attractive model to study HR due to 

several key aspects:  

 

I) The small size and short life cycle of nematodes.  

II) The spatial organisation of the germline, with mitotic cells located at the 

distal tip followed by progressive stages of meiosis I, which facilitates the 

simultaneous evaluation of HR factors in mitosis and different meiotic 

stages in the same sample. 

III) Reverse genetic manipulation by RNAi or CRIPSR-Cas9 are particularly 

robust and can be readily delivered by feeding or injecting into the 

germline (Cho et al., 2013; Friedland et al., 2013). 

IV) The deletion of many HR genes, lethal in mammalian cells, is tolerated in 

the nematode (Barber et al., 2008). 

V) Compared to mammalian systems, many nematode HR proteins are 

readily amenable to biochemical and biophysical characterization due to 

their smaller size, better solubility and optimal activity at room 

temperature. A great example is nematode BRC-2, which is only 394 aa-

long and can be expressed and purified from E. coli, while human BRCA2 

is 3418 aa-long protein and only obtainable in very low quantity from 

human or insect cell expression systems (Martin et al., 2005). 

 

The overall workflow of the thesis involves expression and purification of nematode 

core recombination machinery factors, fluorescent labelling of the proteins, so that 

they retain their activity, visualization of RAD51 presynaptic filament formation and 

homology search at a single-molecule level using a commercially available C-TRAP 

setup (optical tweezes, confocal fluorescence microscopy and microfluidics) or DNA 

curtains (in collaboration with Dr. Eric Greene lab at Columbia University) and 

engineering/characterization of specific mutants both in vitro and in vivo to validate 

the proposed mechanism of recombination machinery action.  
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Chapter 2. Materials & Methods 

2.1 Materials and reagents 

REAGENT COMPANY/REFERENCE 
CATALOGUE N./ 

IDENTIFIER 

Antibodies 

rabbit polyclonal anti-RAD-51 Dr. Anton Gartner N/A 

rat monoclonal anti-BrdU  Abcam Cat# ab6326 

mouse monoclonal anti-BrdU  Becton Dickinson Cat# 347580 

rabbit anti-RAD51 (Ab-1) Merck Cat# PC130 

goat anti-Rat IgG (H+L), Alexa Fluor 594 

conjugated 

Thermo Fisher Cat# A-11007 

rabbit anti-Mouse IgG (H+L), Alexa Fluor488 

conjugated 

Thermo Fisher Cat# A-11059 

anti-PARP1 Cell Signalling Technology Cat# 9542 

anti-H3 Abcam Cat# ab10799 

anti-RPA70 Abcam Cat# ab12320 

goat anti-mouse immunoglobulins/HRP Agilent-Dako Cat# P0447 

swine anti-rabbit immunoglobulins/HRP Agilent-Dako Cat# P0399 

anti-α-Tubulin Sigma Aldrich Cat# T6199 

anti-phospho-gH2AX Millipore Cat# 05-636 

Bacterial and Virus Strains  

E. coli BL21(DE3) NEB Cat# C2527I 

E. coli DH5alpha NEB Cat# C2987H 

E. coli (OP50) Dr. Enrique-Martinez Perez N/A 

E. coli Rosetta(DE3)pLysS Merck Cat# 70956-3 

E. coli  BLR(DE3)pLysS Novagen Cat# 69956 

Chemicals, Peptides, and Recombinant Proteins 

albumin from bovine serum Sigma-Aldrich Cat# A7030 

HiTrap SP FF 1 mL column Merck Cat# GE17-5054-01 

mono Q 5/50 GL column Merck Cat# GE17-5166-01 

anti-FLAG M2 resin  Merck Cat# A2220 

3xFLAG peptide Crick Peptide Chemistry STP N/A 

Ni-NTA agarose resin  Qiagen Cat# 30210 

amylose resin NEB Cat# E8021S 

streptavidin coated polystyrene particles 0.5% 

w/v  

Spherotech  Cat# SVP-40-5  

lambda DNA Thermo Fisher Cat# SD0011 

3,4-dihydroxybenzoic acid Merck Cat# 99-50-3 

protocatechuate 3,4-dioxygenase Merck Cat# P8279-25UN 
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creatine kinase (CK) Roche Cat# 10127566001 

creatine phosphate Roche Cat# 10621714001 

5(6)-FAM, SE Invitrogen Cat# C1311 

CoA Alexa 555 conjugate Crick Peptide Chemistry STP N/A 

CoA Alexa 647 conjugate Crick Peptide Chemistry STP N/A 

Cy3 Mono NHS Ester Merck Cat# GEPA13101 

Cy3 Mono NHS Ester Merck Cat# GEPA13101 

Ce his6-MBP-BRC-2 Belan et al, 2021 N/A 

Ce RAD-51 Belan et al, 2021 N/A 

Ce RFS-1/RIP-1-3xFLAG Belan et al, 2021 N/A 

Ce RFS-1 K56A/RIP-1-3xFLAG Belan et al, 2021 N/A 

Ce RFS-1 K56R/RIP-1-3xFLAG Belan et al, 2021 N/A 

Ce RFS-1/RIP-1-3xFLAG-YBBR Belan et al, 2021 N/A 

Ce RFS-1 K56A/RIP-1-3xFLAG-YBBR Belan et al, 2021 N/A 

Hs RAD51 Belan et al, 2021 N/A 

Hs RAD51 I287T Belan et al, 2021 N/A 

his6-SUMO protease Dr. Peter Cherepanov N/A 

hRPA Dr. M. R. G. Taylor N/A 

hRPA-eGFP Dr. Mauro Modesti N/A 

hRPA-mCherry Dr. Eric C. Greene N/A 

Sfp - phosphopantetheinyl transferase Belan et al, 2021 N/A 

S. p. Cas9 nuclease V3 IDT Cat# 1081059 

S. p. Cas9 D10A nickase IDT  Cat# 1081062 

indole-3 acetic acid Alfa Aesar Cat# A10556 

cis-diammineplatinum (II) dichloride Sigma-Aldrich Cat# P4394-250M 

hydroxyurea Sigma-Aldrich Cat# H8627-5G 

bis(2-chloroethyl)methylamine Sigma-Aldrich Cat# 122564-5G 

(S)-(+)-Camptothecin Sigma-Aldrich Cat# C9911-250MG 

hydroxyapatite ‘fast flow’ Sigma-Aldrich Cat# 391947 

Q sepharose fast flow Cytiva Cat# 17051004 

CldU Sigma-Aldrich Cat# C6891 

IdU Sigma-Aldrich Cat# I7125 

EdU Thermo Fisher Cat# A10044 

thymidine Sigma-Aldrich Cat# T9250 

biotin-azide Thermo Fisher Cat# B10184 

PhosSTOP phosphatase inhibitor cocktail Roche Cat# PHOSS-RO 

EDTA-free Complete protease inhibitor cocktail Roche Cat# COEDTAF-RO 

streptavidin sepharose high performance GE Healthcare Cat# 17-5113-01 

Lipofectamine 2000 Thermo Fisher Cat# 11668019 

ProLong Gold antifade with DAPI Thermo Fisher Cat# P36931 

olaparib Selleck Chemicals Cat# S1060 

etoposide Sigma-Aldrich Cat# BP885 
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aphidicolin Sigma-Aldrich Cat# A0781-1MG 

methyl methanesulfonate (MMS) Sigma-Aldrich Cat# 129925-5G 

pyridostatin hydrochloride Merck Cat# SML2690-

5MG 

Clarity western ECL Bio-Rad Cat# 1705061 

Clarity Max western ECL Bio-Rad Cat# 1705062 

Critical Commercial Assays 

QIAquick PCR Purification Kit Qiagen Cat# 28104 

QuikChange Lightning site-directed mutagenesis 
kit  

Agilent Cat# 210519 

subcellular protein fractionation kit  Thermo Fisher Cat# 78840 

Nano-Glo dual-luciferase reporter assay system Promega Cat# N1630 

CellTiter-Glo luminescent cell viability assay Promega Cat# G7572 

Experimental Models: Organisms/Strains 

C. elegans rfs-1(fq127 [K56R]) III/hT2 (I;III) Belan et al, 2021 ATG563 

C. elegans rfs-1(fq130 [K56A]) III/hT2 (I;III) Belan et al, 2021 ATG567 

C. elegans brc-2(fq140[HA::AID::brc-2]) III; 

ieSi38 [Psun-1::TIR1::mRuby::sun-1 3’ UTR, cb-

unc-119(+)] IV 

Belan et al, 2021 ATG600 

C. elegans brc-2 (fq140 [HA::AID::brc-2]) rfs-1 

(fq130 [K56A]) III; ; ieSi38 [Psun-

1::TIR1::mRuby::sun-1 3’ UTR, cb-unc-119(+)] 

IV 

Belan et al, 2021 ATG608 

C. elegans rad-

51(knu529[N246S,E256A,K260H])COP1580) IV 

Steinfeld et al, 2019 DW778 

C. elegans rtel-1(tm1866) I Steinfeld et al, 2019 N/A 

C. elegans rcq-5(fx424) III Steinfeld et al, 2019 N/A 

C. elegans helq-1(tm2134) III Steinfeld et al, 2019 N/A 

C. elegans mIn1[mIs14 rol-1(e91)]/dpy- 

25(e817) II 

Steinfeld et al, 2019 N/A 

C. elegans rcq-5(fx424)III/rad- 

51(knu529[N246S,E256A,K260H])COP1580 IV 

Steinfeld et al, 2019 N/A 

C. elegans rtel-1(tm1866) I/rad-

51(knu529[N246S,E256A,K260H])COP1580) IV 

Steinfeld et al, 2019 N/A 

C. elegans helq-1(tm2134) III/rad- 

51(knu529[N246S,E256A,K260H])COP1580) IV 

Steinfeld et al, 2019 N/A 

C. elegans mIn1[mIs14 rol-1(e91)]/dpy-25(e817) 

II/rad-

51(knu529[N246S,E256A,K260H])COP1580) IV 

Steinfeld et al, 2019 N/A 

C. elegans dpy-17(e164) unc-36(e251) III Steinfeld et al, 2019 KR180 

C. elegans dpy-17(e164) unc-36(e251) III/rad-

51(knu529[N246S,E256A,K260H])COP1580) IV 

Steinfeld et al, 2019 N/A 
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C. elegans N2 (Bristol) Belan et al, 2021 CB 

C. elegans rfs-1(ok1372) III Belan et al, 2021 RB1279 

S. cerevisiae yJF1 (W303-1a pep4::KanMx4 

bar1::Hph-NT1 ade2-1 ura3-1 his3-11 trp1-1 

leu2-3) parental strain for protein expression 

Belan et al, 2021 N/A 

Recombinant DNA 

Champion pET-SUMO-RAD-51 Belan et al, 2021 N/A 

pBluescript SK(–) Dr. Lumir Krejci N/A 

Pem1-NanoLuc-HDR substrate Artios Pharma N/A 

pET-29-Sfp Dr. Meindert Lamers N/A 

pET-MBP-1a-BRC-2 Belan et al, 2021 N/A 

pJF2.1(pRS303)-RFS-1/RIP-1-3xFLAG Belan et al, 2021 N/A 

pJF2.1(pRS303)-RFS-1 K56A/RIP-1-3xFLAG Belan et al, 2021 N/A 

pJF2.1(pRS303)-RFS-1/RIP-1-3xFLAG-YBBR Belan et al, 2021 N/A 

pJF2.1(pRS303)-RFS-1 K56A/RIP-1-3xFLAG-

YBBR 

Belan et al, 2021 N/A 

phRPA-eGFP Dr. Mauro Modesti N/A 

pET11c-Rad51 Dr. Lumir Krejci N/A 

Software and Algorithms 

GraphPad Prism 7 Graphpad https://www.graphp

ad.com/scientific-
software/prism/ 

IgorPro 8.0 WaveMetrics https://www.wavem

etrics.com/products/
igorpro 

SoftWoRx 3.0 Applied Precision N/A 

Fiji Open source  https://imagej.net/Fij
i 

Matlab R2018b (9.5.0) MathWorks https://uk.mathwork

s.com 

Lumicks Pylake Python package from Lumicks https://lumicks-
pylake.readthedocs.

io/en/latest/index.ht

ml# 

CellProfiler  Open source https://cellprofiler.or

g 

Other 

C-trap optical trapping and confocal microscopy 

setup 

Lumicks N/A 

ÄKTA pure protein purification system Cytiva N/A 

Optima LE-80K Ultracentrifuge Beckman Coulter N/A 

Branson sonifier 450 Branson N/A 
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Econo-Pac chromatography columns Bio-Rad Cat# 7321010 

SnakeSkin dialysis tubing, 10 KDa MWCO Thermo Fisher Cat# 88243 

Amicon Ultra-4 centrifugal filter unit Merck Cat# UFC803024 

Table 1: Materials used in this study 

 

OLIGONUCLEOTIDE SOURCE 

Cy5-90mer 5’-Cy5- 
AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTG

ACAGTTACCAATGCTTAATCAGTGAGGCACCTATCT

CAGCGATCTGTCTATTT-3’ 

Sigma Aldrich 

FAM-90mer 5’-FAM- 

AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTG

ACAGTTACCAATGCTTAATCAGTGAGGCACCTATCT

CAGCGATCTGTCTATTT-3’ 

Sigma Aldrich 

FAM-allT90mer 5’-FAM- 

TTTTCTTTCTTTTGTTTTTTTGTGTTTTCTTGGTCTGT
CTGTTTCCTTTGCTTTTTCTGTGTGGCTCCTTTCTCT

GCGTTCTGTCTTTTT-3’ 

Sigma Aldrich 

Cy5-49mer 5’-Cy5-

AGCTACCATGCCTGCACGAATTAAGCAATTCGTAAT

CATGGTCATAGCT-3’ 

Sigma Aldrich 

FAM-49mer 5’-FAM-

AGCTACCATGCCTGCACGAATTAAGCAATTCGTAAT

CATGGTCATAGCT-3’ 

Sigma Aldrich 

49mer complementary strand 5’- 
AGCTATGACCATGATTACGAATTGCTTAATTCGTGC

AGGCATGGTAGCT-3’ 

Sigma Aldrich 

60mer 5’-

ACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACAT

CTTTGCCCACCTGCAGGTTCACCC-3’ 

Sigma Aldrich 

150mer 5’- 

TCTTATTTATGTCTCTTTTATTTCATTTCCTATATTTAT
TCCTATTATGTTTTATTCATTTACTTATTCTTTATGTT

CATTTTTTATATCCTTTACTTTATTTTCTCTGTTTATTC

ATTTACTTATTTTGTATTATCCTTATCTTATTTA -3’ 

Sigma Aldrich 

FAM-40mer 5’-FAM-

TAATACAAAATAAGTAAATGAATAAACAGAGAAAATA

AAG-3’ 

Sigma Aldrich 
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Complimentary 40mer 5’- 

CTTTATTTTCTCTGTTTATTCATTTACTTATTTTGTATT

A -3’ 

Sigma Aldrich 

crRNA rfs-1 K56 5’-TTTAGGAGTTGGTAAAACAC-3’ IDT 

crRNA HA::AID::brc-2 5’-TTTTTAGATGAGTCACCCAT 

-3’ 

IDT 

crRNA dpy-10 5’-GCTACCATAGGCACCACGAG-3’ IDT 

ssDNA repair template rfs-1K56A 5’- 

TTCATCCAGGAAAATGCTACGAAATTGATGGCGATC
TGGGTGTAGGAGCTACGCAAGTATGAATTCATATAT

TTTATTTAGAGAATTTTCC-3’ 

IDT 

ssDNA repair template rfs-1K56R 5’- 

TTCATCCAGGAAAATGCTACGAAATTGATGGCGATC

TGGGTGTAGGACGAACGCAAGTATGAATTCATATAT

TTTATTTAGAGAATTTTCC-3’ 

IDT 

ssDNA repair template HA::AID::brc-2 oligo 1 5’- 

CAGACTTTACCAGAATATTGTGACATCGACCGATGT
ACCCATACGATGTTCCAGATTACGCTATGCCTAAAG

ATCCAGCCAAACCTCCGGCCAAGGCACAAGTTGTG

GGATGGCCACCGGTGAGATCATACCGGAA-3’ 

IDT 

ssDNA repair template HA::AID::brc-2 oligo 2 5’- 

GTTGTGGGATGGCCACCGGTGAGATCATACCGGAA

GAACGTGATGGTTTCCTGCCAAAAATCAAGCGGTG

GCCCGGAGGCGGCGGCGTTCGTGAAGGGTGACTC

ATCTAAAAAAGTGTTAGTCAAGATTTA-3’ 

IDT 

ssDNA repair template dpy-10 5’- 

CACTTGAACTTCAATACGGCAAGATGAGAATGACTG

GAAACCGTACCGCATGCGGTGCCTATGG 

TAGCGGAGCTTCACATGGCTTCAGACCAACAGCCT

AT-3’ 

IDT 

RAD-51 wt PCR validation primer 5’- 

TCTAGCGGACGTCAGATGAAG-3’ 

Sigma Aldrich 

RAD-51 TM PCR validation primer 5’- 

TCGCAGCCAGACAAATGCAT-3’ 

Sigma Aldrich 

RAD-51 wt/TM common PCR validation primer 5’- 

ACGCGATTCTCTCCTTTTCCTT-3’ 

Sigma Aldrich 

ssDNA lambda precursor oligo 1 5’-

GGGCGGCGACCTGGACAA-3’ 

IDT 
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ssDNA lambda precursor oligo 2 5’-

AGGTCGCCGCCCTTTTTTTT(BT)TT(BT)TT(BT)-3’ 

IDT 

ssDNA lambda precursor oligo 2 5’-

T(BT)TT(BT)TT(BT)TTTTTTTAGAGTACTGTACCTAGC

ATCAATCTTGTCC-3’ 

IDT 

lambda DNA hairpin oligo 1 5’- 

AGGTCGCCGCCCGGAGTTGAACG(BT) (BT)T(BT) 

T(BT)ACGTTCAACTCC-3’ 

IDT 

lambda DNA hairpin oligo 2 5’- GGGCGGCGACCTCAA 

GTTGGACAA(BT)T(BT)T(BT)(BT)TGTCCAACTTG-3’ 

IDT 

tracr RNA (trRNA) 5’-GGACAGCAUAGCAAGU 

UAAAAUAAGGCUAGUCCGUUAUCAACUUGAAA 

AAGUGGCACCGAGUCGGUGCUUUUU-3’  

IDT 

crRNA λ2 5’-GUGAUAAGUGGAAUGCCA 

UGGUUUUAGGAGCUAUGCUGUUUUG-3’ 

IDT  

crRNA λ4 5’-CAGATATAGCCTGGTGGTTCG 

UUUUAGGAGCUAUGCUGUUUUG-3’ 

IDT 

crRNA λ5 5’-GGCAAUGCCGAUGGCGAUA 

GGUUUUAGGAGCUAUGCUGUUUUG-3’ 

IDT 

crRNA λ4.2 5’- GCCAUUCUGCUUAUCAGGAA 

GUUUUAGGAGCUAUGCUGUUUUG -3’ 

IDT  

crRNA λ4.1 5’- GGCCAUGUAAGCUGACUUU 

AGUUUUAGGAGCUAUGCUGUUUUG-3’ 

IDT 

crRNA λ4.02 5’- AUUGCCAGGCUUAAAUGAG 

UGUUUUAGGAGCUAUGCUGUUUUG-3’ 

IDT 

Table 2: Oligonucleotides used in this study 
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2.2 Protein biochemistry and single-molecule biophysics 

2.2.1 Protein expression and purification 

RAD-51, RFS-1/RIP-1 complex and human RPA complex were expressed and 

purified as described previously (Taylor et al., 2015; Taylor and Yeeles, 2018). 

Human RPA-eGFP expression plasmid was a kind gift from Mauro Modesti (CRCM, 

Marseille).  

 

To bypass solubility problems, codon-optimized BRC-2 ORF was cloned into pET 

MBP-1a. His6-MBP-BRC-2 (referred to as BRC-2 in the thesis) was expressed in 

BL21(DE3) E. coli strain at 17 °C overnight using 0.1 mM IPTG for the induction of 

protein expression. Cells were lysed in Lysis Buffer (25 mM Tris-HCl pH 7.5, 500 mM 

KCl, 10% glycerol, 1 mM DTT, 0.01% NP40 substitute, cOmplete EDTA-free 

protease inhibitor tablets (1/50 ml), cat no. 11873580001, Roche). After sonication 

and centrifugation at 20 000 rpm for 1h, clarified lysate was applied to Ni-NTA 

(nitrilotriacetic acid, Qiagen) resin for 1.5h, washed with Lysis buffer and Lysis buffer 

containing 20 mM imidazole. Proteins were eluted using Elution buffer 500 (25 mM 

Tris-HCl pH 7.5, 300 mM KCl, 10% glycerol, 0.5 mM EDTA, 1 mM DTT, 0.01% NP40 

substitute, 200 mM imidazole). Sample was then directly applied to amylose resin 

and allowed to be bound for 1h, amylose beads were washed with Wash buffer 300 

(25 mM Tris-HCl pH 7.5, 300 mM KCl, 10% glycerol, 0.5 mM EDTA, 1 mM DTT, 

0.01% NP40 substitute). Protein was eluted using Elution buffer 300 (25 mM Tris-

HCl pH 7.5, 300 mM KCl, 10% glycerol, 0.5 mM EDTA, 1 mM DTT, 0.01% NP40 

substitute, 30 mM maltose) and diluted two times with Elution buffer lacking KCl and 

maltose). Sample was then loaded onto pre-equilibrated HiTrap SP column, column 

was washed with 10 column volumes of Buffer A (25 mM Tris-HCl pH 7.5, 150 mM 

KCl, 10% glycerol, 0.5 mM EDTA, 1 mM DTT, 0.01% NP40 substitute) and eluted 

using linear salt gradient (0-80%) of Buffer B (25 mM Tris-HCl pH 7.5, 1000 mM KCl, 

10% glycerol, 0.5 mM EDTA, 1 mM DTT, 0.01% NP40 substitute). Fractions 

containing BRC-2 were pooled, concentrated, frozen and subsequently checked for 

purity using SDS-PAGE. Ability of his6-MBP-BRC-2 to stimulate RAD-51 in DNA 

strand exchange in sub-stoichiometric amounts was confirmed using previously 

established protocol (Thorslund et al., 2010) prior to single-molecule analysis. All 



Chapter 2 Materials and Methods 

 

58 

 

protein concentrations were determined by Coomasie Blue staining using BSA 

standards for quantification. 

 

Human RAD51 and its I287T (engineered by site-directed mutagenesis) variant was 

purified as described previously with minor modifications. Briefly, expression plasmid 

pET11c-Rad51 was transformed E. coli BLR(DE3)pLysS cells (Novagen). The 

culture was grown to OD600 ∼0.7 in 2×TY media supplemented with ampicillin (100 

mg/l) and chloramphenicol (33 mg/l). RAD51 expression was induced by 1 mM IPTG 

at 37 °C for 3–4 h, and cells were harvested by centrifugation. Cells were then 

resuspended in cell breakage (CBB) buffer (50 mM Tris–HCl pH 7.5, 10% sucrose, 

0.5 mM EDTA, 1 M KCl, 1 mM DTT and 0.01% NP-40, cocktail of protease inhibitors, 

and PMSF), sonicated and centrifuged at 100000 g for 60 min. Clarified supernatant 

was mixed with ammonium sulphate (0.242 g/ml). After multiple rounds of 

centrifugation at 9000 x g, the pellet was resuspended in K buffer (20 mM K2HPO4 

pH 7.5, 10% glycerol, 0.5 mM EDTA, 1 mM DTT and 0.01% NP-40) and loaded onto 

a 20 ml Q Sepharose FastFlow column (Cytiva) pre-equilibrated in K buffer 

supplemented with 175 mM KCl. The column was washed with 10 CV K buffer 

supplemented with 175 mM KCl and proteins were eluted with a gradient of 200 - 

600 mM KCl in K buffer. Fractions containing RAD51 were pooled and loaded onto 

a 5 ml hydroxyapatite (Sigma Aldrich) column equilibrated with T buffer (25 mM Tris–

HCl pH 7.5, 10% glycerol, 0.5 mM EDTA, 1 mM DTT and 0.01% NP-40) 

supplemented with 100 mM KCl. RAD51 was eluted by 60 – 500 mM KH2PO4 

gradient in T buffer. Pooled peak fractions were pooled and dialyzed for 2 h against 

T buffer lacking glycerol. Sample was loaded on 1 ml MonoQ column (GE 

Healthcare) equilibrated with T buffer with 100 mM KCl lacking glycerol. Protein was 

eluted with 200–450 mM KCl gradient in T buffer lacking glycerol. Peak fractions 

were pooled and concentrated using Vivaspin centrifugal concentrator (30 000 

MWCO PES). Glycerol was added to a final concentration of 10%, protein was 

aliquoted and flash-frozen for storage at – 80 °C.  
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2.2.2 Fluorescent labelling of proteins 

RAD-51 was labelled using amine-reactive FAM, Cy5 and Cy3 NHS-esters as 

described previously for RecA with modifications (Amitani et al., 2010). Briefly, 

protein storage buffer was exchanged using Zeba Column (0.5 mL resin, 3 KDa 

MWCO) for labelling buffer (50 mM K2HPO4/KH2PO4 (pH 7.0), 200 mM KCl, 0.1 

mM DTT, and 25% glycerol). Dyes were diluted in dry DMSO to 50 mM. Dyes and 

protein were mixed to final concentration of 50 µM protein and 500 µM FAM-SE or 

150 µM Cy3/Cy5-NHS. Incubation on rotary shaker at 4 °C followed for 2 h 45 min 

(FAM-SE) or 2h (Cy5, Cy3-NHS). Reaction was terminated by the addition of Tris–

HCl (pH 7.5) to a final concentration of 50 mM. Proteins were then buffer exchanged 

at least twice into storage buffer (50 mM Tris-HCl, pH 7.5, 300 mM KCl, 1 mM DTT, 

0.01% NP40 substitute, 0.1 mM EDTA, 10% glycerol). Protein concentration was 

estimated by Coomasie staining and dye concentration was measured 

spectrophotometrically. Presence of minimum free dye concentration was assessed 

using SDS-PAGE on labelled proteins. Protein to dye concentration ratio was 

consistently 0.8-1.0.  

 

For RFS-1/RIP-1 labelling I genetically fused ybbr tag (DSLEFIASKLA) on the C-

terminus of RIP-1 downstream of 3xFLAG tag, separated by GGGSGGG linker. 

Proteins were expressed and purified using a previously established protocol (Yin et 

al., 2006). The labelling followed a protocol described elsewhere (Lim et al., 2017). 

Plasmid for Sfp expression was a kind gift from Dr. Meindert Lamers (LUMC). Sfp 

transferase was expressed and purified as described previously (Yin et al., 2006). 

The purified protein complexes (5 µM) were then labelled with CoA-Cy3 (30 µM) 

using recombinant Sfp phosphopantetheinyl transferase (1 µM) in final buffer 

condition of 50 mM HEPES pH 7.5, 300 mM KCl, 10 mM MgCl2, 1 mM DTT. After 

overnight incubation at 4 °C, the labelled protein complex was purified away from Sfp 

and free dye using Zeba column gel filtration system (0.5 mL resin, 50.000 MWCO). 

Proteins were stored in 20 mM Tris-acetate (pH 8.0), 100 mM potassium acetate, 

10% glycerol, 1 mM EDTA, 0.5 mM DTT and subjected to SDS-PAGE and the 

fluorescent gel was scanned with a Typhoon9500 Scanner. 
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2.2.3 Ensemble protein biochemistry assays 

Electrophoretic mobility shift assay (EMSA). For human RAD51 protein DNA 

binding experiments, 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), 100 mM KCl, 1 mM 

DTT) which was also used in no protein controls. Proteins were mixed with a master 

mix (containing 30 nM (nucleotides) 5’-FAM-labelled 49mer oligonucleotide 

(AGCTACCATGCCTGCACGAATTAAGCAATTCGTAATCATGGTC ATAGCT) or 

dsDNA 49mer made by annealing with unlabelled complementary ssDNA strand, 25 

mM Tris-HCl (pH 7.5), 50 mM KCl, 1 mM DTT, 2 mM MgCl2 and 2 mM ATP, and 

incubated for 10 min at 37 °C. Reactions were resolved on 1% agarose gels in 1X 

TAE (70 V, 60 min). Gels were imaged by Typhoon9500 and quantified using Fiji. 

For fluorescence experiments using RAD-51f and/or labelled RFS-1/RIP-1 complex, 

proteins were incubated with 20 nM 49mer oligonucleotide 

AGCTACCATGCCTGCACGAATTAAGCAATTCGTAATCATGGTC ATAGCT in 35 

mM Tris-HCl (pH 7.5), 50 mM KCl, 1 mM DTT, 2 mM MgCl2, 2 mM ATP and 

incubated for 10 min at 25°C followed by resolution on 0.8% agarose gel in 1X TAE 

(70 V, 60 min). Gels were dried ad imaged using Typhoon9500 and appropriate filter 

settings. Percentage of DNA binding was assessed using Fiji. 

 
Oligonucleotide-based DNA strand exchange assay. To test the stimulatory 

activity of labelled RFS-1/RIP-1 on RAD51-mediated DNA strand exchange (Figure 

2.1A), 40mer dsDNA was prepared by annealing 5’-fluorescein-labelled 40mer 

oligonucleotide (TAATACAAAATAAGTAAATGAATAAACAGAGAAAATAAAG) to 

the complementary unlabelled 40mer oligonucleotide 

(CTTTATTTTCTCTGTTTATTCAT TTACTTATTTTGTATTA) in 50 mM Tris-HCl (pH 

7.5), 100 mM NaCl, 10 mM MgCl2, and stored at stock concentration 200 nM (moles). 

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 mixed with 5.6 nM (moles) 150mer oligonucleotide 

(TCTTATTTATGTCTCTTTTATTTCATTTCCTATATTTATTCCTATTATGTTTTATC

ATTTACTTATTCTTTATGTTCATTTTTTATATCCTTTACTTTATTTTCTCTGTTTAT

TCATTTACTTATTTTGTATTATCCTTATCTTATTTA), 50 mM Tris-HCl (pH 7.5), 1 

mM DTT, 100 μg/ml of BSA, 2 mM ATP, 4 mM CaCl2 in 12.5 μl reaction volume at 
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25 °C for 10 min. 0.5 μl dsDNA stock and 0.5 μl 0.1 M spermidine were then added 

incubated for 1.5 h. The samples were deproteinized with 0.1% SDS and 12.5 μg 

proteinase K at 37 °C and resolved in 10% polyacrylamide gels in 1X TBE (80 V, 1 

h 15 min). Gels were imaged on a Typhoon9500 and quantified using Fiji. 
 

D-loop formation assay. To test that RAD51 retains activity after fluorescent 

labelling, D-loop formation assay was employed (Figure 2.1B). RAD-51 and RAD-51f 

were diluted from concentrated stocks into T Buffer (25 mM Tris-HCl (pH 7.5), 10% 

glycerol, 0.5 mM EDTA (pH 8.0), 100 mM KCl, 1 mM DTT), which were also used in 

no protein controls. Proteins were mixed with 30 nM Cy5-labelled 90mer ssDNA 

(AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTA

TCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT) in 35 mM Tris-HCl (pH 7.5), 

50 mM KCl, 1 mM DTT, 2 mM MgCl2 and 2 mM ATP and incubated for 10 min at 

25 °C followed by addition of 0.54 µg pBS(-) dsDNA plasmid for further 15 min 

incubation at 25 °C. Reactions were terminated by SDS-PK treatment for 10 min at 

37 °C. Resolution using 1xTAE, 0.8% agarose gel electrophoresis at 90 V for 35 min 

followed. Gels were scanned using Typhoon9500 with appropriate filter settings. For 

reactions containing human RAD51, 2 mM CaCl2 was used instead of 2 mM MgCl2. 

 
Figure 2.1: Biochemical assays to interrogate RAD51: (A) A schematic of oligonucleotide-

based DNA strand exchange. (B) A schematic of D-loop formation assay. 

 

ATPase assay. 0.75 µM RAD51 and/or its variants were incubated in A-buffer (50 

mM Tris, pH 7.5, 50 mM KCl, 2 mM MgCl2) in the presence or absence of 120 nM 

(dT)63 homopolymer oligonucleotide. Mixtures were pre-incubated on ice for 15 

minutes. Reactions were started by the addition of ATP up to 100 µM in the final 

volume followed by incubation at 37°C. Each time point, 50 µl of reaction was 

withdrawn and mixed with 12.5 µl of Goldmix/Accelerator (1:100) (Innova 

Biosciences PiColorLock Gold Colorimetric Assay kit) followed by 5 min incubation 

at 25°C. Then, 5 µl of Stabilizer was added for further 30 min. Standard curve was 
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constructed according to manufacturer’s instructions. Fluorescence signal was 

measured using Infinity F500 microplate reader (Tecan Group Ltd.) in 96-well plates 

(25°C). 

 

2.2.4 Single molecule analysis 

DNA substrate preparation. Biotinylated ssDNA precursor (Figure 2.2A) was 

prepared as described previously (Candelli et al., 2014). To generate gapped l DNA, 

(Figure 2.2B) biotinylated hairpin oligonucleotides (Table S1) were annealed to l 

dsDNA ends and ligated (King et al., 2019). S. p. Cas9 D10A nickase (IDT) bound 

to previously described (Sternberg et al., 2014) guide RNAs () were subsequently 

used to generate targeted DNA nicks. The reaction was then stored at 4 °C  and 

directly diluted in PBS on the day of the experiment. Details on preparation of gapped 

l DNA can be found in the published protocol (Belan et al., 2021b). 

 
Figure 2.2: DNA substrate preparation for SM experiments. (A) A schematic of l ssDNA 

generation. (B) A schematic of l gDNA generation (l gDNA 45 used as an example). 

 

DNA micromanipulation, optical trapping and fluorescence imaging. 
Experiments were performed using commercially available C-trap (LUMICKS) setup. 

Protein channels of the microfluidics chip were first passivated with BSA (0.1% w/v 

in PBS) and Pluronics F128 (0.5% w/v in PBS), minimum 500 µl of both flowed 

through prior to use. 4.5  μm SPHERO Streptavidin Coated polystyrene beads at 
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0.005% w/v were flown into the laminar flow cell, captured by trapping laser (0.14 

pN/nm trap stifness) and force calibration was performed as described in Section 

1.3.2. DNA was captured between the polystyrene beads using the laminar flow cell, 

stretched and held at forces of 100 pN and higher until the strands were fully melted. 

The presence of ssDNA was verified by comparison to built-in freely joined chain 

model (Section 1.3.2). For all the imaging conditions, ssDNA was held at forces 

between 10 and 20 pN, which corresponds roughly to 1.5-fold extension of B-form 

lambda dsDNA. Proteins were flown into incubation channels and bound to ssDNA 

by a previously described (Candelli et al., 2014) dipping protocol. Importantly, under 

low-coverage regime (concentrations of 10-100 nM), a constant flow was kept during 

the incubations to minimize concentration variations due to surface adhesion of 

labelled proteins. Beads and DNA were kept in PBS during the experiment, while 

DNA was melted in 0.5xNTM buffer (25 mM Tris-HCl pH 7.5, 50 mM NaCl, 0.5 mM 

MgCl2) supplemented with 1mM ATP, oxygen scavenging system (2.5 mM 3,4-

dihydroxybenzoic acid, 250 nM protocatechuate dioxygenase) and 0.2 mg/ml BSA. 

Proteins were flowed into the system in 1xNTM buffer (50 mM Tris-HCl pH 7.5, 100 

mM NaCl, 1 mM MgCl2) supplemented with 1 mM ATP, oxygen scavenging system 

(2.5 mM 3,4-dihydroxybenzoic acid, 250 nM protocatechuate dioxygenase) and 0.2 

mg/ml BSA. When high protein concentrations were used (≥500 nM), ATP-

regeneration system consisting of 20 mM phospho-creatine and 20 µg/mL creatine 

kinase was also added into the reaction.  

 

For ‘dipping assays’ performed with different cofactors, controls using AMP-PNP-

Mg2+ and ADP-aluminium fluoride-Mg2+ were performed in addition to ATP-g-S. 

However, no RFS-1/RIP-1(A647) binding to RAD-51f clusters was observed under 

these conditions. For confocal imaging, three excitation wavelengths were used, 

488 nm for eGFP and 6-FAM, 532 nm for Cy3 and 638 nm for Cy5, with emission 

detected in three channels with blue filter 512/25 nm, green filter 585/75 nm and red 

filter 640 LP. Imaging conditions for ‘dipping assay’: 15% laser power, 0.1ms/pixel 

dwell-time, 100 nm pixel size. Imaging conditions for ‘RPA-eGFP displacement 

assay’: 2% blue laser power, 5% red laser power, 0.1ms/pixel dwell-time, 100 nm 

pixel size, 1.5 s inter-frame wait time. 
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Single-step photobleaching and image analysis. 15% blue laser power was used 

to bleach RAD-51f clusters in minimal imaging area to obtain sufficiently high 

bleaching time resolution. Scans were sectioned and stacked in Fiji using a custom-

written script. Maximum likelihood estimation was used to determine each of the 

photobleaching steps within a maximum intensity/frame n. trace as previously 

described (Autour et al., 2018). The step sizes were subsequently binned, and the 

histogram was fit to a double Gaussian equation in GraphPad Prism. 7.0.  
 

For nucleation rate analysis, number of observed bound RAD51 clusters (Nclusters) 

per 10 knt of ssDNA was scored after a fixed incubation time (Dt) in RAD-51 

containing channel, to calculate apparent nucleation rate kobs: 

 

𝒌𝒐𝒃𝒔 =
𝑵𝒄𝒍𝒖𝒔𝒕𝒆𝒓𝒔

∆𝒕
            (8) 

 

Subsequently, apparent nucleation rate was plotted as a function of RAD-51 

concentration and fitted with power fit (Galletto et al., 2006) as follows: 

 

𝒌𝒐𝒃𝒔 = 𝑱[𝐑𝐀𝐃𝟓𝟏]𝒏            (9) 
 

where  J is a rate constant, [RAD51] is concentration of nematode RAD-51 and n is 

number of RAD51 monomers in a critical nucleus. 

 

For cluster growth analysis, individual clusters were analysed for intensity increase 

in-between frames normalized to single-step intensity values. A cluster was 

considered as growing if the number of RAD-51f promoters in the cluster increased 

by at least a single RAD-51f protomer during the time the cluster dwelled on ssDNA. 

The growth frequency of RAD-51f clusters was reported for each individual ssDNA 

molecule. For real-time RPA-eGFP displacement analysis, real-time force and 

fluorescence data were exported from Bluelake HDF5 files and analysed using 

custom-written scripts in Pylake Python package (available at 

github.com/singlemoleculegroup). Force was downsampled to 3 Hz for plotting. For 

RPA-eGFP free patch edge binding analysis, custom position-analysis script was 

built by Dr. Artur Kaczmarczyk, Imperial College London (available at 
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github.com/singlemoleculegroup) to extract the position of individual RPA-eGFP 

peaks and depressions, A647 intensity peaks were then aligned, and their maxima 

position extracted to monitor proximity to the RPA-eGFP signal depression edges.  

 

eWLC model for l dsDNA was used as a reference for force-extension curve 

comparison. Custom-written eWLC fitting script (based on a custom-written scrips by 

Dr. Artur Kaczmarczyk, Imperial College London, available at 

github.com/singlemoleculegroup) was used to calculate contour length and 

subsequently gapped length of gapped DNA substrates. Growth rates in real-time 

experiments as well as dwell-times and binding frequencies were estimated in Fiji. 

Nucleation frequencies were plotted as a function of RAD-51f concentration and fitted 

with power-law in GraphPad Prism 7. Dwell-times of RAD-51 clusters were binned 

into appropriate dwell-time categories and fitted with exponential decay to obtain t 

values. Mann-Whitney test was used to assess statistical significance of the data 

where appropriate. 
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2.3 Nematode genetics 

2.3.1 Strain maintenance and genome editing using CRISPR-Cas9  

Strain maintenance. Strains were maintained using standard techniques on OP50 

seeded NG agar plates supplemented with nystatin as described (Brenner, 1974). 

Rad-51(knu529) strain was generated by Kundra transgenics (rad-

51(knu529[N246S,E256A,K260H])COP1580, DW778). There were no apparent 

phenotypical variations in between three independently generated CRISPR clones.  

 

Genome editing by CRISPR-Cas9 was performed using preassembled Cas9-

sgRNA complexes (trRNA, crRNA, Cas9) and single-stranded DNA oligos (used as 

repair templates) as described before (Paix et al., 2016). dpy-10 was used as a co-

injection marker to select progeny carrying Cas9-induced edits. The following 

sequences were used to generate crRNAs (IDT): rfs-1 K56 mutants: 

TTTAGGAGTTGGTAAAACAC; HA::AID::brc-2: TTTTTAGATGAGTCACCCAT; 

dpy-10: GCTACCATAGGCACCACGAG. The repair templates used (Table S1) were 

ordered as single-stranded DNA oligos at 4 nmol (IDT).  

 
Injection mix for CRISPR-Cas9 editing. crRNAs and trRNA were reconstituted with 

nuclease-free duplex buffer to 200 µM and mixed in equal volumes to generate 

crRNA:trRNA duplex at 100 µM. Cas9/crRNA/trRNA complexes were generated by 

adding 2 µl of crRNA:trRNA duplex (100 µM) of the target gene, 0.2 µl of dpy-10 

crRNA:trRNA duplex (100 µM), and 2.95 µl of Cas9 nuclease V3 (at 61 µM, 

#1081059, IDT) and incubating the mix at room temperature for 5 minutes. The final 

injection mix was prepared by adding 0.6 µl of each ssDNA repair template from a 

100 µM stock and 0.5 µl of dpy-10 repair template (10 µM stock) to 5.15 µl of the 

Cas9/crRNA/trRNA complex, the mix was completed with H2O to obtain a final 

volume of 10 µl. The injection mix was directly injected into the gonads of young adult 

worms. Following injection, worms were placed onto individual NG agar plates 

seeded with E. coli (OP50) and incubated at 25 °C for three days. Roller and dumpy 

worms, caused by Cas9-dependent editing of the dpy-10 gene, were picked 

individually to plates and allowed to produce progeny that was screened by PCR for 

the presence of the desired edit.  
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2.3.2 Treatment of C. elegans with genotoxic agents 

RFS-1 mutants. Exposure of worms to indicated doses of Cis-Diammineplatinum (II) 

dichloride (#P4394-250MG, Sigma, CDDP), Hydroxyurea (#H8627-5G, Sigma, HU), 

bis(2-chloroethyl)methylamine (122564-5G Sigma, HN2), and (S)-(+)-Camptothecin 

(#C9911-250MG, Sigma, CPT), was performed by placing worms on NG agar plates 

containing the desired amount of each genotoxic agent. Randomly picked young 

adult animals were placed on MYOB plates containing 200 μM CDDP,  500 nM CPT, 

60 μM HN2 cisplatin or control plates. 3-5 worms were plated on each plate. Worms 

were moved every 24 hours to new drug-containing plates. Embryonic survival of 

progeny was then determined by determining the number of hatched eggs 

(calculated from initial number of laid eggs and dead eggs) on the 0-24, 24-48 and 

48-72 hour plates. For HU treatment, worms were plated on plates containing 

indicated concentration of HU, for indicated period of time. Animals were transferred 

to HU–free plates and allowed to recover for 3 h. Worms were then allowed to lay 

eggs for 4 h. Dead eggs were counted 24 h after removing the parent animals. 

 

RAD51 TM variant. For UVC treatment, randomly picked young adult animals were 

exposed to the indicated dose of UVC light on OP50 seeded MYOB plates. After 

irradiation plates were incubated for 24 h 23°C. Animals (3–6 per dose and genotype) 

were then allowed to lay eggs on OP50 seeded MYOB plates for 4 hours. Dead eggs 

were counted 24 h after removing the parent animals; living animals were counted 

24 h later. For ionising radiation (IR) treatment, randomly picked young adult animals 

were exposed to the indicated dose of ionizing radiation on OP50 seeded MYOB 

plates in a Cs–137 irradiator. After irradiation plates were incubated for 24 h at 23 °C. 

Animals (typically 3–6 per dose and genotype) were then allowed to lay eggs on 

OP50 seeded MYOB plates for 4 hours. Dead eggs were counted 24 h after removing 

the parent animals; living animals were counted 24 h later. For hydroxyurea (HU) 

treatment, randomly picked L4s (3–15 per dose per genotype) were plated on OP50 

seeded MYOB containing indicated concentration of HU. After 21 h at 20 °C in the 

dark, animals were transferred to HU–free plates and allowed to recover for 3 h. 

Worms were then allowed to lay eggs for 4 h at 23 °C. Dead eggs were counted 24 
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h after removing the parent animals; living animals were counted 24 h later. For TMP-

UVA treatment, randomly picked young adult animals (3–15 per dose per genotype) 

were immersed into M9 medium with 10 µg/ml thioxalen (TMP, Sigma) for 1h 

shielded from light. Worms were then washed with M9 containing 0.01% TritonX-100. 

Animals were exposed to indicated doses of UVA, then transferred to fresh plates 

and allowed to recover for 22 h 20 °C. Worms were then allowed to lay eggs for 4 h 

20 °C. Dead eggs were counted 24 h after removing the parent animals; living 

animals were counted 24 h later.  

 

2.3.3 Immunostaining and image acquisition 

Randomly picked gravid adult hermaphrodites were treated with cisplatin (CDDP, 

180 μM) for 19 h and camptothecin (CPT, 500 nM) for 18 h in liquid culture Ionizing 

irradiation and UV-C (254 nm) treatment were performed on seeded plates. UV-C 

treatment of worms was performed on seeded plates using BLX-254 instrument. 

After treatment, animals were transferred to fresh seeded plates and allowed to 

recover (CDDP, 18 h; CTP, 7h; UV-C, 2h). Worms were washed twice in PBS, 

transferred to poly-L-lysine coated slides and germlines dissected. Germ lines from 

young adults hermaphrodites were dissected in egg buffer (118 mM NaCl, 48 mM 

KCl2, 2 mM CaCl2, 2 mM MgCl2, 5 mM HEPES at pH 7.4) and fixed in 1% 

paraformaldehyde containing 0.1% Tween for 5 min. Slides were frozen in liquid 

nitrogen, then immersed for 1 min in methanol at –20°C and transferred to PBST (1× 

PBS, 0.1% Tween). After washing the slides three times in PBST for 5 minutes, they 

were blocked in PBST 0.5% BSA for 30 minutes before incubating then overnight at 

room temperature with PBST containing anti-RAD-51 antibodies (a kind gift from A. 

Gartner) diluted 1:500 were incubated overnight at room temperature. Following 

three washes of 10 minutes each in PBST, slides were incubated with secondary 

antibodies (Alexa 488 α-rabbit, 1:500) for two hours in the dark. Following three 

washes of 10 minutes each in PBST, slides were counterstained with DAPI, washed 

in PBST for 1 hour and mounted using Vectashield. All images were acquired as 

stacks of optical sections with an interval of 0.2 μm using a Delta Vision 

deconvolution system equipped with an Olympus 1X70 microscope using 100x lens. 

Images were subjected to deconvolution using SoftWoRx 3.0 (Applied Precision). 
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2.3.4 Nematode crossover assays 

Recombination at homologous genetic interval. Rad-51(knu529) was crossed 

into KR180 (dpy-17(e164) unc-36(e251) III.; Anne Rose laboratory) background. 

Genetic recombination was assessed by scoring recombinant progeny of individually 

picked heterozygous worms (Figure 2.3A) for dpy-17(e164) unc-36(e251).  

 

Heterologous recombination (het-rec) assay and RNAi. Scoring of heterologous 

recombination was performed as previously described (Leon-Ortiz et al., 2018). 

Briefly, to score recombination between divergent sequences using visible markers 

(Figure 2.3B). rad-51(knu529[N246S,E256A,K260H])COP1580 was crossed with 

previously described  mIn1[mIs14 rol-1(e91)]/dpy-25(e817) II strain harbouring mln-

1 inversion on chromosome II. These two strains were then plated on NGM plates 

supplemented with 1 mM IPTG and 50  µg/mL ampicillin seeded with bacteria from 

Ahringer RNAi library (Kamath and Ahringer, 2003) expressing siRNA against rtel-1 

or brc-1 previously kept at 25 °C overnight to induce siRNA expression. Worms were 

transferred between fresh RNAi plates until egg laying ceased. Het-rec progeny was 

two and a half days following egg laying and the sterility of het-rec progeny was 

verified by plating individual recombinant worms after the experiment.  

 
Figure 2.3: Nematode crossover assays. (A) A schematic of recombination assessment using 
visible markers at homologous genetic interval. (B) A schematic of het-rec assessment using a 

combination of visible markers at heterologous chromosomal region (mln-1 inversion). 
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2.4 Mammalian cell biology and genetics 

2.4.1 Mouse embryonic fibroblast isolation and tissue culture 

Sources of cell lines used in the study are listed in the reagent and resource table. 

Primary RAD51 +/+, RAD51 IT/IT mouse embryonic fibroblasts were isolated and 

immortalized using Large T-SV40 by Dr. Valerie Borel. Immortalized MEFs were 

subsequently cultured at 37 °C, 5% CO2, 20% O2 in Dulbecco’s modified Eagle’s 

medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS; 

Sigma) and 1% penicillin-streptomycin (Invitrogen). The sex of the cells was not 

determined for this study. Once subconfluent, a standard 3T3 protocol was followed 

to determine accumulation of population doubling level (PDL): every 3 days cells 

were trypsinized and counted using Auto 2000 (Nexcelom Bioscience) cell counter, 

and then replated at a fixed density (8x105 cells per 100-mm dish) PDL was 

calculated using the formula: 

 

𝚫𝑷𝑫𝑳 =
𝐥𝐨𝐠	(𝒏𝒉𝒏𝒊

)

𝐥𝐨𝐠 𝟐
         (10) 

 

 where ni is the initial number of cells and nh is the cell number at each passage. 

 

2.4.2 Drug treatment and cell survival analysis  

Individual drugs are listed in Table 1. RAD51 +/+ and RAD51 IT/IT MEFs were 

seeded at the density of 1050 cells per well in a 96 well plates, cells were treated 

with indicated dose of drug for 24 h following plating and grown for 5 more days. 

CellTiter-Glo assay (Promega) was performed as described in manufacturer’s 

instruction. Luminescence was measured using CLARIOstar Plus plate reader (BMG 

Labtech). Luminescence signal in treated wells was normalized to untreated wells 

for each genotype. Data were fitted with sigmoid fit in GraphPad Prism 7.0. 

 



Chapter 2 Materials and Methods 

 

71 

 

2.4.3 Sigle-molecule analysis of replication dynamics (SMARD) 

Cells were seeded at places at appropriate confluency 24 hours before the 

experiment or 24 hours before drug treatment. In case of drug treatment, cells were 

treated for 24 hours the day before the experiment with indicated dose of olaparib or 

cisplatin. On the day of the experiment, cells were pulse labeled with 25 μM CldU 

and 250 μM IdU for indicated time period (Figure 2.4).  

 
Figure 2.4: A schematic of nascent DNA strand labelling for SMARD. 

 

Cells were trypsinized, washed with cold PBS and resuspended at 5x105 cells/ml in 

cold PBS. DNA spreads were prepared by spotting 2 µl of cells on a glass slide, 

followed by lysis with 7 µl of spreading buffer (200 mM Tris-HCl pH 7.4, 50 mM EDTA, 

0.5% SDS) Slides were tilted (15° horizontal), allowing DNA to run slowly down the 

slide and spread well, air-dried and then fixed in methanol/acetic acid (3:1) for 10 

min at 25 °C. Slides were then washed multiple 3 times for 5 min with H2O. DNA was 

denatured by 2.5 M HCl for 75 min at 25 °C, followed by washing with PBS and 

blocking solution (1% BSA, 0.1% Tween20 in PBS). Slides were blocked for 1 h at 

25 °C in blocking solution and subsequently incubated with rat anti-

bromodeoxyuridine (detects CldU, abcam, ab6326, 1:1.200 dilution in blocking 

solution) and mouse anti-bromodeoxyuridine (detects IdU, B44, Becton Dickinson, 

1:500 dilution in blocking solution) for 1 h, rinsed 3 times with PBS and washed 3 

times (2, 2 and 10 min) with blocking solution and incubated with anti-rat IgG 

AlexaFluor 555 and anti-mouse IgG AlexaFluor 488 (both at 1:500 dilution in blocking 

solution, Molecular Probes) for 1.5 h. Slides were then rinsed 2 times with PBS, 

washed 3 times (2, 2 and 10 min) with blocking solution and rinsed again 2 times 

with PBS. Slides were mounted with ProLongTM Gold Antifade (Invitrogen). Images 

were acquired using a Zeiss AxioImager M1, equipped with a Hamamatsu digital 

camera and the Volocity software (Perkin Elmer). Fiber length was analyzed using 

Fiji. For fork speed analysis, during each independent experiment, a minimum of 

200-300 fibers were measured per condition. Fork asymmetry was measured as a 
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percentage of the length ratio of the shortest to the longest fiber of first label origin 

fibers. Replication fork speed (rf) was calculated as follows: 

 

𝒓𝒇 =
𝚫𝒍×𝒄𝒇
𝚫𝒕

      (11) 

 

where Dl is length of the DNA fibre in mm and cf is a conversion factor of 2.59 kb per 

μm (Jackson and Pombo, 1998). 

 

2.4.4 Indirect immunofluorescence 

RAD51 +/+ and RAD51 IT/IT MEFs were washed in PBS and treated with pre-

extraction buffer (10 mM HEPES pH 7, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 

5 mM EDTA, and 0.5% Triton X-100) for 7 min on ice, washed with PBS and then 

fixed with 4% paraformaldehyde in PBS for 15 min at 25 °C. Coverslips with cells 

were washed 3 times for 5 min with PBS at 25 °C and stored at 4 °C. Coverslips with 

fixed cells were then permeabilized with detergent solution (0.1% Triton X-100, 

0.02% SDS is PBS), washed with PBS, incubated with 2% BSA in PBS for 10 min 

and blocked with blocking solution (10% normal goat serum (Sigma Aldrich, cat. n. 

G9023-10mL), 2% BSA in PBS). Primary antibodies were added in blocking solution 

and incubated with the coverslips for 1 h at 25 °C. Coverslips were then washed 

three times for 4 min each with 2% BSA in PBS. Fluorescent secondary antibodies 

were added and samples were incubated for 45 min at 25 °C. Coverslips were 

washed washed three times for 4 min each with 2% BSA in PBS, dripped in water, 

allowed to dry and mounted onto microscope slides with ProLongTM Gold Antifade 

with DAPI (Invitrogen). Images were acquired using a Zeiss AxioImager M1, 

equipped with a Hamamatsu digital camera and the Volocity software (Perkin Elmer). 

Images were processed in Fiji and foci were counted automatically using customized 

pipeline based on ‘speckle’ template in CellProfiler.  

 

2.4.5 Sub-cellular fractionation and western blotting 

Cells were treated with indicated concentration of drug for 24 hours. Followed by 

harvest and processing using subcellular protein fractionation kit (Thermo Fisher, cat. 
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n. 78840) according to manufacturer’s instructions. Each fraction was mixed with 

equivalent volume of 2x Laemmli buffer, incubated for 5-10 min at 99 °C and loaded 

onto 4–12% NUPAGE Bis-Tris gels for SDS-PAGE analysis. Gels were run at 150 V 

for 90 min, alongside a SeeBlue Plus2 pre-stained protein ladder (Thermo Fisher). 

Proteins were transferred to 0.2 μm nitrocellulose membranes in transfer buffer (25 

mM Tris-HCl pH 7.5, 190 mM glycine, 20% methanol) at 0.4 A for 60 min at 4 °C. 

Membranes were incubated with blocking solution (3% BSA, 0.1 % Tween20 in PBS) 

for 1 hour with agitation at 25 °C. Primary antibodies (in blocking solution) were 

incubated with the membrane overnight at 4 °C with mild agitation. Membranes were 

washed 3 times for 10 minutes with 0.1 % Tween20 in PBS and subsequently 

incubated with HRP-conjugated secondary antibodies in blocking solution for 1 h at 

4 °C. Membranes were washed further 3 times for 10 min each wash with 0.1 % 

Tween20 in PBS. Proteins were detected using ChemiDoc imaging system (Bio-Rad). 

 

2.4.6 Isolation of proteins on nascent DNA (iPOND) 

iPOND was performed according to standard protocols (Sirbu et al., 2011). RAD51 

+/+ and RAD51 IT/IT MEFs were pulse labelled with 10 mM EdU (5-ethynyl-20-

deoxyuridine, Invitrogen) for 10 min. After washing in normal media, cells were 

released or not for 30 min in media containing 10 mM thymidine (Sigma Aldrich). 

Cells were then washed in PBS and fixed in 1% formaldehyde (Sigma Aldrich) for 20 

min at 25 °C. Glycine was added to a final concentration of 125 mM for 10 min at 

25 °C to quench the crosslinking. Fixed cells were scrabed and washed 3 times in 

PBS. At this point, washed pellets can be frozen and stored at – 80 °C. Pellets were 

then thawed in 0.25% TritonX-100 in PBS and for 30 min at 25 °C. Following washing 

in 0.5% BSA in PBS and PBS, pellet was resuspended in Click solution (10 mM 

biotin-azide (Invitrogen), 10 mM sodium ascorbate (Sigma Aldrich) and 2 mM CuSO4 

(Sigma Aldrich)) and incubated for 1 h at 25 °C in the dark. Controls were 

resuspended in the same buffer containing DMSO instead of biotin-azide. Pellets 

were washed in 0.5% BSA in PBS and PBS, and subsequently lysed in RIPA buffer 

(100 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium 

deoxycholate) containing protease and phosphatase inhibitors (ROCHE). Lysed 

pellets were then sonicated using a BIORUPTOR sonifier (20-25 cycles at 30 s-on/30 
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s-off). Lysates were clarified by centrifugation (13200 rpm, 15 min at 4 °C) and 

incubated with streptavidin Sepharose beads (GE Healthcare) for 16 hours at 4 °C. 

Beads were washed in RIPA and 1M NaCl. Subsequently, beads were resuspended 

in 2x Laemmli buffer, incubated for 25 min at 99 °C and loaded onto 4–12% NUPAGE 

Bis-Tris gels for SDS-PAGE analysis, followed by western blotting. 

 

2.4.7 DNA transfection and plasmid-based HDR efficiency assay 

RAD51 +/+ and RAD51 IT/IT MEFs were transfected with 1.6 µg of CMV-FireFly 

plasmid and 5 µg of I-SceI digested Pem1 HR reporter substrate (courtesy of Artios 

Pharma) per 96 well plate (45 000 cells in 80 µl/well) using Lipofectamine 2000 

(Thermo Fisher) reagent as per manufacturer’s instructions. Following 16 h 

incubation, 80 µl of ONE-Glo EX (Promega, cat. n. N1630) substrate per well was 

added. Plates were incubated for 3 min at 25 °C on microplate shaker at 300 rpm. 

FireFly luminescence signal (at 580 nm) was measured using CLARIOstar Plus plate 

reader (BMG Labtech). After the reading, 80 µl of NanoDLR Stop & Glo (Promega, 

cat. n. N1630) reagent was added per well. Plate was shaken for 3 min at 25 °C on 

microplate shaker at 300rpm, then incubated for further 7 min at 25 °C in the dark. 

NanoLuciferase luminescent signal (at 470 nm) was measured using CLARIOstar 

Plus plate reader (BMG Labtech). Relative HDR efficiency for RAD51 IT/IT cells was 

calculated from ratio of NanoLuciferase to FireFly luminescence signal normalised 

to RAD51 +/+ control. 

 

 



Chapter 3 Results 

 

75 

 

Chapter 3. Results 1: Single-molecule analysis 
reveals cooperative stimulation of RAD-51 filament 
nucleation and growth by mediator proteins 

3.1 Single-molecule imaging system establishment 

Given the lower affinity of Rad51 for ssDNA, when compared to RPA, mediator 

proteins that promote RAD51 assembly on RPA-coated ssDNA strand are critical for 

efficient HR and maintenance of genome stability. In higher eukaryotes, BRCA2 and 

Rad51 paralogs are amongst the most important mediator proteins. While current 

evidence implicate BRCA2 and Rad51 paralogs in positively regulating Rad51 

function, an understanding of their dynamics during Rad51 filamentation was unclear. 

Single-molecule studies of the E. coli RecA have revealed that nucleoprotein 

filaments form rapidly by a two-step mechanism: rate-limiting nucleation followed by 

rapid bi-directional filament growth with two-fold kinetic preference for the 5’®3’ 

direction along a ssDNA backbone (Bell et al., 2012; Galletto et al., 2006). In contrast, 

human Rad51 filaments formed in the presence of RPA in vitro are rare and grow 

very slowly (Candelli et al., 2014; Hilario et al., 2009).  

 

To examine how recombination mediator proteins impact on the nucleation and/or 

growth of Rad51 filaments, I have reconstituted a model of a minimal core 

recombination machinery using purified nematode recombinase, RAD-51 (Figure 

3.1A), BRC-2 (Figure 3.1B) and RAD-51 paralog complex, RFS-1/RIP-1 (Figure 

3.1C). Given RAD-51 assembles into filaments in the presence of its physiological 

competitor, RPA, I also purified human RPA complex, where RPA70 is C-terminally 

tagged with eGFP (Figure 3.1D). Since the small subunit of C. elegans RPA remains 

unknown (Kim et al., 2005), precluding the purification of a nematode RPA 

heterotrimeric complex, all eGFP-RPA displacement assays were performed with 

human eGFP-RPA purified as described previously (Belan et al., 2021b; Modesti, 

2018). The substitution is justified given the lack of interaction between RPA and 

BRCA2 or RAD51 in solution (Jensen et al., 2010) and the established notion that 

RPA serves only as a competitor of RAD51 and can be replaced by bacterial SSB in 

bulk mediator assays (Jensen et al., 2010). Both BRCA2 (Jensen et al., 2010) and 
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human RAD51 paralog complex (Sigurdsson et al., 2001) are also capable of 

stimulating strand exchange activity of RAD51 even in the absence of RPA under 

sub-saturating conditions. It should be noted that fusion of RPA to eGFP was shown 

to be functional for DNA repair previously both in vivo (Lisby et al., 2004) and in vitro 

(Ma et al., 2017). 

 
Figure 3.1: Recombinant proteins. (A) Purification scheme for nematode RAD-51. Coomasie 

blue staining of protein (1 µg) after SDS-PAGE. (B) Purification scheme for nematode BRC-2. 

Coomasie blue staining of protein (1 µg) after SDS-PAGE. (C) Purification scheme for nematode 

RFS-1/RIP-1. Coomasie blue staining of protein (2 µg) after SDS-PAGE. (D) Purification scheme 

for human RPA-eGFP. Coomasie blue staining of protein (4 µg) after SDS-PAGE. 

 

Following protein purification, multiple strategies were devised to fluorescently label 

individual components of the system. RAD-51 (Figure 3.2A) was stoichiometrically 

labelled with fluorescein (6-FAM) (Amitani et al., 2010) using amine-reactive esters 

of dye (referred to as RAD-51f). RAD-51f retained wild type levels of DNA binding 

(Figure 3.2B) and D-loop formation activity (Figure 3.2C). To fluorescently label RFS-

1/RIP-1, I fused the C-terminus of RIP-1 to a ybbr tag (Yin et al., 2006) and labelled 

the corresponding complex (Figure 3.2D) with Alexa 647 dye (referred to as RFS-

1/RIP-1(A647)). I verified that RFS-1/RIP-1(A647) retains its ability to stimulate 

strand exchange (Figure 3.2E). 
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Figure 3.2: Fluorescent labelling of proteins. (A) Chemical labelling of RAD-51. RAD-51 was 

labelled in pH 7.0 using succinyl esters of 6-FAM (FAM-SE). Proteins were labelled typically with 
80-100% labelling efficiency. (B) EMSA comparing ssDNA binding of RAD-51 and RAD-51f. N = 

3 replicates. Error bars represent SD. (C) D-loop formation assay comparing DNA-pairing 

activities of RAD-51 and RAD-51f. N = 3 replicates. Error bars represent SD. (D) Scheme and 

protocol for fluorescent labelling of ybbr-tagged RFS-1/RIP-1 complex (left). Coomasie Brilliant 

Blue staining and A647 fluorescence of SDS-PAGE resolved RFS-1/RIP-1-3xFLAG or RFS-

1/RIP-1-3xFLAG-ybbr-CoA-Alexa647 proteins (right). Proteins were labelled typically with 70-

80% labelling efficiency. (E) Strand exchange assay comparing stimulatory activities of unlabelled 
or labelled RAD-51 paralogs on RAD-51-mediated DNA pairing. 
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To visualize RAD-51 filament assembly at a single-molecule level, I employed the 

fluorescently labelled proteins, biotinylated l ssDNA precursor and a combination of 

optical tweezers, confocal fluorescence microscopy and microfluidics (Figure 3.3A), 

- the C-trap set-up (Gutierrez-Escribano et al., 2019; Newton et al., 2019). To 

generate a physiologically relevant HR substrate, 48.5 kb doubly-biotinylated l 

ssDNA precursor substrate was trapped between two streptavidin-coated 

microspheres (microfluidic channels I and II), force-melted in situ to produce ssDNA 

and coated with RPA-eGFP (channel III). The presence of an ssDNA substrate was 

validated by comparing its FD curve to FJC model (Equation 7) of 48.5 knt ssDNA. 

Interestingly, the FD curve of RPA-eGFP coated ssDNA was almost identical to that 

of a bare ssDNA (Figure 3.3B). This contrasts with both bacterial SSB, which strongly 

compacts ssDNA (Bell et al., 2012), and crystal structure of Ustilago maydis RPA, 

where ssDNA is bent into a U-shape configuration (Fan and Pavletich, 2012). 

However, our FD data are more in line with recent cryoEM structure of S. cerevisiae 

RPA (validated by bulk FRET assays), where ssDNA adopts an extended 

configuration (Yates et al., 2018). To keep DNA in the imaging plane, beads were 

kept 23 µm apart during the experiment, which results in ~15 pN force exerted on 

RPA-eGFP-coated l ssDNA. To start the experiment, the traps were moved to 

channel IV to initiate RAD-51 assembly. Loss of eGFP fluorescence was used as a 

proxy for monitoring of RAD-51 filament assembly. A simultaneous decrease in the 

force exerted on ssDNA that accompanies stiff recombinase filament formation was 

observed (Hegner et al., 1999) (Figure 3.3C), further confirming the filamentation 

process. 
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Figure 3.3: Single-molecule imaging setup. (A) Schematic of the experimental C-trap set-up. 
(B) Force-extension curves of 48.5 kb l dsDNA, 48.5 kb l ssDNA and 48.5 kb l ssDNA coated 

by RPA. (C) Force measured between the traps as a function of time in the presence of 500 nM 

RAD-51; shaded area represents SEM. (n = 3-8 molecules). 
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3.2 RAD51 nucleation and growth regulation 

To characterize the role of mediator proteins in the system, I performed RPA-eGFP 

displacement experiments with RAD-51 in the presence or absence of his6-MBP-

BRC-2 (further referred to as BRC-2) or RFS-1/RIP-1 complex (Figure 3.4A). While 

RAD-51 alone slowly assembles on RPA-eGFP coated ssDNA (half-time of 10.16 ± 

0.8 min, 95% CI), addition of sub-stoichiometric concentrations of BRC-2 stimulates 

the overall assembly rate (Figure 3.4B), reducing assembly half-time to 5.3 ± 0.3 min 

(95% CI). Next, I performed RPA-eGFP displacement assays with RAD-51 in the 

presence of the RFS-1/RIP-1 complex. Addition of sub-stoichiometric concentrations 

of RFS-1/RIP-1 greatly stimulates the RAD-51 filament assembly rate (Figure 3.4C), 

reducing assembly half-time from ~10 min to ~1 min. In addition to estimating overall 

RAD51 filament assembly rate, I was also able to resolve individual growing RAD-

51 filaments and measure their growth rates (Figure 3.4D). RAD-51 grows slowly 

(mean 17.9 ± 1.8 nm/min, 95% CI; which corresponds roughly to 38.6 ± 3.9 nt/min; 

at 500 nM RAD-51) compared to bacterial RecA (~40 nm/min under similar 

conditions (Bell et al., 2012)). Strikingly, I found that RFS-1/RIP-1 strongly stimulates 

growth rates of individual RAD-51 filaments (mean of 38.1 ± 4.0 nm/min, 95% CI; 

which corresponds to 82.1 ± 8.6 nt/min; at 10 nM RFS-1/RIP-1). BRC-2 had a 

significant, but only modest effect on RAD-51 growth (mean of 26.4 ± 3.2 nm/min, 

95% CI; which corresponds to 56.9 ± 6.9 nt/min; at 10 nM BRC-2) (Figure 3.4E). My 

data suggests that BRC-2 acts primarily as a RAD-51 nucleation factor, which is in 

line with previous negative stain EM (Shahid et al., 2014), where inclusion of human 

BRCA2 increased overall number of RAD51 filaments observed, but not their length. 

Further, my data suggests that RFS-1/RIP-1 acts primarily as a growth factor for 

RAD-51 filaments assembling on RPA-coated ssDNA. 
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Figure 3.4: Single-molecule imaging of RAD-51 filament assembly in the presence of 
mediator proteins. (A) Kymograph showing the displacement of RPA-eGFP by 500 nM RAD-51 

in the presence or absence of BRC-2 or RFS-1/RIP-1. (B) Normalized fluorescence intensity for 

RPA–eGFP signal over time in the presence of RAD-51 and indicated amounts of BRC-2; shaded 

area represents SEM. (n = 3-8 molecules). Black lines represent exponential fits. (C) Normalized 

fluorescence intensity for RPA–eGFP signal over time in the presence of RAD-51 and indicated 

amounts of RFS-1/RIP-1; shaded area represents SEM. (n = 3-6 molecules). Black lines 

represent exponential fits. (D) Examples of individual growing RAD-51 filaments (dark). Growth 

rate was measured as a slope of the border of RPA-eGFP displaced signal. (E) Quantification of 
growth rates in indicated conditions. 

 

These observations raised the possibility that the BRC-2 and RFS-1/RIP-1 may 

cooperate to enhance RAD-51 filament assembly by their sequential action. Inclusion 

of both proteins in a single reaction results in increased growth rates of individual 
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RAD-51 filaments (mean of 43.8 ± 7.0 nm/min, 95% CI; which corresponds to 94.4 ± 

15.1 nt/min; at 10 nM BRC-2 and 10 nM RFS-1/RIP-1). These rates, however, were 

not significantly different from the RAD-51 filament growth rates measured in the 

presence of 10 nM RFS-1/RIP-1 alone (Figure 3.5A, B). These results indicate that 

RFS-1/RIP-1 may be the major filament growth factor in the combined assembly 

reaction. However, when combined, BRC-2 and RFS-1/RIP-1 display a synergistic 

effect on overall RAD-51 assembly rates on RPA-coated ssDNA (Figure 3.5A, C), 

which results in a strong reduction in the overall assembly half-time to 2.4 min (95% 

CI) and increase the overall assembly rate to 0.29 min-1. In the absence of mediator 

proteins, the RAD-51 assembly rate was 0.07 min-1. In the presence of BRC-2 or 

RFS-1/RIP-1, 0.1 and 0.13 min-1 overall assembly rates were observed (Figure 3.5D). 

Force measurements confirmed assembly kinetics obtained from fluorescence 

intensity quantification, indicating formation of stiff nucleofilament structure (Figure 

3.5E). Taken together, these results further strengthen the notion that BRC-2 

primarily nucleates RAD-51 on RPA-coated ssDNA. The RAD-51 nucleus is then 

extended into nascent filament by the help of RFS-1/RIP-1. 
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Figure 3.5: BRC-2 and RFS-1/RIP-1 synergize to promote RAD-51 filament assembly. (A) 
Kymograph showing the displacement of RPA-eGFP by 500 nM RAD-51 in the presence or 

absence of BRC-2 and/or RFS-1/RIP-1. (B) Quantification of growth rates in indicated conditions. 

Error bars represent SD. P > 0.05 (n.s.), P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 

(****). Mann-Whitney test. (C) Normalized fluorescence intensity for RPA–eGFP signal in the 

presence or absence of BRC-2 and/or RFS-1/RIP-1; shaded area represents SEM. (n = 4-8 

molecules). Black lines represent exponential fits. (D) koff values for RPA-eGFP displacement 
traces calculated from exponential fits to the data in 2C; error bars represent upper and lower k 

value limit. (E) Force measured between the traps as a function of time in the indicated conditions; 

shaded area represents SEM. (n = 3-8 molecules). 
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3.3 RAD-51 filament growth polarity 

During image analysis, I observed that, in the presence of RFS-1/RIP-1, RPA-eGFP 

displacement slopes appear steeper in one direction in kymographs compared to the 

‘RAD-51 only’ condition (Figure 3.4D). Given RFS-1/RIP-1 was previously proposed 

to bind and stabilize the 5’ end of pre-assembled RAD-51 filaments (Taylor et al., 

2016), I reasoned that growth stimulation promoted by RFS-1/RIP-1 might lead to 

preferential protomer addition at only one end of the presynaptic filament. However, 

which end it might be is not possible to test in the aforementioned setup, as the 

polarity of tethered ssDNA is not known. 

 

To examine the polarity of filament growth, I developed a rapid method to generate 

an asymmetrically positioned ssDNA gap of defined length within l DNA using Cas9 

D10A variants and subsequent DNA melting using the optical trap (Figure 3.6A). This 

protocol yields λ gapped DNA (gDNA) precursors in good quantity (~50 μL of 1.35 

nM precursor) and good quality (low frequency of additional nicks observed – roughly 

1 in 10 molecules melted). The length and position of the gap are customizable and 

can be controlled by the combination of RNA guides used to make the two nicks. I 

was able to generate gaps of various lengths – from 0.2 to 18 knt. To calculate the 

apparent contour length of these molecules, I applied eWLC model fitting (Equation 

6) to FD curves of individual constructs (Figure 3.6B). From relative contour length 

increases, I calculated the length of ssDNA (lgap in nt) within individual constructs as 

follows: 

 

𝒍𝒈𝒂𝒑 =	 𝑳𝒄(𝝀	𝒈𝑫𝑵𝑨)−𝑳𝒄(𝝀	𝒅𝒔𝑫𝑵𝑨)𝒓𝒔𝒔𝑫𝑵𝑨−𝒓𝒅𝒔𝑫𝑵𝑨
     (12) 

 

where Lc is contour length of a l gDNA construct or l dsDNA, r is rise in nm per bp 

(or nt) of dsDNA (rdsDNA = 0.33 nm/bp) or ssDNA (rssDNA = 0.61 nm/nt). 

 

The calculated ssDNA gap length corresponded well to the predicted gap size 

(Figure 3.6C). I confirmed the position of the ssDNA gap using eGFP-RPA 

fluorescence to mark the ssDNA portion of the gapped molecule (Figure 3.6D, E).  
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Figure 3.6: A method to generate gapped l DNA substrates. (A) Schematic of protocol 

designed to generate gapped l DNA (gDNA) substrates. (B) Force-extension curves of l dsDNA, 

l ssDNA and different l gDNA constructs. Gap sizes are indicated. (C) Contour length of l dsDNA 

and different l gDNA constructs calculated from worm-like chain (WLC) fits to individual force-

extension curved from 2B compared with the expected gap length. (D) Schematics of the λ gDNA 

substrates generated in this study. (E) Representative images of individual asymmetrically 

positioned RPA-eGFP coated ssDNA gaps within l DNA held at 5 pN force. Arrow indicates 

position of λ4 crRNA cut site indicating 5’ end of 0.2, 1, 2 and 5 knt long gaps for reference. 

dsDNA was stained by 50 nM SYTOX Orange. 

 

Inclusion of free RPA during human RAD51 assembly has previously shown to 

supress nucleation and help better resolve growing RAD51 filaments in experiments 

using ssDNA curtains (Ma et al., 2017). Therefore, to accurately assess growth 

directionality of individual RAD-51 filaments, I included 15 nM free RPA-eGFP in the 
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imaging channel. Unlike RecA, which grows preferentially in a 5’®3’ direction (Bell 

et al., 2012), nematode RAD-51 displays mostly symmetric growth (Figure 3.7A). 

Addition of 10 nM RFS-1/RIP-1 resulted in a two-fold stimulation of 3’®5’ growth 

rates, indicating that RFS-1/RIP-1 mediated growth stimulation of RAD-51 filaments 

is asymmetric and occurs at 5’ filament ends (Figure 3.7B). 

 
Figure 3.7: RFS-1/RIP-1 promotes filament growth in 3’ to 5’ direction. (A) Examples of 

individual growing RAD-51 filaments (dark) on gapped DNA construct. Growth rate was measured 
as a slope of the border of RPA-eGFP displaced signal. (B) Quantification of growth rate polarity 

of 500 nM RAD-51 in the presence or absence of 10 nM RFS-1/RIP-1. 
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3.4 RFS-1/RIP-1 chaperones RAD-51 filaments 

Previous work has shown that recombinase-ssDNA filaments are in a state of 

dynamic equilibrium, where they grow and shrink from filament ends (Joo et al., 

2006; van Mameren et al., 2009). Human RAD51-dsDNA (van Mameren et al., 2009) 

and RAD51-ssDNA (Candelli, 2013) filaments dissociate from the ends in bursts of 

multiple protomers interspersed by pauses. On the other hand, growth of RecA (Bell 

et al., 2012) and RAD51 (Candelli et al., 2014) filaments occurs predominantly by 

rate-limiting addition of monomers. Given the resolution of the setup, I was not able 

to accurately monitor association and dissociation events at RAD-51 filament ends 

at the level of a single RAD-51 monomer. To bypass this problem, I employed a 

previously described ‘dipping protocol’ (Candelli et al., 2014), where low 

concentrations of labelled recombinase are used to obtain sparse nucleation events 

containing only a small number of RAD-51 monomers (Figure 3.8A). Then single-

step photobleaching calibration can be used to quantify the number of fluorophores 

present in each RAD-51 cluster. Since RAD-51 filaments can grow and dissociate 

only from filament ends (Joo et al., 2006; van Mameren et al., 2009), this system 

allowed me to assess growth and dissociation dynamics of small RAD-51 clusters 

and use it as a proxy for events occurring at the ends of long RAD-51 filaments. 

 

For the analysis, l ssDNA trapped between two beads was incubated for a defined 

period of time in the protein channel. Beads with tethered ssDNA are subsequently 

moved to a protein-free observation channel and an image is acquired using confocal 

fluorescence microscopy. To analyse kinetics of RAD-51f nucleation and growth, 

incubation-detection cycles are iteratively repeated (Figure 3.8A). ssDNA must be 

held at higher forces (~15 pN) to be present in a single plane for optimal confocal 

imaging. Previous work (Brouwer et al., 2018; Candelli et al., 2014) implicated that 

RAD-51 binding to ssDNA is not affected by the force at which ssDNA is held. To 

confirm this in my system, I performed nucleation experiments on bare ssDNA held 

at different forces (Figure 3.8B). This analysis confirmed that force has no effect on 

RAD-51 cluster assembly on ssDNA and justified the usage of 15 pN imaging force 

regime. Nucleation frequency of RAD-51f clusters (kobs) assessed after a single round 

of dipping in the presence of ATP displays power dependence with respect to RAD-
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51f concentration, according to Equation 9 described in Section 2.2.4. From this fit, 

n, number of RAD51 monomers in a minimal nucleus can be determined. In 

agreement with studies of RecA (n = 1.5 in ATP and n = 2.2 in ATP-g-S; (Bell et al., 

2012) and human RAD51 (n = 1.5; (Candelli et al., 2014)), n = 1.6 ± 0.2 for C. elegans 

RAD-51 (Figure 3.8C, D) indicating that RAD-51f nucleates as a dimer or a monomer 

on ssDNA both in the presence or absence of RPA. Consistent with my previous 

result, inclusion of BRC-2 increased nucleation frequencies in the presence of RPA 

in this assay. Interestingly, when stoichiometric amounts of BRC-2 were added, I 

obtained n = 1.1 ± 0.4, which indicates that BRC-2 bypasses the need for RAD-51 

dimerization to form a stable nuclei. Addition of unlabelled RFS-1/RIP-1 also 

increased RAD-51 nucleation rates, albeit to a much lesser extent than in the 

presence of BRC-2. Interestingly, the presence of RFS-1/RIP-1 and RPA, result in n 

= 1.5 ± 0.1. This indicates that, in contrast to BRC-2, RFS-1/RIP-1 does not alter the 

size of the minimal RAD-51 nucleation unit. 

 
Figure 3.8: ‘Dipping’ protocol to determine RAD-51 nucleation rates. (A) A four-channel 

microfluidics device was used for the assembly of the 5-step single-molecule binding experiments. 
(B) Representative fluorescence images of RAD-51f clusters formed on ssDNA molecules held 

at 5, 15 and 45 pN force. 4.5 µm scale bar. RAD-51f nucleation rates at 5, 15 and 45 pN forces 
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are plotted. (C) Representative fluorescence images taken after 30s of RAD-51f incubation–

detection cycle with different RAD-51f concentrations present in the solution. 4.5 µm scale bar. 

(D) RAD-51f concentration dependence of nucleation rate. Dotted line represents power-law fit 

yielding an exponent n = 1.6 ± 0.2 for RAD-51f in the absence of RPA (R2 = 0.72), n = 1.6 ± 0.2 

for RAD-51f in the absence of RPA and the presence of stoichiometric amounts of RFS-1/RIP-1 

(R2 = 0.90),  n = 1.6 ± 0.4 for RAD-51f in the presence of RPA (R2 = 0.83), n = 1.1 ± 0.4 for RAD-

51f in the presence of RPA and stoichiometric amounts of BRC-2 (R2 = 0.21) and n =1.5 ± 0.1 for 
RAD-51f in the presence of RPA and stoichiometric amounts of RFS-1/RIP-1 (R2 = 0.88). Error 

bars indicate SD.  

 
Next, I proceeded to visualize both RAD51f and RFS-1/RIP-1(A647) in the ‘dipping’ 

assay. Time-resolved experiments revealed a strong accumulation of RAD-51f 

clusters over time in the presence of RFS-1/RIP-1(A647) and ATP (Figure 3.9A, B). 

Without RFS-1/RIP-1(A647), RAD-51f clusters are highly dynamic, binding and 

dissociating rapidly from ssDNA (Figure 3.9C). To estimate off-rates of RAD-51f, I 

measured dwell-times of RAD-51f clusters - calculated from the number of 

consecutive frames (33 kHz frame acquisition frequency) in which detectable FAM 

signal was present at the same genomic position. I observed that RAD-51f clusters 

bind to ssDNA with short dwell-times, catastrophically disassembling seconds after 

their initial arrival (Figure 3.9D). These observations are reminiscent of burst-like 

dissociation events reported previously at human Rad51 filament ends (van 

Mameren et al., 2009). Inclusion of RFS-1/RIP-1(A647) in the reaction resulted in a 

significant increase in the dwell-times of RAD-51f clusters indicating a stabilizing 

effect of the Rad51 paralogs. Unexpectedly, when observing RFS-1/RIP-1(A647) 

fluorescent signal, I observed that RFS-1/RIP-1(A647) binds to RAD-51f clusters with 

extremely short dwell-times. RFS-1/RIP-1(A647) signal colocalizes with RAD-51f 

clusters (Figure 3.9E) - consistent with recognition of nascent RAD-51 filaments. 

These data indicate that RFS-1/RIP-1 promotes assembly of RAD-51 filaments by 

shutting down disassembly events at filament ends. In addition, RFS-1/RIP-1 is not 

a stable component of ssDNA-bound RAD-51f clusters. Collectively, these data 

indicate RFS-1/RIP-1 acts in a transient manner as a dynamic RAD-51 filament 

‘chaperone’.  
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Figure 3.9: RFS-1/RIP-1 ‘chaperones’ DNA-bound RAD-51 clusters by preventing RAD-51 
dissociation. (A) Fluorescence images taken after subsequent RAD-51f or RAD-51f+RFS-1/RIP-

1(A647) incubation-detection cycles with the same ssDNA (no RPA) construct; cumulative 

incubation time (min) is indicated. 4.5 μm scale bar. Arrow indicates a growth event. RAD-51f 

signal shown in blue. RFS-1/RIP-1(A647) signal shown in red. (B) Quantification of RAD-51f 

nucleation frequency over time in the presence (n = 9 molecules) or absence (n = 11 molecules) 

of RFS-1/RIP-1(A647). Exponential fits are displayed. Error bars represent SEM. (C) 
Representative histogram of time-binned intensity verses genomic position on lambda DNA for 
RAD-51f signal (blue) in the absence (upper panel) or presence (lower panel) of RFS-1/RIP-

1(A647). Each line represents 30 s timepoint. RFS-1/RIP-1(A647) signal is in red. (D) Histograms 

of dwell times of RAD-51f in the absence (top panel) or presence of RFS-1/RIP-1(A647) (middle 

panel) or dwell times of RFS-1/RIP-1(A647) in the presence of RAD-51f (bottom panel). Lines 

represent exponential fits. (top panel: RAD-51f, τ ∼21.12 s, R2 = 0.99, n = 167 clusters; middle 
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panel: RAD-51f+ RFS-1/RIP-1(A647), τ ∼150.6 s, R2 = 0.95, n = 87 clusters; bottom panel: RFS-

1/RIP-1(A647), τ ∼10.28, R2 = 0.99, n = 19 clusters). (E) Quantification of the frequency of RFS-

1/RIP-1(A647) binding to ssDNA and RAD-51 clusters. Individual DNA molecules were analyzed 

and the fraction of RFS-1/RIP-1(A647) bound to ssDNA or RAD-51f cluster was calculated. Each 

data point represents one ssDNA molecule analyzed. p = 0.005. Wilcoxon test. (F) Growth 

frequencies of RAD-51f clusters (fraction of clusters on a given ssDNA molecule displaying at 
least one growth event – defined by an increase of protomer number by a minimum of 1) in the 

presence or absence of RFS-1/RIP-1. p = 0.0003. Mann-Whitney test.  

 

Rapid photobleaching and step-finding analysis (Autour et al., 2018; Watkins and 

Yang, 2005) allowed for imaging system calibration and direct assessment of the 

number of fluorophores in individual nucleating clusters and RAD-51 cluster growth 

frequency analysis (Figure 3.10A, B). In accordance with a power-law fit, most RAD-

51f clusters are dimeric. Addition of RFS-1/RIP-1(A647) shifts the cluster population 

towards smaller species with the monomer fraction corresponding to approximately 

half of the population (Figure 3.10C). These data also remain consistent with the 

power-law fit, kobs=J[RAD-51]n, where n = 1.6, indicating monomers, in addition to 

dimers, represent a significant fraction of minimal nucleating units. Consistent with 

RFS-1/RIP-1(A647) stabilising RAD-51f on ssDNA, I observed more frequent RAD-

51f cluster growth (Figure 3.9F). The increased frequency of RAD-51f cluster growth 

provides an explanation for the stimulation of filament growth rates observed with 

RFS-1/RIP-1, indicating transient engagement of RFS-1/RIP-1 with RAD-51 

filaments shuts down RAD-51 dissociation events at filament ends and shifts 

protomer addition-dissociation equilibrium towards higher net filament growth rates. 
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Figure 3.10: Single-step photobleaching analysis. (A) Examples of a fluorescence intensity 

trace of the RAD-51f cluster during continuous photobleaching. Black line represents stepping fit 

of the trace. (B) Fluorescence intensity single-molecule calibration histogram for RAD-51f. The 

histogram shows the values of the fluorescence intensity trace of the single steps of multiple 

photobleaching traces (n = 198 steps). Black line represents gaussian fit. Second two-step 

gaussian was excluded from the analysis. Mean = 2.55. S.D. = 1.67. R2 = 0.90. (C) Histogram of 

RAD-51f cluster size in the presence (n = 76 clusters) or absence (n = 181 clusters) of RFS-1/RIP-
1(A647). 
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3.5 ATPase controls RFS-1/RIP-1 dynamics 

To more precisely measure dwell times of RFS-1/RIP-1(A647), I performed real-time 

imaging of RFS-1/RIP-1(A647) association with RPA-eGFP coated ssDNA in the 

presence of RAD-51 and ATP (Figure 3.11A). When RAD-51 was absent from the 

reaction, minimal binding of RFS-1/RIP-1(A647) to RPA-eGFP coated ssDNA was 

observed (Figure 3.11B). Individual RFS-1/RIP-1(A647) molecules display very short 

dwell-times on RPA-eGFP coated ssDNA with RAD-51 and ATP (median of 11.3 s, 

9.5 - 15.8 s, 96% CI; Figure 3.11A), similar to the dwell-times observed using the 

‘dipping’ protocol described in Figure 3.9D. Given ATP hydrolysis releases Rad51 

from DNA (Chi et al., 2006; Gataulin et al., 2018; Robertson et al., 2009), I 

hypothesized that short dwell-times of RFS-1/RIP-1 might result from ATP hydrolysis 

by RFS-1 or RAD-51. Indeed, upon inclusion of ATP-g-S, the dwell-time of RFS-

1/RIP-1(A647) significantly increased (median of 28.3 s; 22 s - 56.2 s, 97.6% CI; 

Figure 3.11A). Notably, dwelling RFS-1/RIP-1(A647) molecules are frequently (71% 

of events scored, n = 26) located at the border of RPA-eGFP (blue) and RAD-51 

filaments (dark; Figure 3.11C, D). This corroborates previous negative stain EM data 

(Taylor et al., 2015) where RFS-1/RIP-1 was observed to be bound to RAD-51 

filament ends, but not interstitially. I have shown that RAD-51 filaments grow 

preferentially in 3’ to 5’ direction in the presence of RFS-1/RIP-1 and that RFS-1/RIP-

1 shuts down dissociation of RAD-51 clusters on ssDNA leading to increased dwell-

times and growth frequencies. Therefore, I proceeded to investigate whether labelled 

RFS-1/RIP-1 directly binds to 5’ filament ends using gapped DNA substrates with 

defined polarity. To this end, I incubated RAD-51 filaments with 100 nM RFS-1/RIP-

1(A647) in the presence of ATP-g-S (Figure 3.11E), which revealed proximity to 5’, 

but not 3’, filament ends (Figure 3.11F, G). Taken together, these data confirm RFS-

1/RIP-1 transiently binds 5’ filament ends to allow for efficient filament growth in a 3’ 

to 5’ direction.  
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Figure 3.11: Transient engagement of RFS-1/RIP-1 with 5’ filament ends mediated by ATP 
hydrolysis. (A) Representative kymographs of dwelling single RFS-1/RIP-1(A647) (2.5 nM) 

complexes on RPA-eGFP coated ssDNA in the presence of 500 nM RAD-51 and ATP or ATP-g-

S (left panel). Quantification of experiment shown in left panel, for ATP (n = 47 binding events) 

and ATP-g-S (n = 29 binding events). Black line represents median. p < 0.0001. Mann-Whitney 

test. (right panel). (B) Quantification of RFS-1/RIP-1(A647) binding frequencies on individual 

RPA-eGFP coated ssDNA molecules in the presence or absence of RAD-51. p = 0.0012. Mann-

Whitney test. (C) Representative traces of single RFS-1/RIP-1(A647) complexes binding to RAD-

51 filaments in ATP-g-S. RPA-eGFP shown in blue, RAD-51 dark, RFS-1/RIP-1(A647) red. (D) 
Quantification of the RFS-1/RIP-1(A647) end binding using custom position analysis algorithm 
(written by Dr. A. Kaczmarczyk). To obtain the exact location of the RAD-51 paralog with respect 

to the RAD-51 filament, the centre of the filament is resolved first by fitting the reversed eGFP 

intensity (grey peak). Grey arrow, representing the peak’s width, marks the filament’s edges. 
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Gaussian fit of the RFS-1/RIP-1(A647) intensity (red peak, red channel) indicates that the paralog 

binds to the periphery of the RAD-51 filament. (E) Protocol designed to visualise RFS-1/RIP-

1(A647) binding to RAD-51 filaments grown on gapped l DNA. (F) 2D scan of representative 

RAD-51-DNA complex obtained using protocol described in E. Proximity of A647 signal maximum 

to eGFP signal maximum on either 3’ or 5’ RAD-51 filament border was used to estimate 3’ or 5’ 
filament end binding polarity. (G) Quantification of filament 5’ or 3’ end binding frequencies by 

RFS-1/RIP-1(A647) (n = 13 binding events).  

 

To further verify whether the ATPase activity of RFS-1/RIP-1 is critical for the 

dissociation from RAD-51 filament ends, I prepared Alexa 647-labelled RFS-1 

K56A/RIP-1 complex, where the putative catalytic lysine residue of the Walker A box 

of RFS-1 is mutated to alanine. Then, I performed ‘dipping’ experiments (Figure 

3.12A) and observed that RFS-1 K56A/RIP-1(A647) displays dramatically increased 

dwell-times on RAD-51 ssDNA clusters when compared to RFS-1/RIP-1(A647) 

(Figure 3.12B). RFS-1 K56A/RIP-1(A647) also retained the ability to stabilise RAD-

51f clusters on ssDNA (Figure 3.12C). Inclusion of RFS-1 K56A/RIP-1 also resulted 

in less efficient stimulation of RAD-51 assembly on RPA-eGFP-coated ssDNA 

(Figure 3.13A, B). When compared to wt RFS-1/RIP-1, RAD-51 filaments grow more 

slowly in the presence of RFS-1 K56A/RIP-1 (Figure 3.13C).  

 
Figure 3.12: RFS-1/RIP-1 K56A fails to disengage from RAD-51 clusters. (A) Representative 

fluorescence images taken after RAD-51f+RFS-1/RIP-1(A647) or RAD-51f+RFS-1 K56A/RIP-

1(A647) incubation–detection cycles with the same ssDNA construct; cumulative incubation time 
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is indicated. RAD-51f signal shown in blue. RFS-1/RIP-1(A647) signal shown in red. (B) 
Histograms of dwell times of wt RFS-1/RIP-1(A647) (n = 19 clusters; top) or RFS-1 K56A/RIP-

1(A647) (n = 31 clusters; bottom) in the presence of RAD-51f. Number of dwell-time categories 

was adjusted to accommodate lower stability of bare ssDNA in the presence of RFS-1 K56A/RIP-

1(A647). (C) Histograms of dwell times of RAD-51f alone (n = 160 clusters; left) or in the presence 

of RFS-1/RIP-1(A647) wt (n = 57 clusters; middle), or dwell times of RAD-51f in the presence of 

RFS-1 K56A/RIP-1(A647) (n = 49 clusters; right). 

 

These data indicate that the RFS-1 K56A/RIP-1 mutant is effective at filament end-

binding and stabilization of nucleating RAD-51 clusters but is compromised for the 

ability to stimulate RAD-51 filament growth. Interestingly, when wt RFS-1/RIP-1 

concentrations were increased to near stoichiometric levels with RAD-51, this 

compromised RAD51 filament assembly and hindered filament growt, compared to 

the growth stimulation with sub-stoichiometric levels of wt RFS-1/RIP-1) (Figure 

3.13A, B, C). This indicates that excessive filament end binding at high of RFS-1/RIP-

1 concentrations or Walker A box mutation in RFS-1 blocks further recruitment of 

RAD-51 protomers hindering filament elongation.  

 
Figure 3.13: RFS-1/RIP-1 K56A hinders RAD-51 filament assembly and growth. (A) 
Kymograph showing the displacement of RPA-eGFP by RAD-51 in indicated conditions. (B) 
Normalized fluorescence intensity for RPA–eGFP signal in indicated conditions; shaded area 
represents SEM. (n = 3-7 molecules). Black lines represent exponential fits. (C) Quantification of 

growth rates in indicated conditions. P < 0.0001. Mann-Whitney test. 
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3.6 Nematode phenotype of RFS-1 Walker A mutants 

To assess whether the dynamic engagement of RFS-1/RIP-1 during RAD-51 

filament assembly plays an important role in HR in vivo, I generated nematode 

knock-in mutant strains for both RFS-1 K56A and RFS-1 K56R using the CRISPR-

Cas9 system with help from Dr. Consuelo Barroso (Figure 3.14A). In a manner 

similar to the rfs-1 (null) strain, rfs-1 K56A and rfs-1 K56R mutant strains display a 

modest increase in the levels of embryonic lethality when compared to the N2 (wt) 

strain (Figure 3.14B). No significant brood size reduction was observed (Figure 

3.14C). In agreement with previous work (Taylor et al., 2015; Ward et al., 2007), the 

rfs-1 null strain are hyper-sensitive  to agents that induce replication fork breakage 

(Ward et al., 2007), such as cisplatin (CDDP), camptothecin (CPT) and nitrogen 

mustard (HN2). Notably, rfs-1 K56A and K56R Walker A mutants are also sensitive 

to these compounds, although to a lesser extent than rfs-1 null animals (Figure 

3.14D). However, I did not observe strong sensitivity to hydroxyurea (HU) in the rfs-

1 K56A and rfs-1 K56R mutant strains. Mitotic zones of extruded germlines were 

then examined for RAD-51 focus formation before and after CDDP, UV-C and CPT 

treatment (Figure 3.14E). In agreement with previous results (Ward et al., 2007), 

RAD-51 forms DNA damage-induced foci in N2 strain, but not in the rfs-1 null mutant. 

Strikingly, rfs-1 K56A and K56R Walker A mutants displayed extensive accumulation 

of RAD-51 foci in response to DNA damage (Figure 3.14F). These data, together 

with DNA damage sensitivity, indicate that RAD-51 is stabilized on ssDNA in the rfs-

1 K56A and rfs-1 K56R mutant strains, but the resulting RAD-51 species are non-

functional for repair of DNA damage via HR, presumably due to their short length or 

persistent filament end binding by RFS-1/RIP-1 Walker A mutants, or both. 

 

To summarize, my single-molecule and genetic data support a model where BRC-2 

facilitates RAD-51 nucleation on RPA-coated ssDNA. In steady state, RAD-51 

monomer recruitment is in equilibrium with disassembly bursts from nascent RAD-

51 filament ends. To shift the equilibrium in favour of filament growth, RFS-1/RIP-1 

acts as a molecular ‘chaperone’ by transiently binding RAD-51 filaments and 

preventing RAD-51 dissociation from 5’ filament ends, leading to stabilisation of 

nascent RAD-51 filaments. Subsequent ATPase dependent release of RFS-1/RIP-1 
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allows for further addition of RAD-51 monomers at 5’ filament end. Iterative cycles of 

RFS-1/RIP-1 binding, filament stabilization, RFS-1/RIP-1 release and RAD-51 

recruitment leads to the formation of long RAD-51 filaments proficient for strand 

exchange. 

 
Figure 3.14: RFS-1 Walker A mutants cause DNA damage sensitivity and abnormal RAD-
51 focus formation in vivo. (A) A schematic for CRISPR-Cas9 knock-in strategy for generation 

of RFS-1 mutants. (B) Embryonic lethality analysis of rfs-1 mutants in vivo. Percentage of 

unhatched eggs was scored after 24 hours for the progeny of 6-8 worms. (C) Brood size of strains 

of the indicated genotype. Progeny 5-8 worms were evaluated. (D) Nematode strains were treated 

with the indicated dose of genotoxin. Percentage of unhatched eggs was scored after the 

indicated exposure time. Error bars represent SEM. (E) Representative images of the mitotic 
compartment of C. elegans germline after genotoxin exposure. (F) Quantification of RAD-51 focus 

formation in the mitotic zone of the worm germline under different treatments in strains of the 

indicated genotype. Between 99 and 261 cells were quantified for each condition in 2-3 

representative germlines for each genotype. Mann-Whitney test. 
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Chapter 4. Results 2: Exploring the genetic 
consequences of recombination mediator bypass 

4.1 Engineering a self-loading human RAD51 variant 

In the previous chapter, I presented results that indicate Rad51 paralogs act as 

transient ‘chaperones’ or switches, that turn on filament growth and to a lesser extent 

nucleation in order to assemble Rad51 in response to DSB formation. Interestingly 

however, bacterial RecA can rapidly grow into filaments on its own (Bell et al., 2012). 

Not only that, RecA is a much more proficient enzyme in terms of ATPase activity 

compared to human RAD51 (Wright et al., 2018). RecA also displays significantly 

higher efficiency in DNA strand exchange reactions when compared to nematode or 

human RAD51. In fact, when looking at core recombinases from different domains 

of life, a clear pattern of downscaling core recombinase enzyme activity emerges 

(Table 3), with a more pronounced need for auxiliary factors, such as Rad51 paralogs, 

which ‘switch on’ Rad51 when needed.  

 

Recombinase UvsX RecA RadA Rad51 
Domain Bacteriophage Bacteria Archea Eukaryota 
ATPase (kcat; 
min-1) on ssDNA 

~ 200 ~ 20 ~ 2 ~ 0.2 

Strand 
exchange 
activity 

N/A Strong Medium. Fluctuates 
with temperature. 
Weaker than RecA. 

Weak 

Auxiliary factor 
dependence 

 

Table 3: Recombinase enzymatic activity decreases with organism complexity. Adapted 

from (Wright et al., 2018). 

 

Why evolution has selected for the attenuation of activity of the most critical DNA 

pairing enzyme is unclear? And what is the consequences of a self-sufficient 

recombinase operating in eukaryotes? A possible means to investigate this 

outstanding question came from the laboratory of Prof. Lorraine S. Symington, where 

a genetic screen in S. cerevisiae was conducted to isolate Rad51 alleles supressing 

DNA damage sensitivity of Rad51 paralog deficient yeast strain (Drad55; Drad57) 

(Fortin and Symington, 2002). Multiple Rad51 alleles were isolated with Rad51 I345T 

supressing the phenotype most consistently. Biochemical work has shown that 
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Rad51 I345T binds both ssDNA and dsDNA with higher affinity than wt Rad51 (Malik 

and Symington, 2008). Rad51 I345T also forms more stable filaments than wt Rad51 

and displays higher DNA strand exchange activity. However, no strong phenotype is 

observed in rad51-I345T yeast strains, which are sensitive to DNA damage only in 

the absence of main yeast anti-recombinase Srs2 (Dsrs2 background) (Fung et al., 

2009; Malik and Symington, 2008). This raised the possibility that the permanently 

‘switched on’ Rad51 variant is generally well tolerated. However, no follow up work 

in yeast assessing possible long-term mutagenic consequences of Rad51 I345T 

expression, similar to those taking place during mammalian development in mouse 

DNA repair deficient models, has been conducted. In addition, complex genomes of 

higher organisms, such as mammals, contain many repetitive sequences, which may 

be particularly vulnerable to illegitimate recombination. 

 

To address these possibilities and ultimately understand the reason why the intrinsic 

activity of the core recombinase has been reduced during evolution, I engineered the 

corresponding mutation into recombinant human RAD51 (Figure 4.1A). In a manner 

similar to yeast homolog, purified human RAD51 I287T displays higher affinity for 

both ssDNA (for wt RAD51: Kd = 0.51 ± 0.04 µM, 95% CI; for RAD51 I287T: Kd = 

0.23 ± 0.02 µM, 95% CI) and dsDNA (for wt RAD51: Kd = 0.42 ± 0.03 µM, 95% CI; 

for RAD51 I287T: Kd = 0.21 ± 0.03 µM, 95% CI) (Figure 4.1B, C). To assess DNA 

pairing activity of RAD51 I287T, I performed D-loop formation assays. CaCl2 was 

present in the buffer to stabilize RAD51 and obtain detectable product yields. RAD51 

I287T displays much higher D-loop formation when compared to wt RAD51 (Figure 

4.1D, E). Given ATPase dead RAD51 variant RAD51 K133R forms abnormally stable 

filaments, which also results in high D-loop formation in vitro, but completely stalls 

recombination in vivo, I tested for ATPase activity of RAD51 I287T (Figure 4.1F). 

Unlike RAD51 K133R, which is dead for ATPase (kcat ~ 0.02 min-1), RAD51 I287T 

displays ssDNA-dependent ATPase activity (kcat = 0.28 ± 0.01 min-1) similar to that 

of wt RAD51 (kcat = 0.35 ± 0.01 min-1), indicating it is a functional enzyme. Finally, to 

test whether RAD51 I287T can assemble better than wt RAD51 on a physiologically 

relevant substrate, proteins were sent to the laboratory of Dr. Eric C. Greene, where 

single-molecule RPA-eGFP displacement experiments using ssDNA curtains were 

performed (Figure 4.1G), similarly to those described in the previous chapter with 
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nematode proteins. RAD51 I287T displaces RPA-eGFP with ~1.6-fold faster rate (kon 

= 0.84 ± 0.03 min-1; 95% CI) than wt RAD51 (kon = 0.54 ± 0.03 min-1; 95% CI) or 

RAD51 K133R (kon = 0.53 ± 0.02 min-1; 95% CI) (Figure 4.1H). Conversely, RAD51 

I287T dissociates from ssDNA slower (half-time ~10.35 min) than RAD51 wt (half-

time ~8.18 min), but faster than RAD51 K133R (half-time ~13.40 min) (Figure 4.1I) 

– the most stable variant described in the literature (Chi et al., 2006). The faster 

assembly rate and slower disassembly rate are in line with estimated bulk Kd values 

and reminiscent of phenomena observed when Rad51 paralogs are present in the 

reaction with Rad51 (Belan et al., 2021a; Taylor et al., 2016). 

 
Figure 4.1: Biochemical characterization of RAD51 I287T. (A) A schematic of human RAD51. 

Position of I287T mutation and catalytic lysine are indicated. (B) EMSA comparing ssDNA and 
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dsDNA binding affinity of wt RAD51 and RAD51 I287T. (C) Quantification of B. Error bars indicate 

S.D. N = 3. Lines represent sigmoid fit. (D) D-loop formation assay comparing wt RAD51 and 

RAD51 I287T. (E) Quantification of E. Error bars indicate S.D. N = 3. Lines represent sigmoid fit. 

(F) ATPase assay for wt RAD51, RAD51 I287T and RAD51 K133R. 0.75 µm protein was used 

with 100 µM ATP. (G) A schematic of ssDNA curtain assay for RPA-eGFP displacement. 
Kymographs showing the assembly and disassembly of RAD51 filaments on single ssDNA 

molecules in the presence of 0.5 nM RPA–eGFP (green). Assembly reactions were initiated by 

injecting 2 µM RAD51 together with 2 mM ATP and 5 mM Ca2+ into sample chambers containing 

ssDNA molecules coated with RPA–eGFP, while monitoring the loss of RPA–eGFP signal. 

Disassembly reactions were initiated by flushing ATP and Ca2+ from the sample chambers while 
monitoring the increase in ssDNA–bound RPA–GFP signal. (H) Graphs showing the normalized 

RPA–eGFP signal intensity integrated over entire ssDNA molecules during the assembly of the 

RAD51 filaments. Shaded error bars represent 68% confidence intervals. N = 60. (I) Graphs 

showing the normalized RPA–eGFP signal intensity integrated over entire ssDNA molecules 

during the dissasembly of the RAD51 filaments. Shaded error bars represent 68% confidence 

intervals. N = 60. 
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4.2 RAD51 I287T causes replication stress in vivo 

With biochemical data confirming RAD51 I287T mimics the general characteristics 

of yeast Rad51 I345T mutant, I proceeded to test the impact of RAD51 I287T 

mutation in vivo. To do this, RAD51 I287T knock-in mice were generated in the 

Genetic Modification Service (GeMS) at the Francis Crick Institute by knocking in the 

allele via CRISPR-Cas9 into the inbred C57BL/6 genetic background. Rad51 gene 

deletion is embryonically lethal and results in developmental arrest at embryonic day 

5 (Lim and Hasty, 1996). Surprisingly, homozygous RAD51 I287T mutant mice are 

viable. Currently, this makes the RAD51 I287T mice the only reported viable RAD51 

mutant in mammalian cells. Parental mice, heterozygous RAD51 +/I287T mice and 

homozygous RAD51 I287T/I287T mice were maintained in a colony phenotypically 

analysed by Dr. Valerie Borel. RAD51 I287T/I287T are smaller than RAD51 +/+ mice 

and display a complex phenotype which includes white belly patches, kinks in the 

tail, facial abnormalities, smaller testes and reduced litter sizes over 21 days of 

gestation. These phenotypes are highly reminiscent of a recently reported Pol 

Epsilon hypomorph mouse model, Pole4-deficient mouse strain (Bellelli et al., 2018), 

which exhibits stochastic cell death during embryonic development due to 

heightened replication stress. Interestingly, RAD51 I287T/I287T mice also displayed 

eye abnormalities, which is similar to fancd2 deficient mouse models, where 

microphthalmia is observed (Parmar et al., 2009). Given that FA pathway is important 

for replication-coupled repair of DNA ICLs, this is also suggestive of elevated 

replication stress levels in these animals. Given RAD51 Walker A mutations (K133R 

and K133A) have a strong dominant-negative effect in cells (Kim et al., 2012), it was 

expected that heterozygous RAD51 +/I287T mice might display a phenotype similar 

to that of RAD51 I287T/I287T mice. However, this was not the case as heterozygous 

animals seem phenotypically indistinguishable from RAD51 +/+ mice. This 

observation further supports my biochemical data showing that ATPase activity is 

intact in RAD51 I287T and thus incorporation of RAD51 I287T into the filaments does 

not poison wt RAD51 in vivo.  

 

To examine cellular consequences of RAD51 I287T mutations, Dr. Valerie Borel 

isolated and immortalized fibroblasts from RAD51 +/+, RAD51 +/I287T and RAD51 
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I287T/I287T mouse embryos (mouse embryonic fibroblasts, MEFs). I then 

proceeded with detailed phenotypic analysis of these cells. For the purpose of this 

study, I focused mainly on RAD51 +/+ and RAD51 I287T/I287T (referred to as 

RAD51 IT/IT further in the text) MEFs as heterozygous mice do not display any 

phenotype. For the purpose of the study, two clones of RAD51 IT/IT from two RAD51 

+/+ parents were examined as independent biological replicates:  

 

I) clone C5 (RAD51 +/+) and corresponding knock-in clone C6 (RAD51 

IT/IT) 

II) clone C10 (RAD51 +/+) and corresponding knock-in clone C9 (RAD51 

IT/IT) 

 

First, I performed T3T protocol to calculate cumulative population doublings 

(Equation 10) of isolated cell lines. In accordance with the smaller size of the mice, 

RAD51 IT/IT MEFs proliferated more slowly than RAD51 +/+ MEFs (Figure 4.2A). 

To investigate whether genome duplication defects underline this phenotype, I 

performed the SMARD assay (Figure 4.2B) to estimate replication rates of individual 

replisomes (Equation 11) and assess replication fork dynamics in RAD51 IT/IT MEFs. 

While in RAD51 +/+ MEFs, physiological replication fork rates were observed (C5: 

1.02 ± 0.02 kb/min; 95% CI), RAD51 IT/IT MEFs displayed ~30 % slower overall fork 

speed (C6: 0.70 ± 0.05 kb/min; 95% CI) in both clones (Figure 4.2C, D, E). Next, I 

reasoned that the slower fork rates in RAD51 IT/IT mutant cells may be the result of 

stochastic replication fork stalling upon encountering an obstacle. To address this, 

the progression of two replication forks firing from the same origin was compared 

(Figure 4.2F). If no obstacle is present in front of the replication fork, CldU replication 

tracts will be mostly symmetric with respect to their length. If one of the ongoing forks 

encounters an obstacle, a shortening of the tract will be observed, resulting in 

decrease in apparent fork speed and an increase in asymmetry between the length 

of CldU tracts. Indeed, while RAD51 +/+ MEFs display low levels of fork asymmetry 

(C5: 16.0 ± 1.7 %), RAD51 IT/IT MEFs display a ~2-fold increase in replication fork 

asymmetry (C6: 36.7 ± 2.7 %). The phenomenon is observed in both biological 

clones (Figure 4.2G, H, I). 
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Figure 4.2: Replication stress in RAD51 IT/IT MEFs. (A) Analysis of proliferation of RAD51 +/+ 

and RAD51 IT/IT MEFs, measured as accumulation of population doublings. Cells were cultured 

according to 3T3 protocol; Error bars indicate SEM. N= 3. (B) Schematic of SMARD to analyse 
replication fork progression. (C) Replicating cells were pulse-labelled for 15 min with IdU and for 

15 min with CldU. Representative images of spread DNA fibres in RAD51 +/+ and RAD51 IT/IT 

MEFs. (D) Histogram of replication fork speed in RAD51 +/+ (clone 5, C5) and RAD51 IT/IT (clone 

6, C6) MEFs. N = 300-360 fiber tract/condition. Lines represent lognormal fit. (E) Histogram of 

replication fork speed in RAD51 +/+ (clone 10, C10) and RAD51 IT/IT (clone 9, C9) MEFs. N = 

300-360 fiber tract/condition. Lines represent lognormal fit. (F) Representative images of 
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symmetric or asymmetric forks firing from a single origin. (G) Analysis of fork symmetry in RAD51 

+/+ (clone 5, C5) and RAD51 IT/IT (clone 6, C6) MEFs reported as left/right moving fork ratio. N 

= 60. (H) Analysis of fork symmetry in RAD51 +/+ (clone 10, C10) and RAD51 IT/IT (clone 9, C9) 

MEFs reported as left/right moving fork ratio. N = 62. (I) Summary of fork asymmetry in RAD51 

+/+ and RAD51 IT/IT MEFs reported as percentage of fibre length difference. N = 60-62. 
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4.3 RAD51 I287T accumulation at replicating chromatin 

To investigate the souce of the stochastic replisome stalling and global replication 

fork slowing in RAD51 IT/IT MEFs, I performed subcellular fractionation to analyse 

chromatin-bound fraction of critical HR factors in RAD51 +/+ and RAD51 IT/IT MEFs 

under non-damaging conditions (Figure 4.3A). The analysis revealed that in 

asynchronous Wt cell populations, a low level of RAD51 is present on chromatin, 

however, in both isolated clones of RAD51 IT/IT MEFs, I observed a significant 

enrichment of RAD51 on chromatin. This is accompanied by a corresponding 

decrease in RPA70, as expected, given recombination mediators help RAD51 to 

displace RPA and RAD51 I287T is representative of a mediator bypassing RAD51 

mutant. The overall levels of RAD51 I287T trapped on chromatin seems relatively 

low, compared to the cytoplasmic fraction of RAD51. I reasoned that this might be 

the case in bulk asynchronous population of cells, while the population of replicating 

cells may accumulate much high levels of chromatin bound RAD51 I287T. To 

examine RAD51 binding specifically at active replication forks, I performed iPOND 

analysis in RAD51 +/+ and RAD51 IT/IT MEFs (Figure 4.3B). Strikingly, the levels of 

RAD51 bound to replicating chromatin were strongly increased in RAD51 IT/IT MEFs, 

when compared to RAD51 +/+ MEFs. This is not simply a by-product of replication 

stress, due to increased dormant origin firing (and in turn higher number of active 

replication forks) as levels of fork-bound PCNA are similar between RAD51 IT/IT and 

RAD51 +/+ MEFs. Finally, to further validate these results, indirect 

immunofluorescence was performed to visualize spontaneous accumulation of 

RAD51 foci (Figure 4.3C). Consistent with previous results, I observed an increase 

in spontaneous RAD51 focus formation in RAD51 IT/IT compared to RAD51 +/+ 

MEFs in both clones (Figure 4.3D). Collectively, these observations suggest that in 

RAD51 IT/IT MEFs, RAD51 extensively accumulates on chromatin at sites of active 

replication, which may cause the replisome to stall or inhibit restart, resulting in 

replication fork slowing and asymmetry. 
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Figure 4.3: RAD51 I287T accumulates on replicating chromatin. (A) Immunoblot of 
cytoplasmic versus chromatin extract in RAD51 +/+ and RAD51 IT/IT MEFs probed for RAD51 

and RPA70. α-tubulin was used as a loading control for cytoplasmic fraction. Histone H3 was 

used as a loading control for chromatin fraction (data are representative of 2 independent 

technical and 2 independent biological replicates). L indicates long exposure. S indicates short 

exposure. (B) RAD51 +/+ (C5) and RAD51 IT/IT (C6) MEFs were labelled with EdU for 10 min 

and subjected (or not) to 30 min chase in media containing thymidine before being processed for 

iPOND. Captured proteins were analysed by SDS-PAGE and probed by indicated antibodies. (C) 
Representative images of RAD51 +/+ (C5) and RAD51 IT/IT (C6) MEFs stained with anti-RAD51 
antibody and DAPI. (D) Quantification of RAD51 focus formation under non-damaging conditions 

in RAD51 +/+ and RAD51 IT/IT MEFs. Between 83 and 283 cells were quantified for each 

condition. Mann-Whitney test. 
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4.4 RAD51 I287T and sensitivity to fork-blocking lesions 

Given the RAD51 IT/IT phenotype outlined above, I reasoned that increased 

replication stress levels in RAD51 IT/IT MEFs may also lead to increased sensitivity 

to certain forms of DNA damage. To explore this, I treated RAD51 +/+ and RAD51 

IT/IT MEFs with the indicated doses of DNA damaging agent for a period of 5 days 

and then assessed the surviving fraction of cells (Figure 4.4A, B). I observed 

profound sensitivity to PARP inhibitor/trapping agent, olaparib in RAD51 IT/IT MEFs 

(IC50 of 1.8 ± 0.2 µM for C5 (wt) and 1.7 ± 0.2 µM for C6 (IT/IT)), together with 

sensitivity to replication-fork progression blocking agents, such as cisplatin (causing 

ICLs; IC50 of 0.64 ± 0.01 µM for C5 (wt) and 0.42 ± 0.02 µM for C6 (IT/IT)), MMS 

(causing bulky alkylating lesions; IC50 of 0.078 ± 0.003 % for C5 (wt) and 0.045 ± 

0.003 % for C6 (IT/IT)) and pyridostatin (PDS, stabilizing secondary DNA structures 

– mainly G-quadruplexes, G4s; IC50 of 15.9 ± 0.8 µM for C5 (wt) and 7.6 ± 0.7 µM 

for C6 (IT/IT)). Interestingly, no sensitivity was observed with regards to treatment 

with replication poisons, such as hydroxyurea (HU, which depletes dNTP pool; IC50 

of 52.8 ± 2.0 µM for C5 (wt) and 52.8 ± 1.7 µM for C6 (IT/IT)) and aphidicolin (APH, 

which inhibits main replicative DNA polymerases; IC50 of 0.15 ± 0.2 µM for C5 (wt) 

and 0.20 ± 0.2 µM for C6 (IT/IT)). Finally, no sensitivity to lesions causing non-

replication associated DSBs, such as bleomycin (IR mimicking agent; IC50 of 0.23 ± 

0.02 mM for C5 (wt) and 2.42 ± 0.27 mM for C6 (IT/IT)) and etoposide (TOPII poison; 

IC50 of 64.9 ± 1.1 nM for C5 (wt) and 88.9 ± 6.3 nM for C6 (IT/IT)) was observed for 

RAD51 IT/IT cells. On the contrary, RAD51 IT/IT cells were found to be consistently 

resistant to bleomycin treatment (see IC50 values above). From these experiments, 

I conclude that RAD51 IT/IT MEFs are selectively sensitive do genotoxins causing 

blockages that are toxic upon encountering moving replication fork. These data are 

in line with the observed replication stress phenotype observed in the IT mutant mice 

and are reminiscent of data presented in Section 3.6 for nematode RFS-1 null and 

Walker A mutants, where negligible sensitivity to HU, but strong sensitivity to 

replication fork blocking treatments such as CDDP, NH2 or CPT is observed. This is 

also consistent with previous reports (Taylor et al., 2015; Ward et al., 2007) where 

only mild effect of rfs-1 deletion on nematode survival and RAD51 foci formation in 

response to IR, but strong effects survival and RAD51 focus formation in response 
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to CDDP, HN2 and CTP. This is particularly interesting, as RAD51 I287T is expected 

to be a mediator ‘bypass’ mutant, rather than an hypomorph and indicates that 

perhaps both RAD51 paralog loss and ‘bypass’ ultimately manifest into similar 

cellular phenotypes. Importantly, the sensitivity profile of RAD51 IT/IT MEFs is 

reminiscent of models of FA, where strong sensitivity to CDDP and MMS, but not HU, 

or IR is observed (Adelman et al., 2013). 

 
Figure 4.4: Genotoxin sensitivity of RAD51 IT/IT MEFs. (A) Cellular survival in RAD51 +/+ 

(C5) and RAD51 IT/IT (C6) MEFs after 5 days of indicated drug treatment. Data are mean ± SEM 
normalized to untreated cells (n = 3-4). Lines represent sigmoid fit to calculate IC50 values. (B) 
Cellular survival in RAD51 +/+ (C10) and RAD51 IT/IT (C9) MEFs after 5 days of indicated drug 

treatment. Data are mean ± SEM normalized to untreated cells (n = 3-4). Lines represent sigmoid 

fit to calculate IC50 values. 
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Olaparib, CDDP, MMS, PDS and CDDP may also cause DSB formation due to fork 

breakage. To more confidently rule out that the observed sensitivity to the 

aforementioned agents might be simply a result of impaired efficiency of overall DSB 

repair by HR, I monitored RAD51 foci formation kinetics following DSB formation 

induced by IR. RAD51 foci are a good marker for recombination, as in BRCA2 or 

RAD51 paralog deficient cells RAD51 foci formation in response to IR is severely 

attenuated (Garcin et al., 2019; Martin et al., 2005; Ward et al., 2007; Yuan et al., 

1999). Similarly, when HR is stalled downstream of RAD51 filament assembly (due 

to defective strand exchange or D-loop processing), RAD51 foci accumulate and fail 

to resolve even 24 hours after DNA damage induction (Adelman et al., 2013; Ward 

et al., 2010). To assess this, I irradiated RAD51 +/+ and RAD51 IT/IT MEFs and 

monitored RAD51 foci formation by indirect immunofluorescence 1, 2, 4, 8 and 24 

hours post-irradiation (Figure 4.5A). Overall, RAD51 +/+ and RAD51 IT/IT MEFs 

display similar kinetics of RAD51 foci formation and resolution, indicating no strong 

defect in DSB repair. To further assess recombination efficiency, I used plasmid 

based pre-digested substrates containing two copies of incomplete nanoluciferase 

gene, one with a I-SceI induced cut, the other one intact, serving as a substrate for 

HR-mediated reconstitution of functional nanoluciferase gene (Figure 4.5B). The 

assay is based on previously described eGFP HR reporter system (Seluanov et al., 

2010). Luminescence signal detection can be then used as a readout for HR 

efficiency. I transfected both clones of RAD51 IT/IT MEFs and compared their HR 

efficiencies to corresponding RAD51 +/+ MEF parent. No significant difference in HR 

efficiency was observed. This indicates that even though RAD51 I287T has better 

strand exchange yields in vitro, this does not cause hyperrecombination phenotype 

in vivo. This can be explained by extensive loading of RAD51 I287T at replication 

forks, but not conventional DSBs. Similar findings were previously observed for yeast 

Rad51 I345T, where only a subtle increase in gene-conversion frequencies, 

monitored by physical recombination assays, was observed (Fortin and Symington, 

2002).  
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Figure 4.5: RAD51 IT/IT MEFs displays HDR efficiency similar to that of RAD51 +/+ MEFs. 
(A) Representative images of RAD51 +/+ (C10) and RAD51 IT/IT (C9) MEFs stained with anti-

RAD51 antibody and DAPI. Quantification of RAD51 focus formation under non-damaging 

conditions and in indicated timepoints after exposure to 1 Gy of IR in RAD51 +/+ (C10) and 

RAD51 IT/IT (C9) MEFs. Between 41 and 211 cells were quantified for each condition. (B) A 

schematic of I-SceI digested extrachromosomal plasmid used for HDR efficiency assessment. 

HDR of the plasmid by gene conversion results in restoration of nanoluciferase gene and can be 

monitored by detecting luminescent signal in 96 well plate format. Quantification of HDR 

efficiencies in RAD51 +/+ and RAD51 IT/IT MEFs. Mann-Whitney test. 

 

Taken together, these results indicate that RAD51 I287T does not cause hyper-

recombination in vivo, nor does it strongly impair DSB repair by HR via formation of 

persistent, dead-end filaments and/or strand invasion products, as it was reported 

previously for RAD51 K133R (Stark et al., 2002). Yet, interference with replication 

fork progression results in heightened replication stress and reduced cellular survival 

of RAD51 IT/IT MEFs. 
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4.5 RAD51 I287T and fork slowing after DNA damage  

To test whether there is a link between sensitivity to replication-blocking genotoxins, 

RAD51 I287T accumulation at replication chromatin and overall replication stress 

phenotype of RAD51 IT/IT MEFs and mice, I performed chromatin fractionation 

experiments after exposure of RAD51 IT/IT MEFs (C6) to 10 µM olaparib for 24 hours 

(Figure 4.6A). Upon olaparib treatment, a slight enrichment of PARP1 on chromatin 

due to trapping was observed together with increased RPA levels and ub-gH2AX 

species appearance, which indicates that drug treatment was successful and caused 

DNA damage (Hewitt et al., 2020; Luczak and Zhitkovich, 2018). Interestingly, 

treatment with olaparib resulted in even greater RAD51 accumulation on chromatin 

in RAD51 IT/IT MEFs when compared to non-treated cells. To investigate whether 

these results correlate with a change in replication dynamics, I performed the 

SMARD assay using a modified protocol where cells were grown and treated 24h 

prior to the experiment with either 10 µM olaparib or 5 µM cisplatin (Figure 4.6B, C). 

Under conditions where cells were grown without exogenous DNA damage, RAD51 

+/+ MEFs replicated their DNA with physiological rates (geometric mean of 0.97 ± 

0.01 kb/min; C5). RAD51 IT/IT MEFs displayed slower replisome progression rate 

(geometric mean of 0.84 ± 0.02 kb/min; C6). Upon 24 h treatment with 10 µM olaparib, 

replisome rate very slightly increased in RAD51 +/+ MEFs (geometric mean of 1.07 

± 0.03 kb/min; C5). This is reminiscent of increased fork rates in human cells treated 

with olaparib reported previously (Maya-Mendoza et al., 2018). However, in RAD51 

IT/IT MEFs, the same olaparib treatment resulted in further fork slowing (geometric 

mean of 0.79 ± 0.01 kb/min; C6). The treatment with 10 µM cisplatin resulted in 

strong fork slowing in RAD51 +/+ MEFs (0.63 ± 0.01 kb/min; C5), which was further 

exacerbated in RAD51 IT/IT MEFs (0.51 ± 0.01 kb/min; C6). I also observed a similar 

phenomenon of increased fork slowing in RAD51 IT/IT MEFs with two different 

replication-blocking agents (Figure 4.6D). I also investigated fork asymmetry after 

these treatments (Figure 4.6E), but did not observe exacerbation in fork asymmetry 

in RAD51 IT/IT MEFs after treatment with either olaparib of cisplatin when compared 

to RAD51 +/+ MEFs (Figure 4.6F). Compared to overall fork speed, perhaps fork 

asymmetry measurement result in effect size underestimation when probability of 

fork stalling is high enough to cause both forks to stall. 
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Figure 4.6: Further analysis of DNA damage sensitivity in RAD51 IT/IT MEFs. (A) 
Immunoblot of whole cell extract (WCE), cytoplasmic and chromatin extract in RAD51 +/+ (C5) 

and RAD51 IT/IT (C6) MEFs untreated or treated with 10 µM olaparib (OLA) for 24 h probed for 

RAD51, PARP1, gH2AX and RPA70. α-tubulin was used as a loading control for cytoplasmic 

fraction. Histone H3 was used as a loading control for chromatin fraction. (B) Replicating cells 
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were untreated or treated with 10 µM olaparib (OLA) or 10 µM cisplatin (CIS) for 24 h following a 

day after seeding, pulse-labelled for 20 min with IdU and for 20 min with CldU. Representative 

images of spread DNA fibres in RAD51 +/+ (C5) and RAD51 IT/IT (C6) MEFs are shown. (D) 
Histogram of replication fork speed in RAD51 +/+ (C5) and RAD51 IT/IT (C6) MEFs following 

treatment with 10 µM olaparib (OLA) or 10 µM cisplatin (CIS) for 24 h. N = 209-272 fiber 

tract/condition. Lines represent lognormal fit. (D) Summary of fork rate data with indicated means 

(red line) for individual conditions. Mann-Whitney test. (E) Analysis of fork symmetry in RAD51 

+/+ (C5) and RAD51 IT/IT (C6) MEFs following treatment with 10 µM olaparib (OLA) or 10 µM 

cisplatin (CIS) for 24 h reported as left/right moving fork ratio. N = 33-64. (F) Summary of fork 

asymmetry in RAD51 +/+ and RAD51 IT/IT MEFs reported as percentage of fibre length 

difference. N = 33-64. 

 

In summary, I have successfully engineered human RAD51 (I287T) variant that 

recapitulates biochemical characteristics of yeast Rad51 paralog bypass variant 

(I345T). I validated that this variant assembles faster on ssDNA, and disassembles 

slower than wt RAD51, and has intact ATPase activity, making it a functional enzyme 

in vivo. RAD51 IT/IT homozygous knock-in mice are viable and exhibit features of 

exacerbated replication stress with some features reminiscent of FA deficient mice. 

Further investigation revealed that this is due to global replication fork slowing 

caused by stochastic replisome stalling or defective restart, likely caused by 

promiscuous RAD51 I287T loading on replicating chromatin. The underlying 

replication defect renders RAD51 IT/IT cells sensitive to replication fork blocking 

agents and constitutes FA-like features in these cells and partially in mice. These 

findings highlight the need for a ‘Goldilocks regulation’ of RAD51 assembly on DNA 

in vivo, where optimal RAD51 assembly kinetics is sufficient to accurately repair 

DSBs, while preventing spontaneous assembly of RAD51 at ssDNA segments 

generated during genome duplication, which leads to fork slowing and replication 

stress. An alternative explanation to unscheduled spontaneous RAD51 assembly 

causing stochastic fork slowing is a fork restart/remodelling defect due to reduction 

of intrinsic filament disassembly rates of RAD51 IT mutant. This would cause the 

blocked forks to remain stalled and would present with elevated levels of RAD51 IT. 

Which of these two alternatives better describes the replication dynamics 

deregulation is RAD51 IT/IT MEFs remains to be determined. 
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Chapter 5. Results 3: The influence of mismatch 
tolerance during meiotic DNA pairing 

5.1 C. elegans RAD-51 tolerates mismatches  

Most eukaryotes possess two main recombinases: Rad51, which is ubiquitously 

expressed, and Dmc1, which is meiosis specific. The evolutionary origin of the two-

recombinase system remains poorly understood. Interestingly, Dmc1 is capable of 

stabilizing a mismatch within three-nucleotides during heteroduplex DNA formation, 

whereas Rad51 cannot (Lee et al., 2015). It has been suggested that the intrinsic 

ability of Dmc1 to tolerate mismatches during DNA strand exchange is a critical 

feature enabling interhomolog recombination during meiosis, thus explaining the 

evolutionary need for two-recombinase system. Yet the evidence for this in vivo is 

lacking. 

 

To address the evolutionary origin of two-recombinase system, I and Dr. Justin 

Steinfeld (Columbia University, Dr. Eric Greene group) have inspected the sequence 

of RecA-like ATPase core of the two main recombinases from various organisms 

including bacteria, yeast, human, Drosophila and nematode in order to find residues 

responsible for mismatch tolerance of Dmc1. Furthermore, we presumed that amino 

acids responsible for this effect should fulfil three criteria outlined below:  

 

I) The residues should be conserved within the Dmc1 recombinase family.  

II) They should not be present in the Rad51 recombinase family. 

III) They would be found within one of the two known DNA-binding motifs, 

DNA-binding loop 1 (L1) or DNA-binding loop 2 (L2), which are conserved 

in all recombinases (Chen et al., 2008; Story et al., 1993). 

 

Given these criteria, we examined L1 and L2 sequences of Rad51-like and Dmc1-

like proteins from various species and concluded that for Saccharomyces cerevisiae 

Rad51 ScRad51), these lineage-specific residues correspond to L1 amino acids 

T288, A298, and H302. The Saccharomyces cerevisiae Dmc1 (ScDmc1) lineage-

specific residues include L1 amino acids V224, E234 and K238 (Figure 5.1A). 
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Interestingly, some organisms, such as Caenorhabditis sp., have lost the Dmc1 gene, 

even though the reasons for this loss remain unclear (Brown and Bishop, 2014). 

Surprisingly, sequence inspection of RAD-51 protein from Caenorhabditis sp. 

revealed that the lineage-specific amino acids present in L1 loop - N246, E256 and 

K260, do not correspond to “canonical” Rad51 (we use the term “canonical” to 

identify Rad51-like proteins from species that contain both recombinases) but 

instead more closely resemble Dmc1 (Figure 5.1A). To validate our bioinformatic 

analysis, purified C. elegans RAD-51 (CeRAD-51) was assembled into filament on 

ssDNA curtains by Dr. Justin Steinfeld and single-molecule DNA strand exchange 

reaction using dsDNA fragments with varying length of homology were conducted 

(Figure 5.1B). Like yeast and human recombinases, CeRAD-51 performs DNA 

strand exchange resulting in heteroduplex DNA formation. The lifetime of the 

heteroduplex scales in 3-nt increments (Figure 5.1C) consistent with a base triple 

stepping mechanism (Lee et al., 2015; Qi et al., 2015). Free energy change (DDG‡) 

used to quantitatively describe stability of individual 3-nt stepping states was 

calculated as described previously (Lee et al., 2015; Qi et al., 2015): 

 

𝚫𝚫𝑮‡ = 𝚫𝑮𝟐
‡ − 𝚫𝑮𝟏

‡ = 𝒌𝒃𝐓 𝐥𝐧
𝒌𝒅
𝟏

𝒌𝒅
𝟐       (13) 

 

where kb is the Boltzmann constant,  

T is absolute temperature,  

ΔΔG‡ is the free energy difference between two escape processes described 

by the dissociation rates k1
d and k2

d. Dissociation rates are measured 

experimentally from captured dsDNA lifetimes. 

 

When a single nucleotide mismatch is introduced into the middle repeat of a 

substrate containing three triplets, CeRAD-51 and ScDmc1 are capable of 

‘overstepping’ it. This results in captured dsDNA fragment lifetimes comparable to 

lifetimes of fully homologous dsDNA fragment. However, this is not the case for 

ScRad51, which fails to overstep and tolerate the mismatch (Figure 5.1D, E). If the 

mismatch is present in terminal triplet of a two-triplet dsDNA substrate, none of the 
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recombinases (ScRad51, ScDmc1 or CeRad51) are capable of increasing stability 

of the formed heteroduplex (Figure 5.1D, F). 

 
Figure 5.1: Nematode RAD-51 tolerates mismatches during DNA strand exchange. (A) 
Comparison of Caenorhabditis sp. RAD-51 sequences (C. elegans, C. remanei, and C. brenneri) 

with Rad51 and Dmc1 sequences from organisms with both recombinases (S. cerevisiae, H. 

sapiens, and O. sativa). Amino acids conserved in all three lineages are highlighted in red, Rad51 
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lineage-specific amino acids are highlighted in blue, and Dmc1 lineage-specific amino acids are 

highlighted in green. (B) A schematic of single-molecule DNA strand exchange DNA curtains 

assay. Illustration of dsDNA substrates used for base triplet stepping assays. The 8-nt tract of 

microhomology highlighted in green is required for efficient binding, and the nucleotides 

highlighted in blue represent incremental increases in the microhomology length. Color-coded 

designations here and in all subsequent figure panels indicate the length of homology at which 

steps 1–3 are detected. (C) Dissociation rate data obtained from the single-exponential fitting of 
lifetimes of captured dsDNA by CeRAD-51. (D) Left - schematic illustration of a dsDNA substrate 

(shown in blue; the noncomplementary strand is omitted for clarity) bound to a presynaptic ssDNA 

(in red). A single mismatch is indicated with a star (★) and is positioned in either the terminal 

base triplet (panel i), an internal base triplet that is not stabilized (as with Rad51; panel ii), or an 

internal triplet that is stabilized (as with Dmc1; panel iii). The binding steps relative to triplet length 

are highlighted, where step 1 corresponds to the initial binding interaction, whereas steps 2 and 

3 reflect the changes in dissociation rates that occur for each 3-nt increase in length. Right - 

schematic of dsDNA substrates with mismatches positioned within the terminal base triplet. The 

locations and identities of the mismatches are highlighted as an underlined magenta “X.”. (E) 
Internal mismatch triplet assays for CeRAD-51. Data for ScRad51 and ScDmc1 are shown for 

comparison. The free energy changes associated with each step (for fully homologous 

substrates) are indicated with color-coded dashed lines. (F) Terminal mismatch triplet assays for 

CeRAD-51. Data for ScRad51 and ScDmc1 are shown for comparison. The free energy changes 

associated with each step (for fully homologous substrates) are indicated with color-coded 

dashed lines. 
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5.2 Engineering mismatch-intolerant RAD-51 mutant 

If the hypothesis regarding mismatch stabilization by specific L1 amino acids is 

correct, then C. elegans RAD-51 (CeRAD-51) mutant in which the “Dmc1-like” amino 

acids were changed to the “Rad51-like” residues might lose the ability to overstep 

DNA mismatches. To test for this, I made a CeRAD-51 N246S, E256A, K260H triple 

mutant (corresponding to ScRad51 amino acids T288, A298, and H302), which I 

refer to as CeRAD-51-TM.  

 
Figure 5.2: Characterization of RAD-51 triple mutant. (A) ssDNA and dsDNA binding assays 

and (B) quantitation for wt CeRAD–51 and CeRAD–51–TM; error bars represent S.D. from three 

separate measurements. (C) D–loop formation assays and (D) quantitation for wt CeRAD–51 and 

CeRAD–51–TM; error bars represent S.D. from three separate measurements. (E) Assembly and 

(F) disassembly kinetics for CeRAD–51 and CeRAD–51–TM filaments obtained from ssDNA 
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curtain assays; error bars represent S. D. calculated from the indicated number of single ssDNA 

molecules. 

 

CeRAD-51-TM retain similar, albeit attenuated ssDNA (for CeRAD-51: Kd = 0.256 ± 

0.038 µM; for CeRAD-51-TM: Kd = 0.532 ± 0.091 µM) and dsDNA (for CeRAD-51: 

Kd = 0.489 ± 0.053 µM; for CeRAD-51-TM: Kd = 1.113 ± 0.303 µM) binding activity 

(Figure 5.2A, B). CeRAD-51 and CeRAD-51-TM also display a similar ability to form 

strand invasion products in D-loop formation assay (Figure 5.2C, D). CeRAD-51 and 

CeRAD-51-TM can displace RPA-eGFP in the single-molecule ssDNA curtain assay 

with similar assembly and disassembly rates, although CeRAD-51-TM binds ∼21% 

less fast (for CeRAD-51: halftime of 1.24 ± 0.02 min; for CeRAD-51-TM: halftime of 

1.50 ± 0.04 min) (Figure 5.2E) and disassembles ∼26% more quickly than CeRAD-

51 (for CeRAD-51: halftime of 30.4 ± 0.5 min; for CeRAD-51-TM: halftime of 22.5 ± 

0.2 min) (Figure 5.2F). To interrogate whether CeRAD-51-TM has lost the ability to 

stabilize DNA mismatched during strand exchange, I first performed a modified D-

loop formation assay, where a fluorescently labelled 90mer ssDNA substrate 

containing 29 A to T mismatches was used (Figure 5.3A). Strikingly, even though 

this substrate contained multiple mismatches, CeRAD-51 was capable of limited 

invasion of the mismatched 90mer into negatively supercoiled pBluescript plasmid. 

However, this ability was completely abolished in the case of CeRAD-51-TM (Figure 

5.3B), confirming a loss of mismatch tolerance in bulk strand exchange assay. To 

confirm these ensemble findings, Dr. Justin Steinfeld performed single-molecule 

ssDNA curtain DNA strand exchange assays with Atto565-dsDNA fragments, which 

confirmed that CeRAD-51 and CeRAD-51-TM, both displayed base triplet stepping 

(Figure 5.3C, D). Similar to ScRad51 and ScDmc1, both CeRAD-51 and CeRAD-51-

TM were unable to stabilize DNA mismatches present at the end of a microhomology 

region within the short dsDNA substrates (Figure 5.3E). However, in contrast to 

ScRad51, CeRAD-51 could stabilize mismatches located at an internal position 

within the microhomology region, while CeRAD-51 TM could not (Figure 5.3F). When 

combined, these results demonstrate the ability to stabilize mismatched base triplets 

was abolished for the CeRAD-51-TM. These findings confirm the premise that 

lineage specific L1 residues in Dmc1 constitute the ability to stabilize mismatched 

triplets within the context of DNA strand exchange intermediates. 
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Figure 5.3: RAD-51 triple mutant fails to tolerate mismatches during strand exchange. (A) 
D–loop formation assay and (B) corresponding quantitation for a 90–nt D–loop substrate 

harbouring 29 mutations, corresponding to 32% sequence divergence with the dsDNA plasmid 

substrate. Error bars in (B) represent S.D. from three separate measurements. (C-D) Dissociation 
rate data obtained from the single-exponential fitting of lifetimes of captured dsDNA by CeRAD-

51 or CeRAD-51-TM. (E) Terminal mismatch triplet assays for CeRAD-51 and CeRAD-51-TM. 

Data for ScRad51 and ScDmc1 are shown for comparison. The free energy changes associated 

with each step (for fully homologous substrates) are indicated with color-coded dashed lines. (F) 
Internal mismatch triplet assays for CeRAD-51. Data for ScRad51 and ScDmc1 are shown for 

comparison. The free energy changes associated with each step (for fully homologous 

substrates) are indicated with color-coded dashed lines. 
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5.3 Mismatch (in)tolerance of CeRAD-51-TM in vivo 

To investigate the role of the L1 lineage-specific residues in vivo, genome editing by 

CRISPR–Cas9 was performed to insert three mutations (N246S, E256A, and 

K260H) by Knudra transgenics into the C. elegans rad-51 gene (Figure 5.4A, B). The 

rad-51(knu529) strain was viable. Scoring the recombination between visible 

markers dpy-17 and unc-36 at a fully homologous genetic interval on chromosome 

III (Section 2.3.4), did not demonstrate a significant difference in crossover formation 

frequencies between N2 (wt) and rad-51(knu529) strains (Figure 5.4C, D). These 

data indicate that CeRAD-51-TM is competent in meiotic HR progression in vivo. C. 

elegans is a highly inbred organism with low DNA sequence divergence in parental 

N2 strain, which may provide a partial explanation for the lack of an apparent meiotic 

phenotype in rad-51(knu529) knock-in strain. To circumvent this issue, I utilized the 

previously described heterozygous mln-1 inversion system (Leon-Ortiz et al., 2018) 

on chromosome II (Section 2.3.4). The mIn-1 inversion is flanked by gfp and rol-1 

visible markers, while the noninverted chromosome contains the dpy-25 allele 

(Figure 5.4C). Very rare meiotic heterologous recombination (het-rec) events 

between synapsed 8 Mbp mIn-1 inverted sequence can be monitored by scoring 

recombination between the visible markers. In N2 (wt) and rad-51(knu529) strains, 

het-rec events are extremely rare (Section 2.3.4). Depletion of RTEL-1 or BRC-1 in 

the N2 strain leads to a strong increase in the het-rec frequency, which is mismatch-

dependent (Leon-Ortiz et al., 2018). Given the increase of het-rec well above very 

rare basal frequencies in RTEL-1 and BRC-1 deficient background, this system can 

be used to investigate the mismatch tolerance of CeRAD-51 and CeRAD-51-TM in 

vivo. Compared to the N2(Wt) strain, depletion of RTEL-1 or BRC-1 yields a 

significantly reduced frequency of het-rec events in the rad-51(knu529) strain (Figure 

5.4D). Given the lack of mismatch tolerance of CeRAD-51-TM in vitro, these results 

suggest that the reduction in het-rec frequency observed in the rad-51(knu529) 

background likely stems from an inability to promote efficient DNA pairing between 

mismatch-containing sequences in the inverted mIn-1 region.  
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Figure 5.4: RAD-51 triple mutant is intolerant to heterology in vivo. (A) CRISPR-generated 

base-pair substitutions within the L1 domain of C. elegans RAD-51. Substituted nucleotides are 
underlined by a red line. (B) PCR validation of the substitution in rad–51 gene by using primers 

provided by Knudra transgenics. (C) A schematic of meiotic recombination assay between visible 

markers for homologous genetic interval and het-rec assay. (D) Recombination frequency as 

measured by genetic map distance between pair of marker genes dpy-17/unc-36 on chromosome 

III. Error bars represent S.D. (E) Increased recombination between heterologous sequences 

induced by RTEL-1 or BRC-1 depletion is suppressed in the rad-51(knu529) background - 

indicating loss of tolerance for DNA sequence heterology during CeRAD-51-TM mediated 

recombination in vivo. The “-RNAi” label corresponds to conditions in which the C. elegans strain 
was treated with control bacteria lacking an expression plasmid for RNAi. P-values by χ2. 
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5.4 Genetic interactions of CeRAD-51-TM 

Given the rad-51(knu529) allele supresses the rtel-1 het-rec phenotype, I asked if 

other rtel-1-associated phenotypes could also by supressed in rad-51(knu529) 

background. Among these are decreased brood size, decreased embryonic survival, 

and sensitivity to DNA damaging compounds (Barber et al., 2008). Contrary to my 

expectations, I observed a synthetic sickness in rtel-1; rad-51(knu529) double mutant 

worms, manifested as a further decrease in brood size (Figure 5.5A), increased 

levels of embryonic lethality (Figure 5.5B), and higher sensitivity to certain DNA 

damaging agents (Figure 5.5C). RECQL5 helicase was previously shown to supress 

recombination by dismantling RAD51 filaments (Hu et al., 2007), while RTEL1 was 

implicated in disrupting D-loop intermediates formed during HR to alter the outcome 

of meiotic DSB repair. C. elegans RCQ-5 helicase does not seem to supress 

additional meiotic crossovers or het-rec events (Barber et al., 2008; Youds et al., 

2010). Consistently, no strong genetic interaction was observed for rad-51(knu529) 

in rcq-5 background (Figure 5.5A, B). 

 

Next, I investigated rtel-1; rad-51(knu529) strain for changes in RAD-51 focus 

formation and resolution in the C. elegans germline. Premeiotic S phase at the distal 

tip of the germline is followed by progressive stages of meiosis I, which are defined 

by specific features associated with homologous chromosome alignment, pairing, 

synapsis, and formation of chiasmata. DNA strand exchange intermediates formed 

during meiosis by RAD-51 are repaired to produce crossovers or non-crossovers and 

can be visualized by the formation and timely resolution of RAD-51 foci starting in 

pachytene and disappearing in early diplotene (Figure 5.5D, E). Quantification of 

RAD-51 foci in each of meiotic germline zones revealed that the timing and levels of 

RAD-51 accumulation at meiotic DSBs were similar between N2 and rad-51(knu529) 

strain, supporting the conclusion that CeRAD-51-TM is a competent recombinase in 

vivo. However, unlike the N2 and rad-51(knu529) nematode strains, RAD-51 foci 

persisted into late stages of meiosis I in the rtel-1; rad-51(knu529) strain (Figure 5.5D, 

E). The observed phenotype is similar to that reported for helq-1; rtel1-1 double 

mutants, which also display smaller brood sizes, low embryonic viability levels, and 

RAD-51 foci foci (Ward et al., 2010). Prompted by this similarity, I made a rad-
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51(knu529); helq-1 double-mutant. Intriguingly, the helq-1; rad-51(knu529) strain 

also showed persistence of RAD-51 foci in late phases of meiotic prophase (Figure 

5.5D, E). The helq-1; rad-51(knu529) strain also displayed a significant reduction in 

brood size and increased numbers of unhatched eggs (Figure 5.5A, B). 

 
Figure 5.5: RAD-51 triple mutant causes toxicity in the absence of RTEL-1 or HELQ-1 in 
vivo. (A) Brood size in strains of the indicated genotype. Progeny of five to 12 worms were 

evaluated. P-values by Mann-Whitney test. (B) Percentage of hatched eggs after 24 h in strains 
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of the indicated genotype. Progeny of five to 12 worms were evaluated. P-values by Mann-

Whitney test. (C) DNA damage sensitivity assays. The indicated strains were treated with 

increasing doses of genotoxins, rtel–1; rad–51(knu529) display increased sensitivity to 

replication–associated lesions caused by HU, TMP–UVA and UVA, but not to IR. (D) 
Representative images of different compartments of the C. elegans germline. (Blue) DAPI 

staining; (green) RAD-51 staining. Scale bar, 5 µm. (E) C. elegans germline with marked zones 

used to score meiotic RAD-51 focus formation. Quantification of meiotic RAD-51 focus formation 
in the different zones of the worm germline in strains of the indicated genotype. helq-1; rad-

51(knu529) and rtel-1; rad-51(knu529) display persistent RAD-51 foci in late stages of meiosis. 

Between 67 and 548 cells were quantified for each zone in two independent experiments for each 

genotype. P-values by Mann-Whitney test.  

 
Taken together, our data reveal that CeRAD-51-TM is a functional enzyme proficient 

in meiotic recombination in vivo but is impaired for strand invasion in the context of 

divergent DNA sequences. Given, RTEL-1 and HELQ-1 act to process postsynaptic 

recombination intermediates, the synthetic sick interactions of rad-51(knu529) with 

rtel-1 and helq-1 points to a dependence on postsynaptic recombination regulators 

for effective repair meiotic DSBs and promote embryonic survival. This implies the 

presence of a fraction of toxic recombination intermediates that arise in the rad-

51(knu529) strain that must be removed by RTEL-1 or HELQ-1 to allow meiotic 

progression. The nature of these intermediates is not clear. Perhaps destabilized 

three nucleotides generated by CeRAD-51-TM cause perturbations in DNA 

heteroduplex structure, which may interfere with downstream processing of a subset 

of meiotic DSBs, and to avoid stalled meiotic break repair resulting in cell death, 

RTEL-1 or HELQ-1 are required to disassemble the toxic joint molecules and channel 

the repair through different recombination sub-pathways. Another explanation is that 

lower stability of CeRAD-51-TM on ssDNA observed in vitro may partially phenocopy 

RFS-1 loss and result in synthetic sickness, similar to that observed between helq-1 

and rfs-1 (Ward et al., 2010). 
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Chapter 6. Discussion 

6.1 Mechanism of Rad51 presynaptic filament assembly 

In Chapter 3, I proposed that, similarly to RecA, Rad51 filament assembly occurs by 

a two-step process, which requires the sequential action of BRC-2 and RFS-1/RIP-

1. BRC-2 acts primarily at the RAD-51 nucleation step to promote RAD-51 

accumulation on RPA-coated ssDNA. Unlike RecA, Rad51 nuclei grow very slowly. 

However, inclusion of RFS-1/RIP-1 promotes faster growth of RAD-51 filaments in a 

3’®5’ direction. RFS-1/RIP-1 engages in a highly dynamic manner with the 5’ ends 

of RAD-51 filaments. RFS-1/RIP-1 dissociation is regulated by its intrinsic ATPase 

activity and is critical to allow filament growth. Hence, RFS-1/RIP-1 functions as a 

classical ‘chaperone’, mediating the formation of functional RAD-51 filaments in vitro 

and in vivo (Figure 6.1). 

 
Figure 6.1: Model of metazoan RAD-51 presynaptic filament assembly. BRC-2 nucleates 

RAD-51 on RPA-coated ssDNA. Nascent RAD-51 filaments are bound at 5’ filament end by RFS-

1/RIP-1. RFS-1/RIP-1 stabilizes growing RAD-51 filaments by preventing disassembly bursts 
from filament ends. Dissociation of RFS-1/RIP-1 mediated by ATP hydrolysis allows for further 

recruitment of RAD-51 protomers promoting filament growth in 5’ direction. Inability of RFS-1 

K56A/RIP-1 to dissociate from RAD-51 filaments results in prolonged end-capping and formation 

of stable, but shorter less active filaments. 
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Division of labour between mediator proteins. My single-molecule data reveal the 

contribution of recombination mediators to RAD51 nucleation and growth. The 

division of labour between BRC-2 and Rad51 paralogs likely comes from their 

intrinsic biochemical properties: BRC-2 possesses high affinity for ssDNA and RAD-

51 in solution (Martin et al., 2005; Petalcorin et al., 2006); while RFS-1/RIP-1 binds 

ssDNA very poorly and does not interact with RAD-51 in solution (Taylor et al., 2015). 

Therefore, RFS-1/RIP-1 is most likely acting on RAD-51 filaments, which is in line 

with studies performed in cells showing Rad51 paralogs act downstream of BRCA2 

(Chun et al., 2013; Jensen et al., 2013). Consistently, recruitment of yeast (Lisby et 

al., 2004) and vertebrate (Raschle et al., 2015) Rad51 paralogs (Rad55-Rad57) to 

DNA damage sites is dependent on Rad51, while nematode BRC-2 foci accumulate 

independently of RAD-51 (Martin et al., 2005) in response to DSBs. In line with in 

vivo data, in vitro studies have shown that addition of full-length hBRCA2 increases 

the overall amount of RAD51 filaments, but not their mean length in negative stain 

EM (Shahid et al., 2014). On the other hand, yeast Rad51 paralogs, Rad55-Rad57, 

were shown to increase the length of Rad51 filaments when added together with 

Rad51 in negative stain EM (Liu et al., 2011). Taken together, my findings, consistent 

with previous data, support the notion that BRCA2 acts first to promote Rad51 

nucleation, followed by Rad51 paralogs acting on nascent Rad51 filaments to 

promote their growth. The division of labour between BRC-2 and RAD-51 paralogs, 

however, is not absolute, as BRC-2 can also stimulate RAD-51 filament growth, 

albeit to a lower extent than RFS-1/RIP-1. It remains to be assessed whether 

different BRCA2 binding partners factors (e.g. PALB2 or DSS1) may influence to its 

ability to further stimulate filament growth. Given both PALB2 and DSS1 enhance 

BRCA2’s mediator activity in bulk DNA strand exchange assays (Buisson et al., 

2010; Zhao et al., 2015), this seems like a plausible hypothesis. In my system, Rad51 

paralogs also modestly increase RAD-51 nucleation rates. This is likely due to 

stabilization of smaller RAD-51 clusters on DNA, rather than through direct loading. 
 

Directionality of RAD-51 filament growth. RecA was previously shown to grow 

into filaments bi-directionally with a two-fold faster rate in the 5’®3’ direction than 

3’®5’ direction (Bell et al., 2012). Using asymmetrically positioned ssDNA gaps 

within long dsDNA substrates, I have shown that, unlike RecA, nematode RAD-51 

filaments grow in both directions, albeit very slowly. Addition of RFS-1/RIP-1 
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stimulated filament growth rates in a 3’®5’ direction - opposite to that of RecA. This 

is consistent with previous bulk assays showing that the polarity of DNA strand 

exchange catalysed by Rad51 is opposite to that of RecA (Baumann and West, 1997; 

Cox and Lehman, 1981; Sung and Robberson, 1995). Furthermore, as it has been 

previously proposed (Shahid et al., 2014), the structural architecture of Rad51 

(where a smaller N-terminal domain is connected to C-terminal RecA-like core), 

which is inverted to that of RecA (where a smaller C-terminal domain is connected 

to N-terminal RecA core) may play a role in this evolutionary growth polarity switch. 

Given that the crystal structure of a single human BRC repair fused to RAD51 

monomer human shown that BRC recognizes the 3’ monomer interface (Pellegrini 

et al., 2002) and full-length hBRCA2 was present at the 3’ filament ends in negative 

stain EM (Shahid et al., 2014), a hypothesis can be proposed: RAD-51 nucleation 

starts with the 3’ end of the nucleus bound and stabilized by BRC repeat of BRC-2; 

this leaves the free 5’-end to engage with and be stabilized by RFS-1/RIP-1, 

promoting nascent RAD-51 filaments extension in a 3’®5’ direction. Engagement of 

opposing filament ends by recombination mediators may allow for highly efficient 

cooperation during filament assembly and may explain the synergistic interaction 

between BRC-2 and RFS-1/RIP-1 observed in the RPA-eGFP displacement assay. 
 

Rad51 paralogs act as Rad51 filament “chapeones”. A previous study postulated 

Rad51 paralogs stabilize Rad51 filaments via stable intercalation (Liu et al., 2011). 

Single molecule imaging presented in Chapter 3 demonstrated that RFS-1/RIP-1 

does not intercalate into the RAD-51 filaments, but rather engages with their 5’ ends 

in a dynamic fashion. This is in line with predictions from bulk fluorescence 

experiments performed previously (Taylor et al., 2016). Regulating RAD-51 filaments 

at their ends can also explain the binding stimulation at sub-stoichiometric RFS-

1/RIP-1 concentrations (Taylor et al., 2015). Disassembly from Rad51 filament ends 

takes place by catastrophic dissociation bursts with multiple Rad51 monomers 

disengaging at once (van Mameren et al., 2009), while filaments grow slowly by rate-

limiting addition of Rad51 monomers (Bell et al., 2012; Joo et al., 2006). Supressing 

these dissociation bursts, as observed in my ‘dipping’ experiments, could make for 

an effective mechanism to promote net filament growth or stabilize small metastable 

RAD-51 nuclei. Fast RFS-1/RIP-1 turnover is dependent on its intrinsic ATPase 

activity. RFS-1/RIP-1 Walker A mutants stabilize RAD-51 on ssDNA, but fail to 
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disengage from filament ends, which hinders further filament growth. These results 

suggest that nematode RAD-51 paralogs act as filament ‘chaperones’: RFS-1/RIP-1 

recognizes nascent 5’ RAD-51 filament ends, binds them preventing dissociation 

bursts, and later disengages to allow for further Rad51 addition. Iterative cycles of 

this process enable efficient filament growth. The process is similar to how classical 

molecular chaperones supress proteotoxic stress by polypeptide binding, folding, 

and release cycles. The model is consistent with genetic analysis of rfs-1 null and 

Walker A box K56A/R nematode strains, with deletion of rfs-1 in conferring strong 

DNA damage sensitivity with the loss of RAD-51 foci. rfs-1 Walker A box K56A/R 

strains are also found to be sensitive to DNA damage, but RAD-51 foci accumulate 

extensively in these strains. This is indicative of formation of stable, but HR-

incompetent RAD-51 complexes. Collectively, my work contrasts the previous model 

that suggested Rad51 paralogs intercalate into and/or stably associate with Rad51 

filaments (Liu et al., 2011). The intercalation model also suggests Rad51 paralogs 

may act as roadblocks for the anti-recombinase Srs2 helicase and directly prevent 

filament disruption by motor proteins, which would not be possible when considering 

our end-binding model. A study complementary to my work was recently published 

(Roy et al., 2021) and directly showed that fluorescently labelled yeast Rad55-Rad57 

also exhibits highly dynamic engagement with Rad51-ssDNA. Importantly, inhibition 

of ATP hydrolysis traps Rad55-Rad57 on Rad51-ssDNA complexes. Direct imaging 

of labelled Srs2 performed by Roy et al, demonstrated eviction of individual Rad55-

Rad57 by bypassing Srs2 molecules without any reduction in translocation velocity 

– further arguing against the roadblock model. Rad55-Rad57 promoted Rad51 

assembly behind moving Srs2 molecules when free Rad51 was present in solution. 
In support of these observations, in Chinese hamster ovary cells, different Rad51 

paralogs were shown to turnover rapidly from the stressed replication forks, whereas 

Rad51 halftimes at damaged forks are significantly longer (Somyajit et al., 2015). In 

the same study, Walker A box mutants of different hamster Rad51 paralogs 

decreased their turnover. Interestingly, dissociation following human RAD51 

nucleation was also proposed for full-length human BRCA2 in vitro (Shahid et al., 

2014). In conclusion, the observations presented here, together with data from other 

published work, imply that Rad51 filament assembly is catalysed by a conserved 

mechanisms involving Rad51 ‘chaperones’. 
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Possible mechanisms of mammalian mitotic and meiotic presynaptic filament 
assembly. The nematode system employed in this work is easily amenable to 

biochemical characterization, however, several key players present in mammalian 

cells are not found in C. elegans. Among these are the meiotic recombinase Dmc1 

(Bishop et al., 1992), BRCA2 binding partner PALB2 (Xia et al., 2006), more Rad51 

paralog complexes, such as CX3 and BCDX2 (Masson et al., 2001) or meiotic 

recombination mediator proteins (Swi5-Sfr1) (Haruta et al., 2006). In light of my 

findings presented in Chapter 3, I will discuss the possibilities of how mammalian 

presynaptic filament mechanism assembly can be catalysed by recombination 

mediators. First, the best studied recombination mediator, BRCA2, binds 4-6 RAD51 

monomers in solution (Jensen et al., 2010), implying it may nucleate RAD51 as a 

tetra-hexamer. Given BRCA2 was shown to multimerize (Shahid et al., 2014; 

Thorslund et al., 2010), RAD51 species nucleated on DNA could also be larger. 

However, recent in vitro and in vivo work indicates that a large fraction of BRCA2 

can exist also in monomeric state (Le et al., 2020; Mateos-Gomez et al., 2015). 

Which species is the most efficient for RAD51 nucleation and how BRCA2 binding 

partners influence BRCA2 oligomeric state or RAD51 nucleus size are not known. 

Whether BRCA2 remains stably bound to RAD51 nucleus or dissociates once 

nucleation has occurred is not clear yet, although evidence from visualizing RAD51 

assembly reactions by negative stain EM suggested most BRCA2 dissociated from 

RAD51 filaments after ~10 min (Shahid et al., 2014), an idea supported by very low 

minimal amounts of BRCA2 (1:100 in respect to RAD51 monomers) required to 

promote RAD51-ssDNA complex formation in vitro (Thorslund et al., 2010). 

Following RAD51 recruitment and nucleation by BRCA2, filament 

stabilization/growth must inevitably take place. An interesting question is why there 

are (at least) two RAD51 paralog complexes present in mammalian cells, when 

nematode and yeast require a single complex to perform this action. With respect to 

my work, it is tempting to speculate that two Rad51 paralog complexes have evolved 

to stabilize the two filament ends (Figure 6.2). If this is the case, only two out of five 

paralogs would contact the Rad51 filament directly and hydrolyse ATP, while the 

others might serve a similar role to nematode RIP-1 or yeast Rad57, which are not 

required for ATPase activity, but play rather a structural role in Rad51 paralog 

heterodimer stability. In theory, two paralogs present in the heterodimer should be 

sufficient for active and stable complex formation. This is easily applicable to CX3, 
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but not BCDX2, which contains 4 different paralogs. Why are there 4 different 

paralogs present in BCDX2? On possibility is better anchoring to ssDNA and RAD51 

when engaging with nascent filaments. Alternatively, BCDX2 might perform other 

roles distinct from RAD51 filament assembly. Indeed, BCDX2 also interacts with 

mammalian HELQ (Adelman et al., 2013) and perhaps different components are 

engaged in different steps in HR. Yet, recent work has revealed that RAD51B is not 

required for cellular survival, nor it is absolutely required for RAD51 focus formation 

and efficient HDR (Garcin et al., 2019). This raises the possibility that only DX2 and 

CX3 dimers, but not BC dimer are strictly required for efficient RAD51 filament 

assembly in mammalian cells. Hence, what is the cellular role of RAD51B? 

Furthermore, if the two paralog complexes: CX3 and (BC)DX2, stabilize opposing 

filament ends, which complex engages with 5’ filament end and which with 3’ filament 

end? And which paralog is the one in contact with RAD51? Only future biochemical 

and structural investigation of Rad51 paralog complexes can shine light on these 

questions.  

 
Figure 6.2: Proposed models for recombinase presynaptic filament assembly in nematode 
and mammalian cells. See text for details. 

 

The situation is even more complex during meiosis (Figure 6.2), where the meiotic 

recombinase, Dmc1 and Dmc1-specific mediator complex Swi5-Sfr1 play a critical 
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role. Genetic studies have shown that Rad51 is required for Dmc1 focus formation 

(Bishop et al., 1992) but does not play a catalytic role in meiotic recombination itself, 

rather serving as an accessory factor for Dmc1-mediated DNA strand exchange 

(Cloud et al., 2012). In vitro studies with purified Dmc1 and purified BRCA2 

fragments have demonstrated that DMC1 binds at a unique site downstream of BRC 

repeats (Thorslund et al., 2007) but is also capable of interacting with several of the 

8 BRC repeats themselves (Martinez et al., 2016). Given BRCA2 is required for both 

RAD51 and DMC1 assembly on ssDNA during meiosis, it seems plausible that 

BRCA2 nucleates both RAD51 and DMC1, possibly a mixed RAD51-DMC1 nucleus. 

High-resolution ChIP-seq (Hinch et al., 2020) and super-resolution microscopy 

imaging (Brown et al., 2015) in cells concluded that RAD51 and DMC1 form co-

filaments with well separated Dmc1 and Rad51 segments, rather than mixed co-

filaments. RAD51 segment is shorter and present at 5’ end, while DMC1 segment is 

longer and extending towards the 3’ end of the presynaptic co-filament (Hinch et al., 

2020). In a minimal in vitro system consisting only of Rad51, Dmc1 and RPA, 

segmented co-filaments do not form, instead mixed filament formation is observed 

(Crickard et al., 2018). This discrepancy between in vivo analysis and in vitro 

reconstitution can be explained by lack of factors orchestrating physiological 

assembly and/or lack of high enough resolution to spatially separate very short co-

filament segments in single-molecule systems in vitro. Given my bi-directional growth 

stimulation hypothesis, it can be envisioned that either: 

 

I) DMC1 grows intrinsically faster, extending rapidly towards 3’ end, making 

DMC1 segment longer, or  

II) the action of meiotic mediator complex, Swi5-Str1 helps DMC1 segment to 

grow fast towards 3’ direction, while in the case of RAD51, only 5’ filament 

end is available for extension from mixed nucleus, which may make it grow 

overall more slowly than during mitosis and make up the short 5’ segment of 

the co-filament.  

III) Alternatively, RAD51 growth from the 5’ end is actively inhibited my 

permanent capping in meiosis, which allows only for extension of mixed 

nucleus by addition of DMC1 monomers at 3’ end of the co-filament. 
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Interestingly, in Arabidopsis thaliana where impact of essential protein deletion on 

meiosis can be studied, it was shown that AtCX3, but not AtBCDX2 is required for 

meiotic HR to take place, while both paralog complexes are important for mitotic HR 

(Bleuyard et al., 2005). If this phenotype holds up in mammalian systems, it would 

support the 2nd hypothesis outlined above. Dmc1 also promotes strand exchange 

with a polarity of 5’®3’ with respect to ssDNA on which the nucleoprotein filament 

had formed (Murayama et al., 2011), which is the same as RecA strand exchange 

polarity (Cox and Lehman, 1981) and opposite to that of Rad51 (Baumann and West, 

1997; Sung and Robberson, 1995). Given exchange polarity correlates with 

nucleofilament polarity for both RecA (Bell et al., 2012) and Rad51 (this work), it can 

be assumed that Dmc1 would grow preferentially in a 5’®3’ direction. This 

biochemical observation is in line with the discussion in Section 6.3 where I 

speculate about the possibility that evolution of meiotic mismatch tolerant/’low-

fidelity’ Dmc1-like protein from bacterial RecA-like ancestor may have predated 

mitotic ‘high fidelity’ Rad51-like recombinase. In conclusion, my work and the work 

of others suggests that growth regulation at 5’ and 3’ ends of both mitotic and meiotic 

presynaptic filaments might serve as an elegant control to ensure efficient strand 

exchange and HDR in mammalian cells. 
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6.2 DNA metabolism and optimal Rad51 filament assembly 

The Goldilocks principle of optimal RAD51 filament assembly. Homologous 

recombination repairs DSBs in various different scenarios, in addition to canonical 

IR-induced double sided DSBs. Different forms of DNA damage, which require HR 

for the repair (such as ICLs, broken forks or post-replicative gaps) display differential 

requirements for individual mediator proteins and by proxy different rate of RAD51 

filament assembly (Ward et al., 2007). This phenomenon is likely related to the levels 

of RPA-coated ssDNA substrate generated in the process. RAD51 filaments are 

more likely to form on longer ssDNA stretches than shorter ones, given constant 

nucleation and growth rate. Furthermore, stability of RAD51 filament assembled on 

short oligonucleotides increases dramatically with oligonucleotide length (Carreira et 

al., 2009). Thus, both higher assembly rates and stronger stabilization of RAD51 are 

required when shorter ssDNA is available. During classical DSB repair, resection 

length varies between 1 to 3 knt (Symington, 2016), while resection track lengths at 

broken replication forks is <500 nt (Jakobsen et al., 2019). The length of ssDNA gaps 

formed at and behind the replisome upon replication perturbation by low dose of 

genotoxins (such as HU), that does not cause significant levels of DNA breakage, is 

~100 nt (Zellweger et al., 2015). Finally, during unperturbed DNA replication, 

occasional 30 – 40 nt long ssDNA gaps, at and behind the replication fork, can be 

observed (Hashimoto et al., 2010; Zellweger et al., 2015). Therefore, an optimal 

RAD51 assembly rate must be maintained within the nucleus – a rate fast enough to 

allow assembly on canonical DSBs and broken/perturbed RFs, but slow enough to 

prevent spontaneous assembly at ssDNA regions generated during unperturbed 

DNA replication. I refer to this phenomenon as “Goldilocks principle” of RAD51 

assembly (Figure 6.3). A robust body of the literature already demonstrated that 

slight impairment of RAD51 loading or stability can be sufficient for HDR at canonical 

DSBs as monitored by physical recombination assay, such as those described in 

Section 2.4.7. For instance, a point mutation in C-terminus of BRCA2, S3291A, 

seems functional for canonical DSB repair, but causes global replication stress 

following HU exposure due to MRE11-dependent degradation of stalled RFs 

(Schlacher et al., 2011). Similarly, FA-associated dominant-negative RAD51 T131P 

variant, poisons RAD51 filaments by making them less stable. This results in reduced 



Chapter 6 Discussion 

 

137 

 

ability to repair DNA ICLs, and replication stress following ICL-inducing agent 

exposure. However, analogous to BRCA2 S3291A, canonical HDR seems functional 

in RAD51 T131P-expressing cells (Wang et al., 2015). In nematode, BRC-2 is 

required for repair of IR-induced DSBs, meiotic DSBs, blocked replication forks (RFs) 

and ICLs. RAD-51 paralogs are, however, largely dispensable for IR-induced DSB 

repair and meiotic DSB repair, but necessary for the repair of perturbed replication 

forks and DNA ICLs (Ward et al., 2007). DSBs are extremely toxic lesions with a 

single DSB being capable of causing cell death (Chapman et al., 2012). This raises 

the possibility that mediator protein mutations, which slow RAD51 assembly rate just 

enough to perturb DNA repair during replication but keep canonical DSB repair intact 

are those contributing to early cancer development, allowing cancer to accumulate 

mutations without significantly compromising cancer cell viability.  

 
Figure 6.3: The Goldilocks principle of optimal RAD51 assembly rates. See text for details. 

 
I outlined above several mechanisms that slow down RAD51 assembly rate in cells 

to perturb DNA replication, but not canonical DSB repair. However, little is known 

about mechanisms that shift the balance the other way around and increase RAD51 

assembly rates. In Chapter 4, I utilized a combination of in vitro and cellular 

approaches to engineer and characterize a RAD51 variant, RAD51 I287T, which 

assembles on RPA-coated ssDNA with rates faster than wt RAD51. Surprisingly, 

mouse expressing RAD51 I287T variant suffer from developmental abnormalities 

caused by replication stress and display a subset of FA-like features, such as 

sensitivity to ICLs and smaller eyes (Adelman et al., 2013; Collis et al., 2006; Parmar 
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et al., 2009; Smogorzewska et al., 2007; Wang et al., 2015). Yet, even though RAD51 

IT/IT MEFs show hallmarks of replication stress and are sensitive to replication fork 

blocking agents (cisplatin, MMS and PDS), there is no evidence for impairment of 

canonical DSB repair in these cells. This phenotype is reminiscent of BRCA2 

S3291A, RAD51 T131P and even RFS-1 K56A/R mutants (Section 3.6). Therefore, 

paradoxically, more stable mediator bypassing RAD51 variant causes similar 

phenotype in cells as mutations destabilizing RAD51 filaments. This can be 

explained by the importance of Rad51 is protection damage forks, but also by the 

need to remodel the fork and disassemble Rad51 to allow forks to restart. Hence, 

tipping the balance of RAD51 assembly rates towards binding to short ssDNA 

stretches generated during replication under unperturbed conditions, results in 

hampered fork progression or restart. The basal replication stress is then 

exacerbated when exogenous fork-blocking agents are applied resulting in defects 

in cellular proliferation.  

 
Figure 6.4: Mechanisms of genome instability in RAD51 IT/IT MEFs. (A) A disbalance in 

RAD51 assembly rate on either side can cause genome instability. (B) Model of genome 

instability mechanism in RAD51 IT/IT MEFs. (C) A possible explanation of fork slowing in RAD51 

I287T expressing cells. In wt cells, small amount of RAD51 binds predominantly at post-replicative 

gaps, in RAD51 IT/IT MEFs, RAD51 I287T at ssDNA generated in the proximity of replisome 

interfering with fork progression. 
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RAD51 levels at replication forks regulate fork speed. Anti-recombinase motor 

proteins are capable of disrupting RAD51 filaments and preventing unscheduled 

recombination. In mammalian cells, the best described anti-recombinase is RECQL5. 

Deletion of RECQL5 results in increased RAD51 focus formation following IR, 

increased sister chromatid exchange and increased levels of HDR measured in 

physical recombination assays (Hu et al., 2007). This is not the case however, for 

RAD51 I287T mutation, which does not lead to increased RAD51 foci following IR 

treatment, nor increased levels of HDR (Section 4.4). More interestingly, deletion of 

recently identified replication fork binding factors, RADX, was shown to increase 

spontaneous RAD51 foci at replicating cells, slow down fork speed specifically under 

non-damaging conditions, cause fork asymmetry and rescues DNA damage 

sensitivity caused by BRCA2 or RAD51 depletion (Dungrawala et al., 2017). This is 

likely due to the ability of RADX to destabilize RAD51 filaments (Adolph et al., 2021). 

RADX depletion phenotype is very reminiscent of RAD51 IT/IT MEFs and consistent 

with replication stress caused by excessive RAD51 binding to ongoing replication 

forks. The opposite phenomenon can was also previously observed as depletion of 

RAD51 or RAD51 paralogs leading to increased fork speed following exposure to 

DNA damage (Berti et al., 2020; Zellweger et al., 2015). Overall, my observations 

together with previously published findings establish that RAD51 levels at replicating 

chromatin are tightly linked to fork speed. Finally, it seems tempting to speculate 

where exactly at the fork does RAD51 I287T binds. Recent work using SIM imaging 

suggested that under non-perturbed conditions, RAD51 mostly binds to post-

replicative gaps, behind the replisome (Somyajit et al., 2021). This notion is 

supported by observed defects in post-replicative ssDNA gaps sealing following 

BRCA2 depletion as well as defects in lagging strand processing in HDR-deficient 

models (Cong et al., 2021). It is tempting to speculate that perhaps RAD51 I287T 

assembles primarily at the replication fork itself, rather than at the gaps behind it, 

forming a direct obstacle to leading DNA polymerase. This possibility should be 

addressed in future work. 

 

Fork reversal as a possible mechanism behind fork slowing in RAD51 IT/IT 
MEFs. Replication fork backtracking and formation of four-strand chicken foot 

structure was initially suggested as a potential mechanism of fork repair in bacteria 

(Atkinson and McGlynn, 2009; Hotchkiss, 1974). The first direct evidence of fork 
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reversal in eukaryotes comes from negative stain EM imaging of crosslinked 

replication intermediates in S. cerevisiae (Sogo et al., 2002). Yet, in this work, 

reversed forks were observed only in Rad53 checkpoint deficient yeast strains upon 

treatment with HU, suggesting that formation of chicken foot structure at replication 

forks is a pathological phenomenon. Further work in human cells demonstrated that 

fork reversal can be observed even in non-damaging conditions and increases upon 

exposure to different genotoxins (Zellweger et al., 2015). The fork reversal increase 

is dependent on multiple factors including RAD51 itself and DNA translocases 

SMARCAL1, ZRANB3 and HLTF (Quinet et al., 2017). This raises the possibility that 

fork reversal might be a physiological phenomenon. However, SMARCAL1 (Ciccia 

et al., 2009), ZRANB3 (Ciccia et al., 2012), nor HLTF (Bai et al., 2020) display strong 

DNA damage sensitivity to replication-fork blocking agents. There is also no mouse 

phenotype reported for deletion of these proteins. One explanation is redundancy in 

fork reversal between different pathways, however, another possibility is that fork 

reversal is indeed a pathological phenomenon occurring when fork stalls and fails to 

restart. Interestingly, increased chicken foot structures were recently observed in 

RADX knockout cell lines (Krishnamoorthy et al., 2021). The latter hypothesis aligns 

with these data and my work presented in this thesis. Perhaps the mechanism behind 

fork slowing is formation of dead-end intermediate, the reversed fork, following fork 

stalling due to unscheduled RAD51 filament assembly at sites of ongoing replication. 

This is supported by increased spontaneous formation of 4-way junctions during 

DNA replication in living E. coli overexpressing RecA (Xia et al., 2016). For future 

work, it would be interesting to test whether increased reversed fork formation is 

observable by negative stain EM following crosslinking in RAD51 IT/IT MEFs.  

 

Why did evolution decide to downscale core recombinase activity? RAD51 

I287T causes primarily replication fork slowing/stalling and replication stress-related 

phenotypes in vivo. This implies that a recombinase that assembles on DNA on its 

own can interfere with the process of DNA replication. This raises the possibility that 

recombinase activity has been downscaled in evolution to match the changes in the 

replication programme. Indeed, when looking at features of replication between 

bacteria, archaea and eukaryotes, several trends are observable. First and foremost, 

the overall replication fork speed slows down dramatically, from 60 kb/min in E. coli, 

roughly 20 kb/min at archaea, to 1-2 kb/min in eukaryotes. Bacteria have also 
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considerably smaller genomes - 4.4 Mb genome in E. coli, when compared to 250 

Mb-sized chromosome I in humans (O'Donnell et al., 2013). Finally, while replication 

in bacteria occurs by firing a single origin, in eukaryotes multiple origins fire on the 

same chromosome, which leads to many replication forks active at the same time. 

In archaea, some species contain a single origin of replication, while other species 

have multiple origins present on the same chromosome. All of this considered, given 

the large size of the chromosome, slower forks and more replication bubbles present, 

the ssDNA content present at a given window of time during genome duplication is 

significantly higher in eukaryotes than in bacteria. Given all the ssDNA generated 

during genome duplication is a potential substrate for recombinase filament 

assembly, bacteria can afford to express highly efficient recombinase as it chance to 

assemble on the relatively low levels of ssDNA generated during rapid genome 

duplication are small, while eukaryotes had to likely downscale recombinase activity 

and filament growth rates given the high levels of ssDNA accessible at a given time 

during DNA replication. This hypothesis is supported by work in bacteria where 

directed evolution was used to evolve ‘super-RecA’ variants, which display better 

SSB displacement as well as faster filament growth in bulk EM assays (Kim et al., 

2015). Yet in vivo, these variants interfere with DNA metabolism, reduce bacterial 

proliferation and cause sensitivity to genotoxins – a phenomenon similar to the 

phenotype of RAD51 IT/IT MEFs. 
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6.3 Role of mismatch tolerance during meiotic recombination 

In Chapter 5 I have explored the amino acid sequence features that contribute to the 

differential response of Rad51 and Dmc1 to mismatch-containing base triplets. I 

propose that reported functional differences represent a fundamental distinction 

between Rad51 and Dmc1 lineages of eukaryotic DNA recombinases. In the 

following paragraphs, I discuss possible implications of these findings with respect 

to meiotic recombination mechanisms and the evolution of Rad51/RecA family 

members. 

 

Impact of mismatch tolerance during DNA strand exchange on recombination. 

At least two general ways of how DNA mismatches could affect strand invasion and 

recombination can be envisioned: 

 

I) lowering of the intrinsic stability of the strand exchange DNA intermediates  

II) alteration of the structure of the resulting recombinase-heteroduplex DNA 

complex. Perhaps, mismatches may make these intermediates less suited 

for downstream processing and/or more susceptible to disruption by anti-

recombination enzymes.  

 

The hypothesis that a small number of mismatches greatly alters the inherent stability 

of DNA heteroduplex is not highly plausible. Although a single mismatch influences 

the binding stability of dsDNA fragments in Dr. Steinfeld’s biophysical assays, overall, 

these intermediates are all still relatively long-lived. For instance, in the case of 

ScRad51, a dsDNA substrate with 12 nt microhomology, has a lifetime of 

approximately 33 min; when increased to 15 nt the lifetime increases to ∼47 min, 

and addition of a single DNA mismatch in the middle of 15-nt microhomology tract 

decreases the lifetime to ∼35 min. This conclusion is supported by studies showing 

that bacterial RecA is surprisingly tolerant to DNA mismatches in vitro (Danilowicz et 

al., 2015). However, it cannot be accurately predicted how our in vitro measurement 

of DNA heteroduplex stability will scale for the longer substrates forming in the cell 

as precise measurements of the equivalent biophysical parameters in vitro with 

longer substrates are not feasible. Nevertheless, the available biophysical data imply 
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that mismatched heteroduplex strand exchange intermediates are not inherently 

unstable. Thus, the favoured hypothesis is that mismatches may somehow alter the 

structure of the nucleoprotein complexes - rendering them more prone to disruption 

by enzymatic regulators. Multiple proteins are known to disrupt HR intermediates. 

These include S. cerevisiae Srs2 and Sgs1 helicases. Mismatch repair machinery 

also has a role in minimizing recombination between divergent sequences following 

DNA replication (Branzei and Szakal, 2017; Lorenz, 2017; Spell and Jinks-Robertson, 

2004; Spies and Fishel, 2015; Sugawara et al., 2004). One possibility is that these 

proteins may recognize some distinct structural feature of the mismatched 

heteroduplex that allows them to more act on Rad51-bound intermediates, while 

Dmc1 could shield mismatched strand intermediates from these enzymes (Figure 

6.5A). This hypothesis is also in line with observed synthetic sickness between the 

CeRAD-51-TM and RTEL-1/HELQ-1. 

 
Figure 6.5: Model depicting mismatch processing during meiotic recombination: (A) DNA 

strand exchange mismatch masking by DMC1-like recombinases. (B) Model of CeRAD-51-TM 

mediated aberrant recombination intermediate formation and processing in nematodes. 

 

The evidence presented in Chapter 5 suggests lineage-specific residues found within 

the L1 DNA-binding loop constitute the ability of Dmc1 to tolerate DNA mismatches 

during duplex capture. Dr. Steinfeld proposed (Steinfeld et al., 2019) that these 

amino acids could allow Dmc1 to make compensatory contacts with the phosphate 

backbone of the DNA - consistent with the previous findings that Dmc1 can stabilize 

base triplets containing an abasic site (Lee et al., 2017). Previous structural work 
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lacked sufficient data to fully describe the relevant protein–DNA interfaces as DNA 

was not present in the structures (Kinebuchi et al., 2004), or the resolution was too 

low to accurately define the L1 loop–DNA contacts (Short et al., 2016; Xu et al., 2017). 

Although a crystal structure of ScRad51 I287T-DNA filament exists, the L1-DNA 

contacts are not visible (Conway et al., 2004). More recently however, structures of 

human DMC1 presynaptic and postsynaptic complexes were resolved using cryoEM 

(Luo et al., 2021). Consistently with my results and Dr. Steinfeld’s prediction, DMC1 

lineage-specific L1 residue Q244 and conserved R242 make contact with phosphate 

backbone of DNA duplex bound within DMC1 to stabilize mismatched heteroduplex. 

This notion is also supported by published MD simulations (Steinfeld et al., 2019), 

together with the data showing Dmc1 can stabilize dsDNA fragments that contain 

abasic sites (Lee et al., 2017). Furthermore, Luo et al also observed DMC1 lineage-

specific L2 residues P274 and G275 provide flexibility of mismatched DNA base 

pairing by making a ‘triplet-gate’ next to the mismatched triplet. Corresponding 

RAD51 L2 residues (V273 and D274) decrease the solvent-accessible volume of this 

cavity by steric occlusion and salt-bridging between D274 and R235.  

 

Nematode RAD-51 requires Dmc1-like amino acids in specific context. 
Caenorhabditis sp. and Drosophila sp., possess Rad51 but have lost Dmc1 with the 

genes encoding core meiotic Dmc1-stimulating proteins (Hop2/Mnd1 and Swi5–Sfr1) 

(Chintapalli et al., 2013; Hunter, 2015; Lin et al., 2006; Ramesh et al., 2005; 

Villeneuve and Hillers, 2001). It remains uncertain why these species have lost Dmc1. 

However, Caenorhabditis sp. and Drosophila sp. display very high rates of Rad51 

gene evolution (Lin et al., 2006) compared to other organisms. Interestingly, I have 

shown that the lineage-specific amino acids of the L1 loop of C. elegans RAD-51 

have evolved to more closely resemble Dmc1 and that CeRAD-51 can stabilize 

mismatched DNA strand exchange intermediates in vitro. Thus, the loss of Dmc1 

may be responsible for adaptation of CeRAD-51 to become “Dmc1-like” with respect 

to the L1 loop of the protein. In line with the importance of “Dmc1-like” residues within 

the L1 DNA binding loop, I found that the chimeric CeRad51-TM variant, which bears 

‘Rad51-like’ amino acids in the L1 loop, is a functional recombinase in vivo, but 

displays an impairment in the ability to promote recombination between highly 

divergent (heterologous) sequences in vivo and a synthetic lethal/sick genetic 

interaction with anti-recombinase RTEL1 and HELQ-1. These data imply that “Dmc1-
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like” amino acids within the L1 loop of CeRAD-51 cannot be converted to amino acids 

present in the canonical Rad51-like protein without affecting the fidelity of meiotic HR 

in the absence of regulatory proteins RTEL-1 or HELQ-1. It is tempting to speculate 

that mismatches that would normally be masked by CeRAD-51 are not properly 

hidden within the context of CeRAD-51-TM filaments, resulting in a dead-end D-loop 

intermediate that must be disrupted by RTEL-1 or HELQ-1. Thus, the most important 

effect of the canonical Dmc1-like amino acids may be with respect to differences in 

their ability to mask mismatched strand exchange intermediates from toxic 

processing (Figure 6.5B). Identity of enzymes that may toxically process these 

intermediates remains unknown, but interestingly, previous work has shown that 

MSH-2 is responsible for increased frequency of het-rec in the absence of RTEL-1 

(Leon-Ortiz et al., 2018), making it an interesting candidate. Drosophila Rad51 L1 

amino acids are reminiscent of those found in Rad51-like proteins. However, N301 

(corresponding to ScRad51 residue labelling) in Drosophila Rad51 does not match 

the methionine in canonical Rad51 but is similar to the glutamine from Dmc1 

(Steinfeld et al., 2019). Thus, Drosophila Rad51 seems like Rad51-Dmc1 hybrid and 

may also display “Dmc1-like” behaviour with regards to stabilizing DNA mismatches 

as CeRAD-51. 

 

Organisms that possess Dmc1 require recombination-dependent chromosome 

pairing to complete meiosis (Brown and Bishop, 2014; Hunter, 2015; Neale and 

Keeney, 2006). In contrast, both C. elegans and D. melanogaster have 

recombination-independent chromosome pairing initiation (Gerton and Hawley, 

2005; Villeneuve and Hillers, 2001). However, the use of alternative chromosome 

pairing is not necessarily the defining feature of species lacking Dmc1. For example, 

Ustilago maydis or Neurospora crassa have lost Dmc1, but require HR to initiate 

meiotic chromosome pairing (Storlazzi et al., 2003). Interestingly, both U. maydis and 

N. crassa possess Rad51-like amino acids in the L1 DNA binding site (Steinfeld et 

al., 2019). It should be noted that the L1 residues from bacterial RecA are highly 

divergent when compared to eukaryotic Rad51 and Dmc1 (Steinfeld et al., 2019). 

Therefore, the mechanisms by which bacterial recombinase interacts with the DNA 

may be distinct from those of the eukaryotic recombinases. 
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Origins of the dual-recombinase system. Rad51 and Dmc1 evolved early by a 

gene duplication event from archaeal RadA recombinase. This gene duplication 

event may have been responsible for the emergence of meiosis and sexual 

reproduction (Chintapalli et al., 2013; Lin et al., 2006; Ramesh et al., 2005). Some 

archaea, including Haloferax volcanii, undergo a conjugation process entailing the 

exchange of divergent genetic information by HR. The conjugation mechanism bears 

some resemblance to the meiotic programme in eukaryotes (Cohan and Aracena, 

2012; Mevarech and Werczberger, 1985; Naor and Gophna, 2013; Naor et al., 2012; 

Papke et al., 2004; Rosenshine et al., 1989). Very interestingly, the RadA L1 amino 

acids located at the positions important for in mismatch stabilization are similar to 

those in the Dmc1-like proteins of eukaryotic recombinase family (Steinfeld et al., 

2019). One possibility is that a “lower-fidelity” Dmc1-like protein may have predated 

the “high-fidelity” Rad51-like protein present in eukaryotic cells. This way, the 

emergence of Rad51 in evolution may have enabled eukaryotic cells to better utilize 

HR as an error-free mitotic DSB repair pathway. 
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Chapter 7. Conclusion 

7.1 Thesis conclusion 

In this thesis, I utilized ensemble biochemistry, single-molecule imaging, force 

spectroscopy and genetics to investigate mechanisms of the early steps in 

homologous recombination. To understand how eukaryotic RAD51 assembles into 

filaments when it does not grow nearly as fast as its bacterial counterpart, RecA, I 

reconstituted nematode RAD-51 presynaptic filament assembly in the presence of 

mediator proteins (Chapter 3). I have established that two recombination mediators 

have contribution to different subsets of the RAD51 assembly reaction: nucleation 

and growth. More specifically, this work reveals ATPase-dependent dynamics of a 

mediator complex, RFS-1/RIP-1 by direct real-time fluorescent imaging for the first 

time. I established that RFS-1/RIP-1 functions as RAD-51 chaperone to stabilize 

nascent growing RAD-51 filaments. This work establishes RFS-1/RIP-1 as the 

elusive RAD-51 filament growth factor. 

This raises an interesting conundrum, why does eukaryotic RAD51 filaments not 

grow efficiently on its own? And why there seems to be a trend of downscaling 

recombinase activity in evolution? In Chapter 4 I set out to answer these questions 

by engineering a human RAD51 variant, RAD51 I287T that binds DNA tighter, has 

better strand exchange and assembles faster on RPA-coated ssDNA. Phenotypic 

analysis of this mutant in mouse embryonic fibroblasts showed slower proliferation 

and sensitivity to replication-fork blocking genotoxins, but not impairment of 

canonical HR at DSBs. To investigate this phenotype in greater detail, I performed 

single-molecule replication dynamics analysis and demonstrated global fork slowing 

and stochastic fork stalling in these cells, which is associated with accumulation of 

RAD51 I287T on replicating chromatin. I proposed that intrinsic recombinase activity 

of a cellular recombinase must be limited by the amount of ssDNA content generated 

during DNA replication to prevent unscheduled RAD51 assembly on unperturbed 

replication forks, resulting in their replication slowing.  

Finally, in Chapter 5, I explored mechanisms of mismatch tolerance during meiotic 

DNA strand exchange. I demonstrated that nematode RAD-51 displays Dmc1-like 

properties in respect to tolerance of mismatches during strand invasion reaction. 

Furthermore, by introducing three mutations in L1 DNA binding loop of nematode 
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RAD-51, I managed to abolish mismatch tolerance of nematode RAD-51, while still 

retaining most of its strand exchange activity with non-mismatches sequences. The 

resulting mutant, termed RAD51 triple mutant (RAD-51-TM) was knocked-in into 

nematode Bristol strain and analysed phenotypically. I subsequently showed that 

RAD-51-TM can support recombination between homologous sequences but does 

not supress heterologous recombination events unleashed by depletion of RTEL-1 

or BRC-1. Finally, RAD-51-TM allele confers synthetic sickness with loss of RTEL-1 

and HELQ-1. I proposed that this is due to formation of a toxic intermediate, which 

is processed my motor proteins and further hypothesize that this intermediate may 

be a structurally unmasked DNA mismatch formed during strand invasion by 

mismatch intolerant RAD-51-TM. Taken together, these findings demonstrate the 

importance of mismatch tolerance during meiosis and imply that perhaps Dmc1-like 

proteins play more additional role in mismatched heteroduplex masking from other 

factors, in addition to simple stabilization of mismatched heteroduplex DNA. 

 

In conclusion, in this thesis, I utilized different single-molecule approaches to dissect 

the heterogeneity of mechanism maintaining genomic integrity in higher organisms. 

The findings presented here demonstrate how single-molecule approach can provide 

unprecedented insights into complex biological processes such as DNA double 

strand break repair. Dissecting heterogeneity and understanding how stochastic 

behaviour of individual components of a biological system leads to highly ordered 

deterministic responses to stress is becoming increasingly important. In the future, 

this type of knowledge will be instrumental in our race against highly heterogenous, 

fast evolving and adaptable diseases, such as cancer. 
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7.2 Future perspectives 

In this thesis, I have demonstrated the possibility of nematode RAD-51 presynaptic 

filament assembly reconstitution at single molecule level. Adaptation of this system 

do investigate assembly and dynamics of human core recombination machinery 

would be of interest. Several improvements must be made in production and labelling 

of recombinant human recombination mediator proteins including BRCA2 and 

RAD51 paralog complexes. Furthermore, recombination mediators in human cells 

are capable of possibly forming mediator supra-complexes such as the BRCA1-

PALB2-BRCA2 complex. Deeper understanding of the human recombination 

machinery would require reconstituting human recombination ‘mediasome’ in bulk 

first, which is a monumental task even before performing the single-molecule 

imaging experiments, but given the recent advances in the field, certainly not 

impossible. One more step further is single molecule analysis of human meiotic 

recombination machinery, which entails several more factors, most importantly, one 

more core recombinase, DMC1.  

 

With regards to my genetic work on characterizing RAD51 I287T allele, unbiased 

mapping of genetic interactions by whole-genome CRISPR screen would shed light 

on DNA repair pathways that are compensating for increased assembly rate of 

RAD51 in vivo, and possibly new mediator proteins loss of which is supressed by 

fast-assembling RAD51 I287T. Fundamentally, a direct proof of mediator bypass in 

RAD51 IT/IT MEFs is required to fully validate the mutation phenocopies yeast 

Rad51 I345T. Further descriptive work on DNA damage markers in RAD51 IT/IT 

MEFs would be beneficial, as well as more detailed in vitro analysis of nucleation 

and growth rates using optical tweezers. Finally, to better understand the phenotype 

on whole organism level, exacerbation of replication stress in IT/IT mice coupled with 

post-mortem examination is required. 
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