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Abstract 

In order for the genome of any organism to be successfully replicated its replication 

machinery has to overcome barriers in the template DNA. These so-called replication 

fork barriers (RFBs) can sometimes cause the replication fork to collapse. Replication 

fork collapse is a poorly understood process that is thought to involve either replisome 

remodelling and/or disassembly paving the way for homologous recombination (HR) 

proteins to act and restart replication, by a process known as recombination 

dependent replication restart (RDR), which is essential for completing DNA synthesis. 

In this thesis I present my work identifying factors that are instrumental in the 

replication restart process, with a particular focus on those factors that are needed to 

aid the transition from collapsed fork to one that is receptive to HR proteins. I have 

used the RTS1 site-specific RFB in fission yeast for this study as it acts as a potent 

polar RFB that triggers fork collapse and recombination protein recruitment. By 

screening candidate factors, I identified the PCNA unloader Elg1 as being strongly 

required for RTS1-induced recombination. By genetic experiments and live cell 

imaging, I show that unloading of PCNA by Elg1 promotes RDR by allowing efficient 

recruitment of Rad52 to the blocked replication fork and by limiting the anti-

recombinogenic activity of Fbh1. I also provide evidence that Ctf18 acts in opposition 

to Elg1 to limit RTS1-induced recombination. Finally, I investigate the importance of 

Rad51, the central HR protein, and its mediators (Rad55-Rad57, Swi5-Sfr1, and Rdl1-

Rlp1-Sws1) in RDR. By genetic analysis of RTS1-induced recombination, I discover 

that neither Rad51 nor its aforementioned mediators are essential for RDR. These 

findings indicate the existence of a robust Rad51-independent pathway of RDR in 

fission yeast.  
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1.1 Eukaryotic DNA Replication 

DNA replication is a fundamental process in living organisms. Accurate and timely 

duplication of the genome is essential for maintenance of its integrity and proper 

transmission to the next generation. Defects in DNA replication comprise one of the 

hallmarks of cancer as it leads to chromosomal instability and genomic 

rearrangements (Hanahan and Weinberg 2011; Burrell et al. 2013). In eukaryotes, 

replisomes are assembled at multiple origins which fire stochastically with different 

segments of the chromosome being replicated in a temporal order due to their varying 

initiation efficiencies (Rhind and Gilbert 2013). Post firing, a pair of bidirectional 

replication forks (RFs) move in opposite directions away from their origin, replicating 

DNA until they each encounter an opposing RF from a neighbouring origin, leading to 

fork merging and termination of replication (Edenberg and Huberman 1975).  

The replisome is a large multi-component protein machine, which is specifically 

assembled at the origin site and is responsible for catalysing DNA synthesis. It is 

composed of many dedicated proteins with functions in supporting replication by DNA 

polymerases. In the following sections I discuss the major components of the 

eukaryotic core replisome. 
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Figure1.1 Eukaryotic replisome 
A representation of the eukaryotic replisome showing some of the core components  

 

 

1.1.1 CMG (cdc45-MCM-GINS) DNA Helicase 

The CMG helicase is an 11-subunit complex that encircles the DNA to unwind the 

replication fork (Moyer et al. 2006; Gambus et al. 2006). The hexameric core of CMG 

is the minichromosomal maintenance (Mcm2-7) complex of AAA+ motor proteins 

(Bochman et al., 2008a,b). There are five additional accessory factors, Cdc45 and the 

four-subunit GINS complex (Psf1, 2, 3 and Sld5 in fission yeast) that do not have 

ATPase sites but are significantly required for efficient activity of the complex (Ilves et 

al., 2010; Kang et al., 2012). The Cdc45/GINS accessory factors are proposed to bring 

about allosteric changes in the Mcm2-7 subunits, bringing them into the proper 

conformation for helicase activity (Ilves et al. 2010; Moyer et al. 2006). The accessory 

factors might also be necessary for opening up the Mcm2-7 ring during origin 

assembly (Samel et al. 2014). A recent study indicates that Cdc45 serves as a shield 

to guard against occasional slippage of the leading strand from the core helicase that 

periodically re-opens during helicase action (Petojevic et al. 2015). 
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The CMG helicase travels along the DNA in a 3’–5’ direction, placing it on the 

leading strand of a replication fork (Enemark and Joshua-Tor 2006; Bell and Botchan 

2013). It is thought to operate by the steric exclusion model of DNA unwinding, 

whereby it encircles one DNA strand and translocates along it, excluding the other 

strand and thus acting as a wedge to melt the duplex (Enemark and Joshua-Tor 2006; 

Lyubimov et al. 2011; Patel and Donmez 2006). High resolution structures of the CMG 

complex, with and without DNA, have been obtained recently by EM single-particle 3D 

reconstruction techniques from studies on Drosophila and budding yeast (Abid Ali et 

al. 2016; Yuan et al. 2016). They reveal the existence of this complex in two different 

conformers - a compact and a relaxed form. They also indicate that the CMG complex 

translocates along the DNA by passing the DNA from the C-terminal ATPase tier to 

the N-terminal tier of the MCM motor ring, while changing from compact to relaxed 

form (Abid Ali et al. 2016; Yuan et al. 2016). In fact, two conformers of CMG indicate 

a maximum distance change between the N- and C-tiers of 20 angstroms, suggesting 

that CMG may inchworm along DNA during ATP hydrolysis (Yuan et al. 2016). 

Formation of the CMG helicase at eukaryotic DNA replication origins is 

distributed into two distinct stages of the cell cycle. In G1 phase, the Mcm2-7 hexamer 

is loaded onto the DNA by the action of the origin recognition complex (ORC), Cdt1 

and Cdc6 (Cdc18 in fission yeast) in an ATP dependent reaction (Remus et al. 2009; 

Evrin et al. 2009; Yardimci et al. 2010; Botchan and Berger 2010). The 6-protein ORC 

recognises and binds the origin sites throughout the cell cycle, in a sequence specific 

manner in budding yeast but with little or no sequence specifity in fission yeast and 

metazoans (Mojardin et al. 2013; Hoffman et al. 2015). ORC recruits the Cdc6 protein 

to facilitate Mcm2-7 loading, Cdt1 forms a complex with Mcm2-7 and inturn recruits it 
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to the ORC-Cdc6-DNA complex via an interaction with Orc1, forming a prereplication 

complex (pre-RC) (Chen et al. 2007). This step is also known as origin licensing. ATP 

hydrolysis promotes loading of the Mcm2-7 ring around the DNA but can also promote 

its release if components required for correct licensing are not present or if ORC has 

been inactivated by phosphorylation by cyclin-dependent kinases (Frigola et al. 2013). 

Concomitant with entry into S phase, Cdc45 and the GINS tetramer associate with 

Mcm2–7 to form the CMG helicase (Gambus et al. 2006; Moyer et al. 2006; Remus 

and Diffley 2009). Now activated, the CMG likely acts as the front end of the replisome 

progression complex (RPC) along the leading strand to provide single-stranded DNA 

(ssDNA) for DNA polymerases (Ilves et al. 2010; Pacek et al. 2006). The entire 

process of initiation and formation of replication forks has recently been reconstituted 

using 16 purified replication factors from budding yeast (Yeeles et al. 2015).  

1.1.2 DNA polymerases 

At the eukaryotic RF, coordinated actions of three distinct B family DNA polymerases 

(polymerase α, ε and δ) contribute to canonical DNA replication. The basic function of 

DNA polymerases is to synthesize a DNA strand complementary to the original 

template strand. However, DNA polymerization-independent functions of Pol ε have 

been widely reported. Studies in budding and fission yeast show that Pol ε is required 

for stable CMG formation (Sengupta et al. 2013, Handa et al. 2012) and studies in 

fission yeast and mice show that Pol ε is needed for activation of origins and initiation 

of DNA replication (Handa et al. 2012, Bellelli et al. 2018).  

Both the leading and lagging strand DNA syntheses are initiated by the Pol α-

RNA primase complex. This complex contains two catalytic activities, the RNA 

primase activity in the smallest p48 subunit (Pri1) and the polymerase activity in the 
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largest p180 subunit (Pol1), plus two additional regulatory subunits. It synthesizes 

primers that consists of a short, ~10 nucleotide, RNA stretch followed by 10 to 20 DNA 

bases (Fisher 1979; Nethanel et al. 1992). Thus, pol α primes the synthesis of the 

leading strand and each Okazaki fragment on the lagging strand. Polymerase ε (Pol 

ε) synthesizes the ongoing leading strand while polymerase δ (Pol δ) synthesizes the 

lagging strand by generating the Okazaki fragments (Pursell et al. 2007; McElhinny et 

al. 2008). These assignments are suggested by genetic (Miyabe et al. 2011; Clausen 

et al. 2015; Kunkel and Burgers 2008; Pursell et al. 2007; McElhinny et al. 2008), 

biochemical (Georgescu et al. 2015; J. Sun et al. 2015; Georgescu et al. 2014; 

Langston et al. 2014) and strand specific polymerase-DNA crosslinking studies (Yu et 

al. 2014). However, there are some uncertainties about these assignments and further 

work is needed for clarification (Johnson et al. 2015; Stillman 2015). 

Pol ε and Pol δ are composed of multiple subunits; their largest subunit is the 

DNA polymerase (Burgers 2009). Interestingly, the Pol2 subunit of Pol ε consists of 

two polymerase sequences linked head-to-tail; the amino-terminal half encodes the 

active polymerase that also has 3′-exonucleolytic activity, while the carboxy-half 

encodes an inactive polymerase required for replisome assembly and checkpoint 

activation (Lou et al. 2008; Tahirov et al. 2009, Sengupta et al. 2013). Crystal 

structures of the active polymerase region of Pol2 and Pol δ revealed that they have 

the shape of a right hand, such as observed for all other DNA polymerases (Shechter 

et al. 2000; Kelman et al. 1999). The architecture of the whole eukaryotic core 

replisome has been determined by single particle electron microscopy, which also 

suggested a path for threading the leading ssDNA through the CMG complex and Pol 

ε (Sun et al. 2015). Pol ε is a high-fidelity polymerase with high nucleotide selectivity. 
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Unlike Pol α, both Pol ε and Pol δ possess 3’–5’ exonuclease activity but Pol ε does 

not perform efficient strand displacement synthesis like Pol δ (Ganai et al. 2016; Flood 

et al. 2015). DNA polymerase 3’–5’ exonuclease activity is a major determinant of 

replication fidelity and Pol δ exonuclease proofreading plays important role in 

maturation of Okazaki fragments and also mismatch repair (MMR) (Jin et al. 2001, 

2003). Primers synthesized by Pol α are extended by Pol δ on each Okazaki fragment. 

When Pol δ reaches the 5′-end of the preceding Okazaki fragment, it initiates strand 

displacement synthesis. This generates a single stranded iRNA/DNA flap of varying 

lengths, which must be cleaved, and the nick between the two Okazaki fragments 

must be sealed by DNA ligase 1. Okazaki fragment maturation and can be handled in 

two ways: one mechanism is designed to process short flaps, while the other deals 

with long flaps (Balakrishnan and Bambara 2013; Stodola and Burgers 2016). In the 

primary mechanism, Pol δ is able to displace up to 2 to 3 nucleotides of DNA or RNA 

ahead of its polymerization, generating a short flap recognised by flap endonuclease 

1 (FEN1) which can remove nucleotides from the flap, about one nucleotide at a time. 

The RNA primer is completely removed leaving a DNA nick. It is proposed to be 

achieved by iterative Pol δ strand displacement and FEN1 cleavage, a process termed 

nick translation (Stodola and Burgers 2016).  

In the event of deregulated Fen1/Pol δ activity, long 5’ flap is generated and 

bound by replication protein (RPA). Biochemical studies show that Pif1 helicase 

accelerates flap displacement and promotes the formation of long flaps which are 

processed by the two-nuclease pathway discussed below (Pike et al. 2009). The RPA 

bound long flap is resistant to FEN1 cleavage and is processed by Dna2, an essential 

multifunctional nuclease/helicase, which displaces RPA and cleaves the flap to make 
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it shorter. The remaining flaps of 0-5 nt needs precise cutting by FEN1 (Kang et al. 

2010). It has been recently postulated that missed cleavage opportunity by FEN1 

leads to Okazaki fragment processing through the two-nuclease pathway (Zaher et al. 

2018). FEN1 binds and bends a short flap and cleaves it efficiently in the first 

encounter. FEN1 binds and bends a long flap with similar efficiency but it misses 

cleaving it because, with RPA bound to the flap, FEN1-DNA complex cannot achieve 

a stable, catalytically active conformation for cleaving (Zaher et al. 2018). During 

Okazaki fragment maturation, after degradation of primer RNA, DNA ligation occurs 

close to the RNA-DNA junction, however some amount of Pol α –synthesized DNA 

with low fidelity still remains (Reijns et al. 2015; McElhinny et al. 2010). 

1.1.3 Proliferating cell nuclear antigen (PCNA) 

DNA polymerases have a semi closed 'hand' structure, which allows the polymerase 

to load onto the template DNA and begin translocating, incorporating dNTPs forming 

nascent DNA (Federley and Romano 2010). However, it needs a sliding clamp to 

strengthen this interaction. PCNA serves as a DNA sliding clamp for the replicative 

DNA polymerase and increases its processivity. This places PCNA at the heart of the 

eukaryotic chromosomal DNA replisome. PCNA is a homo-trimeric ring that encircles 

dsDNA and slides along it (De March and De Biasio 2017; Federley and Romano 

2010). PCNA recognizes the DNA structure through a set of basic residues in the ring 

channel, which strategically form a right-hand spiral that matches the pitch of B-DNA 

and establishes polar interactions with consecutive DNA backbone phosphates of one 

DNA strand (De March et al. 2017). This enables PCNA to orient perfectly on the DNA, 

which is necessary for its proper functioning. The PCNA ring interacts with DNA 

polymerases through amino acid polarity on its front face and tethers them securely to 
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the DNA and enhances polymerase processivity up to 100-fold (Chilkova et al. 2007). 

Pol ε has intrinsically higher processivity than Pol δ which is increased even further 

(~6-fold) by PCNA. The very low intrinsic processivity of Pol δ is vastly enhanced 

(~100-fold) by PCNA bringing it to a comparable level with Pol ε (Chilkova et al. 2007). 

PCNA interacts with DNA Pol δ, FEN1 and LIG1 (DNA ligase 1) to synthesize, process 

and join Okazaki fragments, during lagging strand synthesis (Boehm et al. 2016). 

PCNA also acts as a platform that mediates the recruitment of many factors 

involved in DNA replication, DNA repair, chromatin remodelling and other DNA-related 

activities that are important for cell viability, cell division, and genomic stability 

(Moldovan et al. 2007; Cox 1997; De March et al. 2017). PCNA recruits important 

factors needed for translesion synthesis (Vaisman and Woodgate 2017; Zhao and 

Washington 2017), replication traverse of DNA interstrand crosslinks (ICL) (Rohleder 

et al. 2016; Porro et al. 2017), promoting ICL repair (Yang et al. 2010), fork reversal 

during RF restart (Vujanovic et al. 2017; Ciccia et al. 2012), base excision repair (BER) 

(Fromme and Verdine 2004), nucleotide excision repair (NER) (Choe and Moldovan 

2017) and mismatch repair (Boehm et al. 2016). PCNA interacts with various proteins 

via its PCNA-protein interaction interface at the front face of PCNA. This interface is 

comprised of the interdomain connector loop (IDCL), which connects the two similar 

domains of PCNA monomer. Many of the PCNA-interacting proteins bind to IDCL via 

a PCNA-interacting peptide (PIP) or motif defined by a consensus sequence (Warbrick 

et al. 1995; Warbrick et al. 1997; Warbrick 2000). The sequence variations of PIP-

boxes modify their PCNA binding strength (Kaufmann et al. 2017; Hishiki et al. 2009). 

However, regulation of strength of PCNA binding is critical for normal cellular functions 

as prolonged binding of factors can have deleterious consequences (Mattock et al. 
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2001; Fridman et al. 2010). Ubiquitin-binding domains (UBD), ubiquitin-binding motifs 

(UBM), ubiquitin-binding zinc fingers (UBZ) and SUMO-interacting motifs (SIM) are 

additional modules that promote binding of proteins to ubiquitinated or SUMOylated 

PCNA (Vaisman and Woodgate 2017; Guo et al. 2008; Plosky et al. 2006; Bienko 

2005; Armstrong et al. 2012). 

Post-translational modifications (PTMs) of both PCNA and its binding partners 

mediate the cycling of various proteins at PCNA during the dynamic process of DNA 

replication and repair. Mass spectrometry analyses revealed that of 16 lysines in 

PCNA, 13 can be ubiquitinated, of which eight can be SUMOylated or acetylated, four 

can be NEDDylated, and three can be ISGylated (Kim et al. 2011; Elia et al. 2015; 

Lumpkin et al. 2017; Coleman et al. 2017; Park et al. 2014). Upon DNA damage, 

PCNA can be mono-ubiquitinated at the highly conserved lysine residue 164 by the 

E2 ubiquitin-conjugating enzymes Rad6 and E3 ubiquitin ligase Rad18 (Hoege et al. 

2002; Davies et al. 2008) This modification of PCNA activates the DNA Damage 

Tolerance pathway (DDT, also known as post-replication repair or PRR). Mono-

ubiquitination of PCNA enhances the binding of specialised DNA translesion synthesis 

(TLS) polymerases, enabling lesion bypass (Parker et al. 2007; Haracska et al. 2004). 

Alternatively, PCNA can undergo further ubiquitination on the same lysine residue to 

form poly-ubiquitin chains. Polyubiquitination of PCNA requires Ubc13-Mms2 (an E2 

heterodimer) and Rad5 (an E3 ubiquitin ligase) and facilitates an error-free repair 

whose precise nature is still unclear (Hoege et al. 2002; Branzei et al. 2008; Chiu et 

al. 2006; Branzei et al. 2004). Interestingly, the same residue of PCNA (lysine 164) 

can also be SUMOylated in budding yeast, and SUMOylated PCNA exists in 

vertebrates (Leach and Michael 2005; Ulrich et al. 2005). This modification takes place 
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during S-phase or after high doses of DNA damage and requires the SUMO-specific 

E2 Ubc9 and the E3 SUMO ligase Siz1 (Hoege et al. 2002). During S-phase, this 

suppresses homologous recombination (HR) by recruitment of the PCNA-interacting 

protein PARI in mammalian cells (Moldovan et al. 2012) and Srs2 in yeast (Pfander et 

al. 2005; Papouli et al. 2005). An additional residue, lysine 127, can also be 

SUMOylated, but not ubiquitinated. In contrast to mutations in lysine 164, those in 

lysine 127 do not lead to DNA damage sensitive phenotypes (Hoege et al. 2002). This 

modification is thought to suppress ubiquitination of PCNA, therefore inhibiting TLS 

and other DNA repair pathways, which are potentially harmful to the cell because they 

can introduce mutations and genome rearrangements (Pfander et al. 2005; Papouli et 

al. 2005; Parnas et al. 2010).  

1.1.4 The Ctf4 trimer hub 

With recent findings from studies in budding yeast, Ctf4 is emerging as a hub that links 

factors with diverse functions to the eukaryotic replisome (Villa et al. 2016; Simon et 

al. 2014). These studies revealed that Ctf4 is a homotrimer that can bind Pol1 (of Pol 

α) on the lagging strand and Sld5 (of GINS) on the leading strand, thereby linking the 

two machineries (Villa et al. 2016; Simon et al. 2014). Ctf4 is part of the replisome 

progression complex (RPC) that includes factors like the essential initiation and 

elongation factor, Cdc45, the checkpoint mediator Mrc1, the Tof1–Csm3 complex that 

allows replication forks to pause at protein-DNA barriers and the histone chaperone 

FACT (facilitates chromatin transcription) (Gambus et al. 2006). Mass spectrometry 

analysis of CMG pulldowns has revealed that CMG associates with Pol α and many 

of these RPC proteins (Gambus et al. 2006). Thus, other factors could also contribute 

to coordinating the leading and lagging strands, such as the Tof1-Csm3-Mrc1 
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replication pausing complex that associates with many factors in the replisome 

(Calzada et al. 2005). Ctf4 was also reported to interact with other replication proteins, 

such as Dna2 and the sister chromatid cohesion protein Chl1 (Villa et al. 2016). AND-

1, the human Ctf4 homolog also interacts with Pol α (Kilkenny et al. 2017) and shows 

additional interactions with Pol δ (Bermudez et al. 2010). Surprisingly, cells deleted for 

CTF4, or the fission yeast homolog mcl1, are viable, although they do exhibit genome 

stability defects (Williams and Mcintosh 2002; Fumasoni et al. 2015; Hanna et al. 

2001). The Ctf4 homotrimer could bind to other proteins that are yet to be identified 

and, in this regard, it is interesting to note that Ctf4 binds a short peptide sequence, 

like the PIP of PCNA, which has been termed "Ctf4-interacting-peptide" or CIP-box. 

This suggests that Ctf4 might act as a centre like PCNA, trafficking many proteins and 

recruiting them dynamically to the replication fork (Villa et al. 2016; Simon et al. 2014). 

1.2 Replication stress 

The significance of studying the problems that arise during DNA replication is 

underlined by the fact that they can lead to many deleterious genome rearrangements 

such as duplications, deletions and inversions, which are associated with cancer and 

other disease states (Aguilera and García-Muse 2013; Arlt et al. 2012; Macheret and 

Halazonetis 2018). Further, oncogenes are known to interfere with the process of 

replication resulting in replication stress, which causes genomic instabilities that are 

associated with cancer (Karakaidos et al. 2005; Miron et al. 2015; Hills and Diffley 

2014). This phenomenon is known as oncogene induced replicative stress, whereby 

initial activation of oncogenes wrecks the balance of replication. It can cause: 

excessive firing of origins, such as origins within highly transcribed genes that are 

normally suppressed by transcription; deregulation of replication initiation; increased 
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interference between transcription and replication; perturbed fork progression; 

impaired fork initiation; depletion of deoxyribonucleotide pools; and increased 

chromosomal instability at fragile sites due to an inability to activate additional origins 

(Macheret and Halazonetis 2018; Jones et al. 2013; Ozeri-Galai et al. 2011; Mannava 

et al. 2013; Ekholm-Reed et al. 2004). Replication stress has also been linked to 

structural and numerical chromosomal instability (CIN) that drives metastasis (Burrell 

et al. 2013; Bakhoum et al. 2018). Whilst replication stress can drive cancer cell 

development, even these cancerous cells need to rely on various pathways that 

enable them to complete DNA replication (under conditions where it is perturbed) for 

survival. Thus, the pathways that allow cancer cells to survive replication stress are 

important targets of anti-cancer therapies. 

Under normal physiological conditions, the completion of DNA replication is 

impeded by a host of different obstacles such as DNA lesions, DNA secondary 

structures, tRNA genes, G-quadruplex (G4) DNA, Ty elements, transcription 

machinery and various DNA binding proteins (Admire et al. 2006; Lemoine et al. 2005; 

Azvolinsky et al. 2009; Deshpande and Newlon 1996; Tuduri et al. 2009; Dalgaard et 

al. 2011; Aguilera and García-Muse 2013). Replication through chromosomal regions 

containing high densities of these factors is especially reliant on mechanisms that 

promote RF stability and progression (Greenfeder and Newlon 1992; Cha and 

Kleckner 2002). Also, late replicated regions of the chromosome, which are poor in 

origin density, pose a problem as they risk entering into mitosis with unresolved 

replication intermediates. They form recurrent DNA breaks that can be visualized on 

metaphase chromosomes as breaks and gaps and are known as fragile sites (Chan 

et al. 2009; Ying et al. 2013). The un-replicated region forms an ultra-fine bridge (UFB) 
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during mitosis, resulting into chromosome breakage and aneuploidy (Zhang et al. 

2013; Lukas et al. 2011; Moreno et al. 2016). Depending on the nature of the 

impedance, RFs can undergo broadly three types of events. The most common one 

is fork pausing where the RF is transiently stalled by weaker barriers like tRNA genes 

and various other protein-DNA interactions (Deshpande and Newlon 1996; 

Greenfeder and Newlon 1992; Makovets et al. 2004; Miller et al. 2006; Wang et al. 

2001). Under these circumstances the integrity of the fork is maintained, often with the 

help of the Fork Protection Complex (FPC) and checkpoint kinases, until the barrier is 

removed, and replication is resumed. Polymerase ε serves as a centre for S-phase 

checkpoint signalling at stalled replication forkslinking the DNA replication machinery 

to the S-phase checkpoint (Navas et al. 1995; Puddu et al. 2011). In other cases, the 

RF is arrested by a barrier like the polar fork barrier in the non-transcribed spacers of 

rDNA, yet the replisome is stable and there is no fork collapse or induction of 

recombination (Mizuno et al. 2013). Fork termination is mediated by the arrival of the 

converging fork. Alternatively, at some strong replication fork barriers (RFBs) the RF 

may collapse through a poorly understood process, thought to involve either replisome 

remodeling and/or disassembly paving the way for HR proteins to act and restart 

replication (Ahn et al. 2005; Lambert and Carr 2005; Lambert et al. 2010). The S-

phase checkpoint response, previously implicated in preserving the stability of the 

replisome at defective RFs (Cobb et al. 2003; Cobb et al. 2005; Lucca et al. 2004; 

Naylor et al. 2009; Raveendranathan et al. 2006), seems to be blind to certain types 

of blocked and collapsed RFs (Lambert et al. 2005; De Piccoli et al. 2012; Mohebi et 

al. 2015).  RF collapse leads to the induction of homologous recombination (HR), 

which, in addition to promoting the repair of DNA double strand breaks (DSBs), can 
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act to restart replication. Various aspects of this process are discussed in the next 

section. 

1.3 Homologous recombination 

1.3.1 Pathways of DSB repair by HR and the key roles that Rad51 and Rad52 
play 

HR is an evolutionarily conserved DNA repair pathway involved in the repair of several 

types of DNA lesions, including DSBs and ssDNA gaps. The process of HR is well 

characterised in the context of DSB repair by genetic, biochemical and molecular 

studies (Mimitou and Symington 2009). The basic principle of HR involves the invasion 

of a homologous DNA duplex on the sister chromatid or homologous chromosome, 

which is used as a template for genetic information needed to repair the DSB 

(Figure1.2). In eukaryotes, during the initial steps of DSB repair, the broken DNA is 

processed by exonucleases generating a 3’ ssDNA tail that is instantly coated by RPA 

(West 2003). In yeast, Rad52 then mediates the nucleation of Rad51 by displacing 

RPA from the ssDNA, forming a Rad51 nucleoprotein filament with the help of other 

mediator proteins. The Rad51 nucleofilament is capable of invading into a homologous 

DNA duplex, to pair with its complementary DNA strand (strand invasion), and in so-

doing form a displacement loop (D-loop) structure. DNA synthesis is then primed from 

the 3’ end of the invading strand so that any genetic information that was lost at the 

DSB site can be recovered. Following this, the ssDNA tail on the other end of the DSB 

can anneal to the displaced strand of the D-loop (second end capture) to form a double 

Holliday junction (dHJ), which is then resolved. Alternatively, the invaded strand is 

displaced from the template to allow it to anneal to its complementary strand on the 

other side of the DSB. This is known as synthesis dependent strand annealing (SDSA) 
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(Allers and Lichten 2001; Resnick 1976) (Figure1.2). SDSA is important for avoiding 

crossovers because the D-loop is disrupted before it forms a more complex 

recombinogenic structure that has the potential to be resolved as a crossover. 

Different pathways of resolution of the heteroduplex structure following strand invasion 

and initiation of DNA synthesis are discussed in more detail in section 1.3.3. 

Rad52, the principal mediator of Rad51 in yeasts (Schizosaccharomyces 

pombe, Saccharomyces cerevisiae) which facilitates the loading of Rad51, can 

promote HR in a Rad51-independent pathway through single strand annealing (SSA) 

(Figure1.2). SSA is the pairing of two complementary, RPA coated, ssDNA stretches. 

It can repair DSBs that occur between a direct repeat of homologous sequences (Zhao 

et al. 2015). Strand resection generates 3’ overhangs, revealing complementary 

sequences, and the complementary ssDNA ends coated with RPA anneal through the 

aid of Rad52’s strand annealing activity and RPA is released (Sugiyama et al. 1998; 

Petukhova et al. 1999; Davis and Symington 2001). The nonhomologous DNA forms 

3’ flaps that are cleaved by the NER proteins Rad1 and Rad10 in S. cerevisiae (Rad16 

and Swi10 in S. pombe) (Petukhova et al. 1999; Davis and Symington 2001). SSA is 

a mutagenic process as it causes the deletion of one of the two repeats and the 

nonhomologous sequence between them. Rad52-mediated strand annealing is 

strongly inhibited by the formation of a Rad51 filament (Wu et al. 2008). 

In both budding and fission yeast, Rad52 is essential for all recombination 

events whether Rad51-dependent or -independent (Doe et al. 2004; Krogh and 

Symington 2004). Its importance for DNA repair is highlighted by the extreme 

hypersensitivity of a rad52∆ mutant in budding yeast to DNA damaging agents like 

ionizing radiation (IR) that cause DSBs (Symington 2002; Malkova et al. 1996). 
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However, in higher eukaryotes, BRCA2 (breast cancer type 2 susceptibility protein) is 

postulated to be the major loader of Rad51 onto DNA. Unlike Rad52, BRCA2 cannot 

mediate SSA or RPA displacement. RPA displacement is mediated by DSS1, a 

BRCA2 interacting factor (Zhao et al. 2015) and SSA is performed by a structural 

homolog of Rad52 (Bhargava et al. 2016). Although RAD52 cannot fully substitute for 

BRCA2, inactivation of RAD52 in BRCA2-deficient cells is synthetically lethal (Feng et 

al. 2011). Interestingly human RAD52 also plays a role in tolerating replication stress, 

which is independent of RAD51 (Sotiriou et al. 2016; Bhowmick et al. 2016). 
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Figure1.2 Different pathways of DSB repair by HR 
 
A DSB can be repaired by 3 different pathways of HR following on from 5’-3’ resection: (i) SDSA involves invasion 
of a 3’ ssDNA end into a homologous template forming a D-loop. DNA synthesis is primed by the invading strand 
and the newly synthesized strand is displaced from its template and annealed to the second end of the break, 
which initiates a second round of in-fill DNA synthesis. (ii) In the dHJ pathway, following strand invasion and DNA 
synthesis, second-end capture by the invading strand by annealing to the displaced strand forms a dHJ. Resolution 
of dHJ (vertical or horizontal, red arrows) produces noncrossover or crossover outcomes, dissolution of dHJ 
produces noncrossover outcomes. (iii) SSA involves 5’-3’ resection to expose flanking homologous sequences 
which are annealed to each other. The nonhomologous 3’ flaps are trimmed off and the 3’ ends are used as primers 
to fill in the gaps (Figure adapted from Kramara et al. 2018). 
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1.3.2 Rad51 and Rad51 mediator complexes 

Rad51 is the RecA homolog in eukaryotes that performs the central reaction of HR by 

forming a dynamic active nucleoprotein filament capable of searching for sequence 

homology and catalysing DNA strand exchange in an ATP-dependent manner 

(Brouwer et al. 2018; Xu et al. 2017). Deletion of Rad51 is not lethal in budding yeast 

or fission yeast, but is lethal in higher eukaryotes such as mice and chicken DT40 

cells, which may suggest that it is more critically required for preserving larger 

genomes (Vainio and Imhof 1995; Lim and Hasty 1996; Tsuzuki et al. 1996). It 

facilitates efficient strand exchange by polymerizing onto DNA in a right-handed helical 

filament and then stretching the DNA to 18.6 basepairs per turn from 12.5 basepairs 

per turn increasing the accessibility of the basepairs within the filament (Chen et al. 

2008; Klapstein et al. 2004; Nishinaka et al. 1998; Ogawa et al. 1993). Efficient 

homology search for the 3’ ssDNA end is one of its most essential functions. According 

to single-molecule analyses of RecA filaments, Rad51 may accomplish this through 

both an ‘intersegmental contact sampling model’ i.e. simultaneous sampling of 

multiple disconnected dsDNA segments (Forget and Kowalczykowski 2012) and a 

‘sliding model’ with the filament diffusing along dsDNA at a rate of 7700 basepairs2/sec 

sampling several hundred base pairs before dissociating (Ragunathan et al. 2012). 

Rad51 requires a number of other mediators that promote the formation and 

stability of its nucleoprotein filament, which is necessary for the strand invasion step 

in vivo. In most cases their exact roles remain to be defined. However, each mediator 

complex is considered to facilitate Rad51 assembly via a different mechanism, and 

with recent developments we are approaching an understanding of what distinguishes 

their functions. In the following sections I discuss three mediator complexes that play 
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significant roles during HR in S. pombe. However, bioinformatic, genetic and 

biochemical analyses suggest that these complexes are highly conserved and have 

non-overlapping roles in regulating HR. 

1.3.2.1 Rad55-Rad57 

Rad55 and Rad57 share sequence similarity with Rad51 (e.g. 38% for Rad55 and 

49% for Rad57 in S. cerevisiae) and, therefore, are considered to be Rad51 paralogs 

(Tsutsui et al. 2000; Khasanov et al. 1999; Lovett 1994; Kans and Mortimer 1991). 

Although they share the core ATPase domain with Rad51, they are not able to form 

nucleoproteinfilaments or perform a homology search or strand invasion reaction 

(Symington 2002; Sung 1997; Thacker 2005). In mammals, the Rad51 paralogs are 

RAD51B, RAD51C, RAD51D, XRCC2, and XRCC (Liu et al. 1998; Cartwright et al. 

1998a; Albala et al. 1997; Pittman et al. 1998; Dosanjh et al. 1998; Cartwright et al. 

1998b). In response to DNA damage and replication barriers, Rad55 is 

phosphorylated by the effector kinase Rad53 on multiple residues, which has been 

proposed to positively regulate HR (Bashkirov et al. 2000; Herzberg et al. 2006; Janke 

et al. 2010). The Rad55-Rad57 heterodimer is able to overcome RPA inhibition of 

Rad51-mediated strand exchange in vitro like Rad52 (Sung 1997), but unlike Rad52, 

neither Rad55 nor Rad57 interact with RPA (Bashkirov et al. 2000; Herzberg et al. 

2006; Janke et al. 2010). A role in promoting Rad51 activity is also indicated by the 

finding that the DNA damage sensitivity of rad55∆ and rad57∆ mutants is suppressed 

by overexpression of Rad51 (Hays et al. 1995; Johnson and Symington 1995).  

However, Rad51 is able to form IR-induced foci without Rad55-Rad57 in vivo 

suggesting that their critical role is not to mediate nucleation of Rad51 onto DNA in 

the presence of RPA (Lisby et al. 2004). Instead, the finding that a Rad51 mutant with 
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higher ssDNA binding affinity bypasses the need for Rad55 and Rad57 (but not RPA, 

Rad52, or Rad54) for strand exchange, suggests that Rad55-Rad57 is needed for 

Rad51 filament stabilization (Fortin and Symington 2002). 

Rad55-Rad57 stabilizes the Rad51 presynaptic filament by balancing the anti-

recombinase activity of the Srs2 helicase (Liu et al. 2011). Srs2 causes Rad51 to 

dissociate from DNA by triggering ATP hydrolysis within the Rad51 filament (Antony 

et al. 2009) and once a Rad51 molecule is displaced from DNA, Srs2 translocates 

along the ssDNA to displace the next Rad51 subunit in the filament (Krejci et al. 2003; 

Qiu et al. 2013; Veaute et al. 2003). A recent single molecule imaging study showed 

that Rad51I345T, containing a suppressor mutation that partially bypasses the 

requirement for Rad55-Rad57 (Fortin and Symington 2002), is removed more slowly 

by Srs2 from ssDNA, compared to wild-type Rad51 (Kaniecki et al. 2017). 

1.3.2.2 Swi5-Sfr1 

The Swi5-Sfr1 complex activates Rad51-mediated strand exchange. It was reported 

to function in parallel with Rad55-Rad57 as a Rad51 mediator (Akamatsu et al. 2003; 

Akamatsu et al. 2007). Swi5-Srf1 cannot remove RPA but can promote strand 

exchange by the presynaptic Rad51 filament. It was reported to stabilize Rad51-

ssDNA in a ATP dependent manner which was important for activation of Rad51 for 

strand exchange (Haruta et al. 2006; Kurokawa et al. 2008). Biochemical analyses 

using mouse proteins showed that SWI5-SFR1 helps maintain the catalytically active 

ATP-bound state of the RAD51 presynaptic filament by enhancing ADP release from 

the filament (Su et al. 2014). Further studies showed that SFR1 interacts with the 

oligomeric, but not the monomeric, form of RAD51 and the C-terminus of SWI5 is 
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important for SWI5–SFR1 and RAD51 complex formation (Su et al. 2016). In vitro 

studies by flow linear dichroism (LD) spectroscopy using S. pombe Swi5-Sfr1 and 

Rad51 showed that Swi5-Sfr1 stimulates Rad51-promoted strand exchange by 

causing more perpendicular organisation of the DNA bases in the presynaptic filament 

facilitating base pairing with an incoming dsDNA (Fornander et al. 2014). A synaptic 

role for Swi5–Sfr1 in Rad51-driven strand exchange is also supported by recent 

molecular kinetic studies of DNA strand exchange involving these proteins (Ito et al. 

2018).  

1.3.2.3 Rdl1-Rlp1-Sws1 

Rdl1-Rlp1-Sws1 is the functional equivalent of the budding yeast Shu complex 

consisting of Shu1-Shu2-Psy3-Csm2, and the mammalian enzymes XRCC2- SWS1-

RAD51D-SWSAP1 (Martin et al. 2006; Martino and Bernstein 2016). The single 

mutants of Rdl1-Rlp1-Sws1 show milder sensitivity to hydroxyurea (HU), camptothecin 

(CPT), methyl methanesulphonate (MMS), UV, and IR compared to Rad55-Rad57 and 

Swi5-Sfr1 mutants (Khasanov et al. 2004; Martín et al. 2006). However, yeast two-

hybrid analysis shows that Rlp1 and Rad57 interact and rlp1∆ is epistatic to rad55∆ 

for MMS and IR sensitivity, indicating that the Rdl1-Rlp1-Sws1 complex works with 

Rad55-Rad57 (Khasanov et al. 2004). Csm2, a member of the budding yeast Shu 

complex, has been shown to interact with Rad55 independently of Rad51 in yeast two-

hybrid assays (Godin et al. 2013; Xu et al. 2013) and to promote Rad55 foci induced 

by IR and Rad51- dependent direct repeat recombination (Godin et al. 2013).  

Interestingly, yeast two-hybrid screens showed that Shu1 physically interacts 

with Srs2 (Martín et al. 2006), and deletion of the budding yeast Shu1 leads to 
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increased Srs2 recruitment to both spontaneous foci and that induced by a DSB, 

correlating with a decrease in Rad51 foci (Bernstein et al. 2011). Thus, the Shu 

complex is an important negative regulator of the recruitment of Srs2. Recently, using 

a fully reconstituted system, it was demonstrated that the Shu complex, Rad55-Rad57 

and Rad52 act as a functional ensemble to promote nucleation of Rad51 on RPA 

coated ssDNA (Gaines et al. 2015). 

1.3.3 Post synaptic resolution of recombination intermediates 

1.3.3.1 D-loop disruption 

Following strand invasion and D-loop formation, the subsequent steps to resolve the 

heteroduplex structure vary depending on the particular HR pathway used (Figure1.2). 

One option is D-loop disruption, displacing the invading strand from the template. 

Helicases like Fml1/Mph1/FANCM, Srs2, and the RecQ-type helicases 

Rqh1/Sgs1/BLM/WRN/RECQ1/R (in budding and fission yeasts and mammals) have 

all been shown to be capable of catalyzing D-loop unwinding in vitro (Chu and Hickson 

2009; Bachrati et al. 2006; Bernstein et al. 2010; Dupaigne et al. 2008; Prakash et al. 

2009; Sharma et al. 2005; Sun et al. 2008) and thus, may play a role in promoting 

SDSA. Srs2 can additionally promote SDSA by disrupting the Rad51 nucleofilament 

to prevent engagement or invasion of the second end with the invaded strand 

(Dupaigne et al. 2008). Increased cross over events during DSB repair in yeast cells 

are associated with deletions of Fbh1, Fml1/Mph1, Rqh1/Sgs1 and Srs2, which is also 

consistent with one or more of these helicases playing a role in promoting SDSA (Ira 

et al. 2003; Morishita et al. 2005; Robert et al. 2006; Sun et al. 2008; Prakash et al. 

2009; Bzymek et al. 2010; Lorenz et al. 2012). The importance of these helicases is 

emphasized in humans by their association with autosomal recessive genomic 
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instability diseases like Fanconi anemia and Bloom’s, Werner’s, and Rothmund- 

Thomson Syndrome (Ellis et al. 1995; Yu et al. 2016; Gray et al. 1997; Kitao et al. 

1999; Kennedy and Andrea 2005). 

1.3.3.2 Resolution of Double Holliday junctions 

HJs are resolved by DNA structure-specific nucleases (so-called HJ resolvases) that 

cut two non-crossed strands or two crossed strands of the HJs. In the case of dHJs, if 

these cuts are done in the same strands at both junctions, noncrossover products are 

produced; however, if they are introduced into opposite strands then the products of 

the reaction are crossovers. GEN1 in mammals (with functional similarity to Yen1 in 

budding yeast and RuvC in bacteria) is a monomeric 5’-flap endonuclease that can 

dimerize on HJs to make symmetrical nicks on non-crossing strands thereby resolving 

the junction (Rass et al. 2010). Due to the absence of a GEN1 ortholog in fission yeast, 

the endonuclease Mus81-Eme1 (Mus81-Mms4 in budding yeast and MUS81-EME1 

in mammals) may perform this function. Mus81-Eme1 plays a major role in cleaving 

recombination intermediates during meiosis to form crossovers (Osman et al. 2003; 

Smith et al. 2003). However, studies show that Mus81-Eme1 does not preferentially 

cleave four-way HJs, but prefers nicked HJs and D-loops (Osman and Whitby 2007; 

Pfander and Matos 2017). Another structure- specific endonuclease identified in yeast 

and humans, Slx1-Slx4, has been shown to have Y-junction, 5’ flap, and HJ 

endonuclease activity that resides within Slx1 (Fricke and Brill 2003; Andersen et al. 

2009; Fekairi et al. 2009; Muñoz et al. 2009; Saito et al. 2009; Svendsen et al. 2009). 

Interestingly, there is evidence that shows that HJ resolvases, such as Mus81-Mms4 

and Yen1, are cell cycle regulated and not activated until G2/M phase, which suggests 

that the endonucleolytic processing of HJs, which risks generating crossovers, may 
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be used only as a last resort in mitotic cells to ensure that sister chromatids can 

segregate during anaphase (Matos et al. 2011; Pfander and Matos 2017). Alternative 

non-nucleolytic methods of processing HJs, such as dHJ dissolution (see below), 

which do not form crossovers, act earlier in the cell cycle (Wechsler et al. 2011; 

Sarbajna and West 2014). However, even though HJ resolution may only be a backup, 

it seems to be one that is frequently required, as depletion/loss of GEN1 and MUS81 

in human cells causes cell cycle delay and considerable cell death associated with 

unresolved recombination intermediates that manifest as ultrafine DNA bridges during 

anaphase (Chan et al. 2018; Chan and West 2018). 

1.3.3.3 Dissolution of double Holliday junctions 

The dissolution of dHJs creates noncrossover products with the cooperative action of 

an HJ branch migration enzyme (Rqh1 in fission yeast and its counterparts, Sgs1 in 

budding yeast and BLM in mammals) and a topoisomerase III. The convergent branch 

migration of the two HJs leads to a hemicatenane intermediate, which can be 

decatenated by topoisomerase III (Hiasa and Marians 1994; L. Wu and Hickson 2003) 

(Figure1.2). The branch migrating helicase works in complex with the OB 

(oligonucleotide/oligosaccharide binding) fold containing accessory factor Rmi1 to 

dissolve dHJ intermediates (Wu and Hickson 2003; Mankouri and Hickson 2007). This 

complex, together with the type IA topoisomerase (Top3/TopoIIIα) forms a 

“dissolvasome” (Manthei and Keck 2013; Hickson 2014). The importance of dHJ 

dissolution is shown by the high levels of inter-sister chromatid exchange in BLM-

deficient patients (Wu and Hickson 2003) and by the high levels of crossover 

recombinants generated during mitotic DSB repair in budding and fission yeast (Ira et 

al 2003; Sun et al 2008).  
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1.4 Repairing DSBs by break-induced DNA replication 

Break-induced replication (BIR) is a pathway that specializes in the repair of one-

ended double-strand DNA breaks (DSBs) (Figure1.3). Most HR repair pathways 

involve both ends of the DSB with invasion of homologous DNA by one end of the 

break followed by DNA synthesis and ligation of the two ends. BIR is a specialized 

mechanism of HR involving a single end of the DSB, which may occur when the other 

end of the break fails to engage with a homologous sequence, or when the two ends 

of the break find homologous template independently of each other, possibly at 

different ectopic sites (Sakofsky and Malkova 2017). Another scenario for BIR can 

arise at eroded telomeres that exposes a single DNA end or in situations when 

replication through a DNA lesion causes fork collapse and creation of one ended 

breaks (Sakofsky and Malkova 2017; Llorente et al. 2008; Anand et al. 2013). 

Eukaryotic BIR has been studied extensively in budding yeast using several 

different approaches of controlled induction of DSBs. The approaches included 

transformation of yeast cells with linearised DNA fragments for initiating BIR at a 

homologous site (Morrow et al. 1997); or using the HO site-specific endonuclease to 

induce a chromosomal DSB such that only one end of the break can find homology in 

the genome (Bosco and Haber 1998; Malkova et al. 1996; Morrow et al. 1997). Some 

studies were done using yeast cells lacking telomerase, which maintain their 

telomeres via a BIR based pathway called alternative lengthening of telomeres (ALT) 

(Le et al. 1999; Lydeard et al. 2007). A recent approach involves introducing a site 

specific nick which gets converted into a one-ended break during replication (Cortes-

Ledesma & Aguilera, 2006; Katz, Gimble, & Storici, 2014; Mayle et al., 2015; Nielsen 

et al., 2009). New experimental systems have now been developed in higher 
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eukaryotes for studying BIR in Xenopus laevis egg extracts (Hashimoto & Costanzo 

2011) and mammalian cell lines (Costantino et al. 2014; Chandramouly et al. 2013; 

Cho et al. 2014; Bhowmick et al. 2016). 

Similar to other HR-mediated DSB repair pathways, BIR initiates with 5’-3’ 

resection of the DSB end which generates a 3’ ssDNA tail (Chung et al. 2010). In S. 

cerevisiae, the initial resection is catalysed by the Mre11–Rad50–Xrs2 (MRX) complex 

(Mre11, Rad50, Nbs1 (MRN) in S. pombe and mammals) and Sae2 (Ctp1 in S. pombe 

and CtIP in mammals), which is followed by longer range resection catalysed either 

by Exonuclease 1 (Exo1) or Sgs1 in conjunction with Dna2 (Symington 2016). The 

subsequent interaction between the homologous template and ssDNA needs Rad52 

but in yeast can proceed via a Rad51-dependent or Rad51-independent pathway 

(Davis & Symington, 2004; Malkova et al., 2005; Malkova et al., 1996). The main 

pathway for BIR in yeast is Rad51-dependent, which is more efficient and requires 

significantly more DNA sequence homology to proceed than the Rad51-independent 

pathway (Lydeard et al. 2007). As might be expected, the Rad51-dependent pathway 

requires the proteins that promote Rad51 nucleofilament formation and stability (i.e. 

Rad52, Rad54, Rad55 and Rad57), however, interestingly, it has a greater 

dependence on the Shu complex proteins than other Rad51-mediated DSB repair 

pathways (Signon et al. 2001; Anand, Lovett, and Haber 2013; Lydeard et al. 2010). 

The Rad51-independent pathway is mediated by Rad52 and also needs Rad59, 

Rdh54 and the Swi2/Snf2 chromatin remodeler complex (Malkova et al. 1996; Signon 

et al. 2001). Rad59 is a homologue of Rad52 that is suggested to play an important 

role in stabilizing the initial encounter between the DSB end and the donor sequence 

(Sugawara et al. 2000). Rad51-independent BIR is a less efficient process considered 
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to proceed by SSA between short stretches of homology (homeology) and is 

suppressed by Rad51 filament formation (Downing et al. 2008). Interestingly it has 

been suggested that Rad51-independent BIR may be akin to microhomology-

mediated BIR (MMBIR) which is thought to be responsible for generating some of the 

complex genomic rearrangements detected in patients with various neurological 

diseases (Carvalho and Lupski 2016; Hastings et al. 2009).  

The initiation of BIR can take several hours but varies for different experimental 

systems. This delay is proposed to result from the recombination execution checkpoint 

(REC), activated in response to the absence of the second end to participate in the 

HR. Two helicases, Sgs1 and Mph1, are considered to be involved by promoting 

multiple rounds of dissociation and reinvasion of the broken DNA end into its template 

(Jain et al. 2009; Jain et al. 2016). The most peculiar feature of Rad51-dependent BIR 

is its mode of DNA synthesis, which is carried out via a migrating D-loop (or bubble) 

driven by branch migration of its four-way DNA junction that displaces the newly 

synthesized strand. The synthesis is asynchronous with the leading strand primed at 

the 3’ end extending while the D-loop migrates (Saini et al. 2013; Wilson et al. 2013). 

The lagging strand utilizes the leading strand as the template, therefore resulting in 

conservative inheritance of nascent DNA (Saini et al. 2013; Maradeo and Skibbens 

2010; Donnianni and Symington 2013). The mode of synthesis of the lagging strand 

is not known; it could either be discontinuous, forming Okazaki fragments, or be 

continuous beginning from the terminal end of the leading strand. Stretches of DNA 

extending upto 100 kb have been detected representing BIR (Saini et al. 2013).  

All three replicative polymerases, Pol α, Pol ε and Pol δ, participate in BIR DNA 

synthesis, though their exact roles and distribution of labour remains unclear. Yet there 
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is evidence suggesting that Pol δ is the main polymerase performing leading-strand 

synthesis (Lydeard et al. 2007; Deem et al. 2008; Smith et al. 2009). A specific feature 

of BIR is its need for Pol32, a subunit of Pol δ, which is not essential for S-phase DNA 

synthesis. It is possibly responsible for strand displacement during bubble migration 

(Lydeard et al. 2007). Studies show that the Pol α primase complex participates in 

both lagging and leading-strand synthesis, although its role in the context of leading 

strand synthesis is still unclear (Lydeard et al. 2007; Lydeard et al. 2010). Temperature 

sensitive mutants of Pol α (po1-17) and primase (pri2-1) were unable to complete HO-

endonucleae induced BIR (Lydeard et al. 2007). Data also suggest that Pol ε is not 

needed for initiating DNA synthesis but promotes DNA synthesis post BIR 

establishment (Lydeard et al. 2007). 

The identity of the main helicase that drives BIR progression is not clear. An 

initial study on HO endonuclease induced BIR in yeast proposed that Mcm2-7 is the 

main replicative helicase in BIR. The system comprises of a galactose-inducible HO 

endonuclease cut site integrated into the CAN1 gene on a template chromosome 

deleting the 3’ end portion of the gene. The DSB shares homology, only on the 

centromere-proximal side, with a segment of the CAN1 gene that is inserted on a 

donor chromosome. Repair of the break by BIR DNA synthesis results in a 

nonreciprocal translocation that restores an intact CAN1 gene, while the entire donor 

chromosome arm is duplicated and sequences distal to the original HO cut site are 

lost. The initiation of new DNA synthesis was detected by PCR and BIR was defective 

at the restrictive temperature of 37°C in the temperature sensitive mcm4-td degron 

strain (Lydeard et al. 2010). However, another study using a budding yeast strain 

disomic for chromosome 3 to assay allelic interhomolog BIR found that mcm4-td 
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has only mild BIR deficiency at restrictive temperature (Wilson et al. 2013). This strain 

has a galactose-inducible HO endonuclease cut site integrated at the MATa locus of 

one copy of Chromosome 3 which is truncated distal to the DSB site for efficient BIR. 

The second copy of the chromosome contained an uncleavable MATα-inc allele and 

serves as a template for DSB repair (Wilson et al. 2013). Cells lacking Pif1 or its 

helicase activity were found to be deficient in allelic interhomolog BIR. By monitoring 

the association of RPA with the template chromosome by ChIP and quantitative PCR, 

extensive ssDNA generated during BIR was observed, that was Pif1 dependent. It was 

proposed that Pif1 can support long range BIR in the absence of Mcm2-7 (Wilson et 

al. 2013). Although the specific role of Pif1 is unknown, it has been postulated that it 

either works ahead of the replication bubble to unwind the DNA duplex or behind the 

bubble to extract the nascent leading strand from the replication machinery (Saini et 

al. 2013; Wilson et al. 2013). Srs2 is also considered to have a role in BIR, preventing 

the formation of toxic intermediates that would otherwise form upon invasion of the 

newly synthesized leading strand into the template duplex DNA (Elango et al. 2017).  

PCNA plays an important role in BIR and both sumoylation and ubiquitination 

of PCNA at K164 are involved. This implies that these modifications either occur 

sequentially or on different monomers (Lydeard et al. 2010). Two specific alleles of 

PCNA, namely pol30-89 and pol30-92 were identified capable of affecting BIR 

efficiency without affecting gene conversions. PCNA being a homotrimer, one subunit 

that is pol30-89 or pol30-92 can possibly affect BIR without affecting replication 

(Lydeard et al. 2010). Another important factor for BIR is RPA, which protects large 

stretches of ssDNA created in the case of extensive resection and during leading 

strand synthesis. Hypomorphic alleles of RFA1, the gene encoding the large RPA sub-
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unit, that only mildly affected normal DNA synthesis, resulted in a dramatic defect in 

BIR (Ruff et al. 2016). BIR was assayed in a system consisting of a recipient 3’ 

truncated lys2 gene with a galactose inducible HO endonuclease cut site on one 

chromosome and a donor 5’ truncated lys2 gene on a different chromosome. The 

donor shares homology only on the right side of DSB resulting into reconstitution of 

the LYS2 gene by BIR. The rfa1-D228Y and rfa1-S373P mutants exhibited BIR 

frequency 20 to 50-fold lower than that of the wild-type. BIR frequency was also 

verified by physically measuring the product formation by PCR. The BIR defect was 

proposed to be mainly associated with the instability of the 3’ invading end, which is 

degraded by the Sgs1/Dna2 complex, in the absence of adequate protection by RPA. 

RPA could be important in protecting long-lived ssDNA intermediates during BIR such 

as the displaced strand of the D-loop (Wold 1997; Ruff et al. 2016). 

DNA synthesis associated with BIR is considerably more error-prone than 

normal S-phase DNA replication, yielding increased rates of both frameshift mutations 

and chromosomal rearrangements (Deem et al. 2008; Ruff et al. 2016; Deem et al. 

2011; Sakofsky et al. 2015; Sakofsky et al. 2014; Smith et al. 2007; Anand et al. 2014; 

Jain et al. 2009; Smith et al. 2009; Vasan et al. 2014). The majority of frameshift 

mutations have been attributed to a reduced fidelity of Pol δ that may be related to 

frequent dissociation of Pol δ from the template DNA during bubble migration. 

Frequent dissociation of the invading 3’ end during BIR may occur due to the action of 

helicases like Mph1 and Sgs1, which also cause delay in BIR initiation (Sakofsky and 

Malkova 2017; Smith et al. 2007; Jain et al. 2009). In addition, the rapid dissociation 

of nascent DNA from the template during bubble migration may prevent correction by 

MMR (Deem et al. 2011). The asynchrony between leading and lagging strand 
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synthesis also results in increased levels of base substitutions, as it creates long 

stretches of ssDNA on which excision DNA repair pathways cannot operate (Sakofsky 

et al. 2014). These lesions may be later bypassed by the incorporation of erroneous 

bases in the opposite strand by TLS polymerases. It is thought that the formation of 

clustered mutations in cancer genomes by apolipoprotein B mRNA editing enzymes 

catalytic polypeptide-like enzyme (APOBEC) may involve damaged ssDNA that 

accumulates during BIR (Chan & Gordenin, 2015; Roberts & Gordenin, 2014). BIR 

can also give rise to chromosomal rearrangements both through frequent template 

switching and through the premature resolution of BIR intermediates that can result in 

half-crossovers that resemble chromosome fusions reported in human cancer cells 

(Smith et al. 2009; Deem et al. 2008). 
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Figure1.3 Model of DSB repair by BIR 
a) During BIR, a single end of the DSB is available for strand invasion, 5’-3’ resection generates a 3’ ssDNA end. 

b) 3’ ssDNA end invades a homologous DNA molecule to form a D-loop. c) DNA synthesis carried out via a 

migrating D-loop driven by branch migration of an unresolved HJ, displacing the newly synthesized strand. d) 

Asynchronous DNA synthesis, with newly synthesized leading strand persisting as a long tract and delayed lagging 

strand synthesis that uses leading strand as the template. e) Completion of BIR with conservative inheritance of 

newly synthesized DNA.  

a) 

DSB

b) 

c) 

d) 

e) 
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1.4.1 BIR in replication fork restart 

BIR has been implicated in the restart of collapsed RFs in bacteriophage T4, as well 

as in bacteria (Michel and Sandler 2017; Mosig 1998; Mueser et al. 2010). In 

Escherichia coli, where replication is initiated from a single replication origin and 

terminates at a single locus, BIR is the primary pathway to ensure completion of 

replication following fork collapse. It involves cleaving of the dysfunctional fork, if not 

already broken, and resection of the broken end to generate a ssDNA tail that is coated 

with RecA. The RecA filament invades the template duplex and and primes DNA 

synthesis. The structure is then processed by nucleases and the replicative helicase 

is reloaded yielding a canonical RF (Anand et al. 2013; Malkova and Ira 2013; 

Sakofsky et al. 2012). However, eukaryotic cells are less dependent on BIR for the 

recovery of broken RFs because the majority of dysfunctional forks are likely to be 

rescued by a converging fork derived from a nearby origin of replication. Hence, 

shorter tracts of mutagenic BIR synthesis are observed in S-phase compared to G2 

as discussed below (Mayle et al. 2015). 

BIR is also able to restart broken RFs in eukaryotes as shown by studies in 

both S. cerevisiae and Xenopus laevis egg extracts (Hashimoto and Costanzo 2011; 

Mayle et al. 2015). In S. cerevisiae, a site-specific single-strand DNA break was used 

to induce replication fork breakage, which was successfully repaired by BIR initiated 

during S-phase (Mayle et al. 2015). The nature of this BIR was similar to that studied 

in G2, in that it was associated with increased mutagenesis and template switching, 

and was dependent on Pol32 and Pif1 (Mayle et al. 2015). However, unlike non-S-

phase associated BIR, only few kilobases of BIR synthesis and associated 

mutagenesis and template switching were detected. This was attributed to fork 
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convergence with the oncoming RF and cleavage of BIR intermediates by Mus81. 

Long-tract BIR DNA synthesis was induced only when the replication collapse 

occurred in a mus81∆ mutant in regions of the genome devoid of replication origins 

(Mayle et al. 2015).  

BIR events have been shown to be triggered under unusual conditions, such 

as post-RF collapse at fragile sites under conditions of reduced levels of Pol α in 

budding yeast (Lemoine et al. 2005) and in regions with hairpin-capped DSBs that 

promote RF collapse (Narayanan et al. 2006). BIR is also triggered by oncogene 

induced replication stress in cancer cells (Sotiriou et al. 2016; Costantino et al. 2014). 

These events depend on Rad52 and need POLD3, a mammalian homolog of Pol32. 

It was recently reported that replication stress induced by p53-independent expression 

of p21 in cancer cells, promotes Rad51-independent, but Rad52-dependent events, 

which could be due to BIR (Galanos et al. 2016). There is also an interesting report 

on BIR leading to large scale expansions of (CAG)n•(CTG)n trinucleotide repeats, 

which are similar to those responsible for a number of neuromuscular and 

neurodegenerative disorders (Kim et al. 2017).  

1.5 Recombination-dependent replication restart without a DSB 

RF collapse does not always result from (or lead to) breakage of the DNA. It can 

sometimes just involve the dissociation of replisome components (Cortez 2015).  A 

model system for studying the consequences of RF collapse without DNA breakage 

has been developed in S. pombe using the site-specific protein-DNA polar RFB 

Replication termination sequence 1 (RTS1) (Lambert et al. 2010; Miyabe et al. 2015; 

Mizuno et al. 2013; Nguyen et al. 2015; Ahn et al. 2005). RF blockage at RTS1 leads 

to fork collapse followed by the recruitment of HR proteins within approximately 10 
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minutes, which then act to restart replication, which is then driven by Pol δ-mediated 

synthesis of both leading and lagging strands (Miyabe et al. 2015; Nguyen et al. 2015; 

Lambert et al. 2010; Mohebi et al. 2015). This type of recombination-dependent 

replication (RDR) has been termed homologous recombination-restarted replication 

(HoRReR) (Miyabe et al. 2015) however, I will refer to it simply as RDR henceforth. 

Like BIR, RDR induced by RTS1 depends on Rad51 and Rad52, which can 

inadvertently recombine ectopic homologous sequences during the restart process 

generating a variety of genome rearrangements and alterations (Ahn, Osman, and 

Whitby 2005; Lambert et al. 2005; Lambert et al. 2010; Mizuno et al. 2009; Morrow et 

al. 2017; Nguyen et al. 2015). Also similar to BIR, RDR induced by RTS1 is very 

mutagenic and liable to template switching (Iraqui et al. 2012; Mizuno et al. 2013; 

Nguyen et al. 2015) However, unlike BIR, RDR is semi-conservative (Miyabe et al. 

2015). 

A favoured model for RDR induced by RTS1 is depicted in Figure1.4. In this 

model the collapsed fork is regressed (or reversed) into a so-called “chicken foot” 

structure that resembles an HJ (Sun et al. 2008; Ait Saada et al. 2018). Fork 

regression involves the unwinding of the two nascent strands from their templates 

followed by their annealing to each other such that they form a DSB end (Higgins et 

al., 1976; Postow et al., 2001; Sogo et al., 2002). Fml1, Rqh1, Fbh1 and Rad54, have 

been shown to promote fork regression in vitro and hence could promote RDR at RTS1 

(Atkinson and McGlynn 2009; Sun et al. 2008; Whitby 2010; Zheng et al. 2011; Ralf 

et al. 2006; Gari et al. 2008; Fugger et al. 2015; Bugreev et al. 2011). However, from 

this list of proteins, only Fml1 and Rad54 appear to promote RTS1-induced 

recombination, whereas Fbh1, Rqh1 and Srs2 have been shown to limit it (Ahn et al. 
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2005; Lorenz et al. 2009). Interestingly, replication restart is reported to be reduced in 

a srs2∆ mutant (Lambert et al. 2010; Inagawa et al. 2009). The DSB end generated 

by fork regression is resected to form a 3’ ssDNA tail onto which Rad51 loads. The 

process of resection was recently shown to involve two steps, an initial short-range 

resection mediated by the MRN complex and Ctp1, followed by a long-range resection 

that is mediated by Exo1 (Tsang et al. 2014; Teixeira-Silva et al. 2017). The initial DNA 

resection at the collapsed fork is governed by the binding of the Non-Homologous End 

Joining (NHEJ) protein Ku, which seems to prevent extensive degradation of the DNA. 

Loss of Rad51 or Rad52 has also been reported to prevent fork restart due to 

extensive resection at the collapsed fork by Exo1 (Ait Saada et al. 2017). Once loaded, 

the Rad51 nucleofilament conducts a homology search and strand invasion to form a 

D-loop. It is thought that this D-loop acts as a platform for the reassembly of replisome 

components and that replication may then proceed in a fashion similar to BIR (i.e. as 

a migrating D-loop) (Nguyen et al 2015). It has also been suggested that the semi-

conservative mode of DNA synthesis stems from the branch migration of the four-way 

junction following behind the D-loop (Nguyen et al 2015).  
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Figure1.4 Hypothetical model for RFB-induced RDR 
a) RF blockage at RTS1 leads to fork collapse and RDR initiates within 10 minutes and gives rise to a restarted 

fork within 60 mins. Parental DNA strands are shown in dark blue and nascent strands in light blue. b) Model to 

show how a canonical and restarted fork might merge. c) Model to show how RDR might give rise to genetic 

change. The two yellow patches represent a direct repeat of homologous sequences. Figure adapted from Nguyen 

et al. 2015. 
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1.6 Aims of study 

RDR is important for ensuring completion of replication by restarting collapsed RFs, 

although this comes at the cost of increased genomic instability. Fork restart could be 

more crucial in regions where replication is unidirectional, such as the rDNA locus, in 

regions of low origin density, such as some human fragile sites, and under situations 

where both converging forks are impeded (Lambert and Carr 2013; Murray and Carr 

2008; Lambert et al. 2010). During replication fork collapse, the protein components 

of the fork are thought to partially or completely dissociate from the DNA (Cortez 

2015). In E. coli, fork collapse entails replisome disassembly, and restart of a collapsed 

fork involves HR and the PriA helicase that catalyses the assembly of a new replisome 

de novo on joint-molecule structures (Heller and Marians 2006; Michel et al. 2007). In 

eukaryotes, it remains to be understood clearly if fork collapse involves unloading of 

the replisome and whether origin-independent loading of the replisome occurs during 

RDR. The primary aim of my study was to investigate whether fork collapse is an 

“active” process that involves unloading of specific components of the replisome. To 

this end, I investigated whether specific factors are needed to dismantle the replisome 

in order for RDR to occur at RTS1. These investigations comprise the first and major 

part of my work (Chapters 3, 4 and 5). 

Similar to BIR, Rad51 and Rad52 promote replication restart at RTS1. The 

reengagement of the nascent strands with the parental DNA duplex, mediated by 

Rad51 seems to be vital for the process of RDR. Rad51 activity in general requires 

various mediators that facilitate formation and functional activation of Rad51 

nucleofilament. Understanding more about the role of Rad51 and its mediators in fork 
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restart from RTS1, in order to advance our knowledge on the mechanism of fork restart 

and the nature of the restarted fork, comprises the latter part of my work (Chapter 6). 
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2 Materials and methods 
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2.1 Escherichia coli media  

E. coli was grown at 37°C in Luria-Bertani (LB) (10g Tryptone, 5 g yeast extract, 5 g 

NaCl per litre) broth or on LB-agar (15 g/l agar), supplemented with antibiotics where 

appropriate (Sambrook and Russell 2001). Antibiotics were filtered (0.2μm Millipore 

syringe filters) and stored as 1000X stocks at 4°C (Sambrook and Russell 2001) and 

mixed into the media (under 50°C), just before use. Antibiotics were used at 

recommended concentrations (ampicillin: 50 μg/ml; kanamycin: 50 μg/ml; 

chloramphenicol: 20 μg/ml) (Sambrook and Russell 2001). 

2.1.1 Schizosaccharomyces pombe media 

Yeast extract (YE) (30 g D-Glucose and 5 g Yeast Extract in 1litre water) and YE 

containing all supplements (YES) (225 mg/l uracil, leucine, lysine, histidine, and 

adenine each) were used as complete media. Edinburgh Minimal Medium with 3.7 

mg/ml L-glutamic acid monosodium salt (EMMG) (20 ml 50x salts, 1 ml 1000x 

vitamins, 0.1 ml 10000x minerals, 30 g D-Glucose, 3.7 g sodium glutamate, 2.2 g 

anhydrous Na2HPO4, 3 g potassium hydrogen phthalate in 1 litre water) was used as 

minimal media and supplemented with amino acids as appropriate (Sabatinos and 

Forsburg 2010). The 1000X vitamins stock contains 0.1% pantothenic acid, 1% 

nicotinic acid, 1% myo-inositol and 0.001% biotin. The 10,000X minerals stock 

contains 1% citric acid, 0.04% cupper sulphate, 0.1% potassium iodide, 0.16% 

molybdic acid, 0.2% ferric chloride, 0.4% zinc sulphate heptahydrate, 0.4% 

manganese (II) sulphate and 0.5% boric acid. When needed, 18 g/l DifcoTM 
agar was 

added to the media. S. pombe were grown at 30°C unless otherwise stated.  
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Strains that are auxotrophic for one or more of the following: adenine, arginine, 

histidine, leucine, and/or uracil, were supplied with the respective supplements at 0.25 

mg/ml for growth on minimal media. To differentiate between ade+ and ade- colonies, 

cells were plated onto low adenine (LA) medium containing 0.01 mg/ml adenine, which 

allows ade+ colonies to appear white and ade- colonies red. The red colour is due to 

the accumulation of a precursor in the adenine biosynthesis pathway, P-

ribosylaminoimidazole, that oxidizes to a red pigment (Schär and Kohli 1994). Ade+ 

recombinants were selected on YE supplemented with 0.2 mg/ml guanine dissolved 

in 1 M NaOH to prevent uptake of residual adenine (Osman and Whitby 2009) 

For selection of strains carrying antibiotic resistance, media was supplemented 

with the recommended concentrations of geneticin (G418; 100mg/l), nourseothricin 

(clonNat; 100 mg/l) or hygromycin B (200 mg/l). To repress expression from the nmt 

promoter, 20 nM – 4 μM thiamine was added to the minimal media as indicated. To 

test for 5-Fluoroorotic Acid (5-FOA) resistance, cells were plated onto YES medium 

(30 g D-Glucose, 5 g Yeast Extract, 20 g agar, 200 mg leucine, lysine, histidine, 

adenine and 50 mg uracil in 1 litre water) containing 1g/l 5-FOA (5-Fluoroorotic Acid 

Monohydrate, Formedium Ltd.)(Petersen and Russell 2016). 5-FOA was dissolved in 

water and mixed 1:1 with 55°C 2XYES for pouring the plates. Malt extract (ME) media 

[30 g malt extract, 20 g agar in 1litre water (pH>5.5)] was used for mating strains, 

which was carried out at 25°C. 
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2.2 S pombe strain construction 

2.2.1 Transformation 

To integrate linear DNA constructs into the S. pombe genome, S. pombe cells were 

transformed by an established lithium acetate transformation protocol (Okazaki et al. 

1990). Cells were washed three times in sterile Milli-Q water and resuspended 1:1 in 

0.1 mM lithium acetate (pH 7.5) with 1x TE (pH 7.5). 10 μg of linear DNA for integration 

and 20 μg of carrier DNA (sonicated salmon sperm DNA, to protect the DNA from 

degradation by nucleases) were mixed with 100 μl of cells and incubated at room 

temperature for 10 minutes. 260 μl 0.1 mM lithium acetate, 1x TE and 40% PEG were 

added to the mixture at 30°C for 60 – 90 minutes. Finally, cells were heat shocked 

with 43 μl DMSO at 42°C for 5 minutes, washed and resuspended in Milli-Q water. 

The cells were handled gently at all stages, avoiding the use of vortex mixer for 

resuspending them. The transformed cells were plated in 1:1, 1:10 and 1:100 dilutions, 

either directly onto selective media (for nourseothricin selection and/or auxotrophic 

markers) or plated onto complete media without antibiotics and incubated at 30°C for 

48 hours before replica plating the transformants onto selective media (for geneticin 

and hygromycin B). Colonies were screened for correct integration of the DNA 

construct by colony polymerase chain reaction (PCR) (described in Section 2.2.3)  

2.2.2 Genetic crosses 

Cells with opposite mating types (h+/h-) were mixed and grown on Malt Extract Agar 

(MEA) at 25°C for 3 days. Spores were released by overnight digestion with glusulase 

(PerkinElmer) at 30°C. Successful mating was determined microscopically by 

observing the formation of asci. Cells were then washed in sterile Milli-Q water and 
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plated on YES agar or directly onto the appropriate selective medium. Progeny were 

screened for the appropriate genetic markers and genotoxin sensitivities.  

2.2.3 Colony PCR 

Colony PCRs were performed to confirm accurate integration of linear DNA fragments 

into the S. pombe genome. Chromosomal DNA was released from yeast cells by 

boiling a yeast colony in 5 µl ddH2O at 100°C for 5 minutes. This was followed by 

amplification of specific DNA fragments, that would result from correct integration of 

the DNA construct by Taq DNA polymerase (New England BioLabs) using at least one 

primer that anneals to a unique chromosomal sequence that flanks the targeted site. 

Where appropriate, PCR products were sequenced to confirm the presence of point 

mutations. Independent transformants were subsequently tested for growth and 

genotoxin sensitivity to determine the reproducibility of the phenotype.  

2.3 Molecular and cell biology techniques 

2.3.1 E. coli transformation 

Competent E. coli DH5α or Mach1 cells were transformed with a minimum of 100 ng 

plasmid DNA using the standard 42°C heat shock treatment for bacterial 

transformation (Sambrook and Russell 2001). Cells were plated on LB agar medium 

with 50 μg/ml ampicillin and grown at 37°C overnight. For mini- and medium-scale 

plasmid preps, the QIAScreen Miniprep protocol and QIAprep Spin Midiprep Kits 

(Qiagen, Hilden, Germany) were used, respectively, following instructions from the 

manufacturer.  
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2.3.2 Cloning and subcloning DNA fragments 

For plasmid construction, the appropriate DNA fragment was excised or PCR- 

amplified with Phusion High-Fidelity DNA Polymerase (Thermo Scientific, 

Loughborough, UK) or KAPA HiFi DNA Polymerase (KAPA Biosystems, Wilmington, 

MA) from the relevant plasmid construct and isolated from 0.8% agarose gels using a 

QIAquick Gel Extraction Kit (Qiagen). Fragments were ligated with T4 DNA ligase 

(New England Biolabs) at room temperature for a minimum of 2 hours or at 4°C 

overnight. Correctly constructed plasmid isolates were verified by restriction digest 

and sequencing. The plasmids used in this study are listed in Table 5.  

2.3.3 Site directed mutagenesis 

Site directed mutagenesis of the desired plasmid was done with the Q5 Site-Directed 

Mutagenesis Kit (New England BioLabs) as per manufacturer’s instructions, using 

standard primers as it does not require phosphorylated or purified oligos. The plasmid 

was transformed into high-efficiency NEB 5α competent E. coli cells provided with the 

kit, following the manufacturer’s instructions. 

2.3.4 S. pombe genomic DNA extraction 

Small-scale preparations for PCR or southern blot analyses were made from 10ml 

overnight S. pombe cultures. Harvested cells were spheroplasted by incubating in 1ml 

of citrate phosphate buffer (40mM EDTA, 50mM Na2HPO4, 55mM citric acid and 1.2M 

sorbitol) containing 2.5 mg of Zymolyase 20T (MP Biomedical) for 1 hour at 37°C. The 

efficiency of spheroplasting was assessed by microscopic examination of cells 

mounted in 2% SDS. Spheroplasts lyse in SDS solution and cells that are sufficiently 

spheroplasted will no longer refract light. Spheroplasts were resuspended in 550μl TE 
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[10mM Tris-HCl (pH 8.0), 1mM EDTA (pH 8.0)] with 1% SDS and incubated at 65°C 

for 1 hour. 175μl of 5M potassium acetate was then added and the sample was 

centrifuged at 13000 RPM for 15 minutes at 4°C. 450μl of the supernatant was 

retained and the DNA was precipitated by adding 200μl of 5M ammonium-acetate and 

1ml isopropanol. After pelleting the DNA by centrifugation at 13000 RPM for 30 

minutes at 4°C, the DNA was resuspended in 90 μl 1XTE [10mM Tris-HCl (pH 8.0), 

1mM EDTA (pH 8.0)] containing 1μg/μl RNase A and incubated at 37°C for 1 hour. 

The DNA precipitation step was repeated, and the DNA was washed with 70% ice-

cold ethanol. The DNA was resuspended in 1XTE and stored at -20°C.  

2.3.5 Genomic DNA extraction embedded in agarose plugs  

To isolate intact chromosomal DNA for running 1D and 2D gels, 500 ml asynchronous 

cultures of S. pombe cells were grown overnight at 30°C to a concentration of 1 X 107 

cells/ml. Cells were then killed by the addition of 0.1% sodium azide (Sigma- Aldrich) 

and washed with sterile Milli-Q water. The cells were stored at -80°C at this point. 

Subsequently, the cells were spheroplasted in an equal volume of CPES buffer (40 

mM EDTA, 120 mM Na2HPO4, 40 mM citric acid, 1.2 M sorbitol, 5 mM DTT) 

containing 10mg/ml Trichoderma harzianum lysing enzymes (L-1412, Sigm- Aldrich) 

and 0.625mg/ml Arthrobacter luteus lyticase (L-4025, Sigma-Aldrich) for 1 hour at 

37°C. The spheroplasted cells were embedded in 1.2% agarose plugs as described 

by Hyppa and Smith (2009) using Bio-Rad Low Melt Agarose (Bio-Rad). To degrade 

the proteins, the plugs were incubated for two days in 3ml NDS buffer [495 mM EDTA, 

10 mM Tris-HCl (pH 7.5), 1% N-lauroylsarcosine] containing 1 mg/ml Proteinase K at 

50°C. To inactivate residual Proteinase K activity, the plugs were incubated in 10 ml 

1XTE with 0.5 mM PMSF on a rocking platform for 1 hour at room temperature. They 
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were then subsequently washed three times in 15 ml 1X TE for 1 hour each on a 

rocking platform before being stored in 1X TE at 4°C.  

2.3.6 Two-dimensional (2D) gel electrophoresis – for analysing replication 
intermediates  

The method of DNA preparation and the neutral-neutral 2D gel electrophoresis 

has been previously established (Brewer and Fangman 1988). Following genomic 

DNA extraction in agarose plugs (as described in Section 2.3.5), plugs containing 

equivalent of 1.5 to 2 X 10
9 

cells were washed three times with copious amounts of 

sterile Milli-Q water to get rid of the 1X TE buffer used for storage. Next, the plugs 

were washed three times with 1X CutSmart Buffer (New England Biolabs), melted at 

65°C for 10-15 minutes and then incubated with 10 μl of β-agarase I (New England 

Biolabs) for 2 hours at 42°C for complete digestion of the agarose. The genomic DNA 

was then incubated with 10 μl (200 units) of SacI and 10 μl of RNaseA (10mg/ml) 

overnight at 37°C. The next day, the incubation mixture was supplemented with 2.5 μl 

(50 units) of SacI and further incubated overnight at 37°C. The following day, the 

reaction was then centrifuged at 4000 RPM for 15 minutes at room temperature to get 

rid of the agarose. The supernatant containing the digested genomic DNA was 

stripped of residual proteins by passing it through one round of phenol: chloroform: 

isoamyl alcohol (25:24:1) extraction. The DNA was then precipitated by the addition 

of one volume of isopropanol and 1/10
th 

volume of 3M sodium-acetate overnight at -

20°C. After pelleting the DNA by centrifugation at 13000 RPM for 30 minutes at 4°C, 

the DNA was washed twice with 70% ice- cold ethanol and resuspended in 40μl of 1X 

TE. 
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The digested DNA was loaded onto a 0.4% agarose gel and run in the first 

dimension, in 1X TBE without ethidium bromide to ensure uninterrupted migration. 

The first dimension was run for ~48 hours at 25 V at room temperature where DNA 

fragments were separated on the basis of their size. The gel was stained with 0.3 

μg/ml ethidium bromide for 1 hour to visualize the DNA. The slice containing the DNA 

fragments of interest was excised and DNA from this slice was then run in the second 

dimension in a 1.2% agarose gel in 1X TBE with 0.3 μg/ml ethidium bromide under 

continuous buffer (1X TBE with 0.3 μg/ml ethidium bromide) recirculation at 4°C to 

separate the intermediates on the basis of their shape. The second dimension was 

run for ~18 hours at 120 V, until the dye front had migrated at least 8 cm. This was 

followed by Southern blotting (as described below).  

2.3.7 Southern blotting 

Before blotting, gels were gently shaken at room temperature in 0.25 M HCl for 15 to 

20 minutes to depurinate the DNA and then in transfer buffer (0.5 M NaOH, 1.5 M 

NaCl) for 10 minutes. DNA was transferred from the gels onto positively-charged nylon 

membranes (HybondTM-XL, GE Healthcare) by capillary transfer (Sambrook and 

Russell, 2001). After dismantling the blot, membranes were briefly washed with 2x 

saline sodium citrate (SSC) (0.03 M sodium citrate, 0.3 M NaCl buffer, pH 7-8) and 

stored at -20°C. Pre-hybridization was done at 55°C for 60 minutes in modified Church 

and Gilbert Buffer (0.5 M Phosphate buffer (pH 7.2), 7% SDS, 10 mM EDTA) (Church 

and Gilbert 1984). Hybridization was performed at 55°C overnight as described in 

Sambrook & Russell (2001) in a Grant Boekel hybridization oven (HIR10M). Bands of 

interest were detected by radiolabeling the appropriate probe with [α-32P] dCTP 

(PerkinElmer) using an AmershamTM 
Rediprime II Random Prime Labeling System kit 
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following the manufacturer’s instructions. Probe A is an EcoNI-XbaI restriction 

fragment from pFOX2 (Ahn et al. 2005). Probe D is a DNA fragment amplified from 

genomic DNA by PCR using primers oMW706 and oMW707 (Ahn et al. 2005). Probe 

E is an BlpI-NdeI restriction fragment from pFOX2 (Osman et al. 2016). Following one 

wash with 1X SSC and 0.1% SDS and another wash with 0.5X SSC and 0.1% SDS, 

both at 55°C for 20 minutes, probed membranes were exposed to phosphor-screens 

for up to one week, which were then scanned using a Fuji FLA-3000 phosphorimager 

(FujiFilm) and analysed using Image Gauge software (FujiFilm).  

2.3.8 Microscopy 

For time-lapse imaging experiments, cells were grown overnight in 30°C EMMG 

lacking histidine. 1 μM thiamine was also included in the media unless stated 

otherwise. Cells were mounted with soybean lectin (200 µl 1X solution of soyabean 

lectin, Sigma-Aldrich) in a glass bottom culture dish (MatTek Corp., Ashland, MA) and 

observed in the appropriate medium in a thermally insulated temperature-controlled 

chamber at 30°C. For snapshot imaging, cells were spun down and mounted as a 

smear on a glass slide (Jaytec, MCG 01012) with cover slips (VWR, 631-0124). Live 

cells were imaged on an inverted Olympus IX71 microscope controlled by a DV Elite 

Core using DeltaVision softWoRx 5.5.0 software using either CFP/YFP/mCherry filter 

(Applied Precision Inc., Issaquah, WA). Images were taken with an EvolveTM 
512 

EMCCD camera (Photometrics, Tucson, AZ) using an oil-immersion Olympus 100X 

UPlanSApo objective with a numeric aperture (NA) of 1.40. A stack of 16 focal planes 

at a step-size of 0.3 μm was taken every 5 minutes for 4 hours. Brightfield images of 

cells, LacI- tdKatushka2, eCFP-PCNA and Rad51-CFP were imaged with a 100 ms 

exposure time and 10% neutral density filter. Rad52-YFP was imaged with a 100 ms 
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exposure time and 5% neutral density filter. CFP-YFP-mCherry filter set was used for 

the imaging. Excitation middle wavelength/bandpass values for CFP, YFP and 

mCherry are 438/24, 513/17 and 575/25 respectively. Emission middle 

wavelength/bandpass values for CFP, YFP and mCherry are 475/24, 548/22 and 

625/45 respectively. 

2.4 Genetic assays 

2.4.1 Genotoxin sensitivity assay 

Exponentially growing cells from liquid culture were harvested, washed and 

resuspended in sterile Milli-Q water to an initial concentration of 1 X 107 cells/ml. 

Subsequent 10-fold dilutions were performed from 1 X 106 to 1 X 104 cells/ml. Aliquots 

(10μl) of the cell suspensions were spotted onto YES plates containing appropriate 

concentrations of chemical genotoxins (made from stock solutions of 10% MMS, 2M 

HU and 15mM CPT in water and stored at -20°C) or onto YES plates that were then 

irradiated with various doses of UV light using a Stratalinker (Stratagene). Plates were 

typically incubated at 30°C for up to 3-4 days, with growth being recorded daily by 

taking photographs of the plate. The spot assays reveal relative differences in survival 

and growth following a single (acute) exposure to UV or prolonged (chronic) exposure 

to MMS, HU and CPT, which generate DNA lesions that can variously cause 

replication fork stalling, blockage and breakage.  

2.4.2 Direct repeat recombination assay 

The mitotic direct-repeat recombination assay was performed according to the 

previously established protocol (Osman and Whitby, 2009). The cells were initially 

grown on YES or appropriately supplemented EMMG plates, with 1 μM thiamine (for 

imaging strains), for 5 to 6 days at 30°C. 10-20 single colonies from these were then 
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resuspended in sterile Milli-Q water. Approximately 104-106 cells were plated onto YE 

plates lacking adenine to score for ade+ recombinants and 102-103 cells were plated 

onto non-selective plates of YE to assess cell viability. The frequency of the 

recombinants was calculated by counting the colonies on Protos automated colony 

counter (Synbiosis), after growth for 4 to 6 days at 30°C. Plates with ade+ 

recombinants were then replica- plated onto minimal media lacking both histidine and 

adenine to estimate the proportion of gene conversions. For strains with the direct-

repeat reporter 12.4 kb away from the endogenous ade6 locus and RTS1 and the 

reporter at a sub-telomeric site on chromosome 1, YE plates lacking adenine were 

incubated for 8 to 10 days at 30°C to ensure that ade+ colonies had sufficient time to 

grow. The number of colonies analysed for each strain in the assay has been listed in 

Table 1, 2, 3 (see Appendix) and it involves a single assay or upto 8 repeats for a 

strain.  

2.4.3 5-FOA resistance assay 

The cells were initially grown on YES plates for 5 to 6 days at 30°C. 10-20 single 

colonies from these were then resuspended in sterile Milli-Q water. Approximately 106-

107 cells were plated onto YES plates containing 5-FOA and 102-103 cells were plated 

onto non-selective plates of YE to assess cell viability. The frequency of the 5-FOA 

resistant colonies was calculated by counting the colonies after growth for 4 to 6 days 

at 30°C. 
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2.5 Analysis 

2.5.1 Image processing and analysis 

For time-lapse imaging experiments, raw images collected on the Delta Vision Elite 

Core were subsequently de-noised with Priism (Agard and Sedat Labs, UCSF) with 

the dimensionality set to “3D: xyz” for three iterations (Kervrann and Boulanger, 2006). 

De-noised images were then deconvolved with softWoRx 5.5.0 software with the 

“additive” method for 12 cycles (Applied Precision). Co-localization analysis of foci was 

done as previously established (Nguyen et al. 2015) with softWoRx 5.5.0 software. 

Foci were scored manually and separately for each of the fluorescent channels. Foci 

were distinguished from background as having at least three to five times higher 

intensity and having a minimum volume of 2X2 pixels. Perfect co-localisation was 

manually assessed and scored as foci in separate channels overlapping in xyz by a 

minimum of 2 pixels. Fluoresecent signals were quantified using Volocity (Improvision, 

Coventry, England) or Imaris (Bitplane, South Windsor, CT). Snapshot images were 

analysed as raw images manually for determination of foci and localisation, using Fiji 

(Image J) an open source Java image processing program (Schindelin et al. 2012). 

Intensity analysis of the foci was also done using Fiji. The foci and nuclei were 

detected separately using standard settings (‘Shanbag’ for foci and ‘Huang’ for nuclei) 

for thresholding and particle analysis. The selections were then superimposed on the 

raw image and integrated densities were measured, after subtracting the background. 

2.5.2 Statistics 

All statistical tests were performed using GraphPad Prism version 7.0 for Macintosh 

(GraphPad Software, La Jolla California, USA). Data were tested for normal 

distribution by the Shapiro-Wilk normality test. In accordance with the distribution of 
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data, means were compared by the appropriate independent-sample two-tailed T-test. 

Where normality of distribution of data could not be determined due to low sample size 

(n<30), means were compared by using the Mann-Whitney test. P values under 0.05 

(5% significance interval) were considered significant and under 0.01 (1% significance 

interval) were highly significant.  
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3 Investigating whether unloading of 
replisome components is important for 
recombination dependent replication restart  
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3.1 Introduction 

At some strong RFBs, the RF may collapse rendering the fork unable to resume 

replication even if the barrier is removed. In such cases, replication can be completed 

by the oncoming fork converging with the collapsed fork. However, if the oncoming 

fork also collapses, or is too distant from the collapsed fork to reach it in a timely 

manner, then the collapsed fork may be restarted by HR proteins in a process termed 

recombination-dependent replication (RDR). (Lambert et al. 2010; Miyabe et al. 2015; 

Mizuno et al. 2013; Nguyen et al. 2015). Fork collapse is a poorly understood process, 

thought to involve either replisome remodeling and/or disassembly paving the way for 

HR proteins to act and restart replication (Ahn et al. 2005; Lambert and Carr 2005; 

Lambert et al. 2010). 

To study the process of fork collapse and RDR, the Whitby lab uses a 

programmed polar RFB called RTS1, the normal role of which is to promote mating 

type switching in S. pombe (Dalgaard and Klar 2001). The RTS1 element is contained 

within a ~800 bp EcoRI fragment and is comprised of three full length and one 

truncated repeat of a ~ 60bp sequence motif (Codlin and Dalgaard 2003). Barrier 

activity also depends on several trans-acting factors including the FPC proteins Swi1 

and Swi3, the myb domain-containing protein Rtf1 and the PCNA interacting protein 

Rtf2 (Noguchi et al. 2004; Ahn et al. 2005; Dalgaard and Klar 2000; Eydmann et al. 

2008). RTS1 is normally located on the centromere proximal side of the mating type 

switching locus mat1, allowing only unidirectional replication of this locus for strand-

specific imprinting, which is necessary for mating type switching (Dalgaard and Klar 

2001). However, RTS1 acts as a potent polar RFB wherever it is positioned, and 

recent studies have shown that RF blockage at RTS1 positioned at the ade6 locus on 
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chromosome 3 triggers recombination protein recruitment within minutes, seemingly 

as a default response, and recombination dependent replication restart occurs within 

10-60 minutes (Nguyen et al. 2015). This led to the hypothesis that RTS1 actively 

promotes RF collapse. RTS1 thus serves as an ideal model for studying RF collapse 

and RDR. By determining the mechanism of RF collapse at RTS1 we may therefore 

understand the early stages of RDR (i.e. the “handover” from replisome to 

recombinosome). 

In this Chapter, I describe my attempts to investigate whether fork collapse is 

an “active” process, which requires specific factors to dismantle the replisome in order 

for RDR to occur. Specifically, I focus on the dismantling of the replisome’s two major 

ring structures, the MCM helicase and PCNA, which presumably need to be actively 

unloaded as they are topologically linked to DNA. 

PCNA is a homotrimeric ring loaded onto DNA by the RFC clamp loader (Yao 

et al. 2006; Zhang et al. 1999). It tethers the polymerases to the template DNA acting 

as a sliding clamp, enhancing their processivity. It also acts as a platform to recruit 

other replication proteins (Moldovan et al. 2007; Cox 1997; Zhang et al. 1999; 

Warbrick et al. 1997; Eisenberg et al. 1997; Fotedar et al. 1996; Levin et al. 1997). 

Unloading of PCNA from DNA is performed by a variant of the RFC clamp loader, 

which contains the Elg1 protein in place of Rfc1 (Ben-Aroya et al. 2003). In budding 

yeast, Elg1 has been shown to unload both sumoylated and unmodified PCNA from 

the chromatin (Kubota et al. 2013; Kubota et al. 2013; C. Yu et al. 2014a; Parnas et 

al. 2010). However, it is not known whether Elg1 is needed for RDR. 

As discussed in Chapter 1, the MCM2-7 helicase is the main replicative 

helicase in eukaryotes responsible for unwinding the two parental DNA strands at the 
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replication fork (Bochman and Schwacha 2008; Bochman et al. 2008). It forms a 

complex together with the GINS proteins and Cdc45, which is termed the CMG 

helicase (Ilves et al. 2010; Kang et al. 2012; Moyer et al. 2006; Gambus et al. 2006). 

Unloading CMG during the termination of DNA replication depends on the Cdc48 

segregase (Maric et al. 2014; Moreno et al. 2014; Fullbright et al. 2016; Semlow et al. 

2016). In budding yeast, Cdc48 is targeted to CMG by the F-box protein Dia2, which 

forms a Skp1-Cul1-F-box (SCF) E3 ubiquitin ligase complex that ubiquitylates the 

Mcm7 subunit of CMG (Maculins et al. 2015; Maric et al. 2014). The equivalent E3 

ligase in metazoans is CUL-2LRR-1 (Sonneville et al. 2017). The Ufd1-Npl4 complex 

binds to the ubiquitylated CMG and recruits Cdc48, which extracts CMG from the DNA 

(Maric et al. 2017). The orthologue of Dia2 in fission yeast is Pof3 and the SCFPof3 

ubiquitin ligase is known to be involved in targeting several replisome components for 

degradation by the proteasome (Roseaulin et al. 2013). However, it is not known 

whether Pof3 is needed for RDR. 

3.2 Results 

3.2.1 Experimental system 

To investigate whether Elg1 and/or Pof3 might be needed for RDR, I used an RTS1-

based direct repeat recombination reporter (Ahn et al. 2005; Osman and Whitby 2009). 

This consists of two ade6- heteroalleles with an intervening his3+ gene inserted at the 

ade6 locus on Chromosome 3. Recombination between the two different loss-of-

function ade6- alleles (ade6-L469 and ade6-M375) restores the wild-type ade6+ gene. 

Hence, the frequency at which Ade+ cells are generated reflects the prevalence of 

recombination at this site. There are two classes of recombinants, gene conversions 

(Ade
+ 

His
+
), in which both the repeats and their intervening sequence are maintained 
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and deletions (Ade
+ 

His
-
), in which one repeat and the intervening DNA are lost 

through either reciprocal crossing-over, or by non-reciprocal events such as single-

strand annealing (Figure 3.1a). A hypothetical model for induction of these gene 

conversions and deletions by RTS1 at the ade6 locus of Chromosome 3 has been 

discussed in detail before (Lorenz et al. 2009). Since only Ade+ recombinants are 

scored, this assay only measures ectopic recombination that restores a functional 

ade6+ allele, and not other forms of recombination, which would be genetically silent. 

Nevertheless, it provides a robust readout of a subclass of recombination events from 

which the overall recombination activity at the site can be inferred (Osman and Whitby 

2009). At the ade6 locus, replication is essentially unidirectional (in the telomere to 

centromere direction) due to the relative positioning of replication origins flanking it 

(Figure 3.1a) (Ahn et al. 2005). Accordingly, one orientation of RTS1 – known as the 

active orientation (RTS1-AO) – will block replication forks, while the other orientation 

of RTS1 – known as the inactive orientation (RTS1-IO) – will not block replication forks 

coming from the telomere proximal side. 

3.2.2 Elg1 promotes RTS1 induced recombination 

To investigate whether Elg1 is needed for the recombination that is induced by RF 

blockage at RTS1, I made use of the RTS1-based direct repeat recombination 

reporter. As shown in previous works, RTS1-AO strongly induces both gene 

conversions and deletions, whereas RTS1-IO exhibits spontaneous levels of 

recombination (i.e. the same as when RTS1 is absent) (Ahn et al. 2005; Lorenz et al. 

2009; Nguyen et al. 2015). To determine whether Elg1 is needed for RTS1-AO-

induced levels of recombination I crossed an elg1∆ mutant into both RTS1-IO and -

AO strains and measured the effect on Ade+ frequency. In the RTS1-IO strain small 
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increases in the frequency of both gene conversions (1.6-fold, p<0.0001) and 

deletions (1.2-fold, p<0.0001) were observed (Figure 3.1b). In contrast, the normally 

high levels of recombinants in the RTS1-AO strain were dramatically reduced, with 20-

fold reduction in gene conversions (p<0.0001) and 3.8-fold reduction in deletions 

(p<0.0001) (Figure 3.1b; note the difference in y-axes for RTS1-IO and AO strains). I 

also observed that this reduction in RTS1-AO recombination in elg1∆ mutant is not 

associated with reduction in the barrier intensity (Section 4.2.1). Given that elg1∆ does 

not reduce the level of spontaneous recombination, we can conclude that it is not 

required for HR per se. Indeed, the modest increase in spontaneous recombination 

observed in the RTS1-IO strain is consistent with previous observations in budding 

yeast, that elg1∆ mutants exhibit a hyper-recombination phenotype (Alvaro et al. 2007; 

Ben-Aroya et al. 2003). The reduction in RTS1-AO recombination is therefore 

especially telling and suggests that PCNA unloading is critical for efficient RDR. 

3.2.3 Pof3 promotes RTS1 induced recombination 

To investigate whether Pof3 is required for the recombination that is induced by RTS1-

AO, I crossed a pof3∆ mutant into both RTS1-IO and -AO strains and once again 

measured the effect on recombinant frequency (Figure 3.1b). In the RTS1-IO strain, 

small increases in the frequency of both gene conversions (1.7-fold, p<0.0001) and 

deletions (1.7-fold, p<0.0001) were observed. Similar to elg1∆, the frequency of RTS1-

AO-induced Ade+ recombinants were reduced in a pof3∆ mutant. However, unlike with 

elg1∆, the reduction in recombinants was relatively modest and specific to gene 

conversions (2.3-fold reduction) (Figure 3.1b). Whilst the reduction in gene 

conversions in a pof3∆ mutant is significant (p<0.0001), I decided to focus my further 

investigations on Elg1 as it appeared to be more important for the recombination 
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induced by RTS1. I did not test elg1∆ pof3∆ double mutant as pof3∆ is a sick strain 

showing low viability. 

 

 

 Figure 3.1 Both Elg1 and Pof3 promote RTS1-induced direct repeat recombination  

a) Schematic showing the location of the ade6- intra-chromosomal recombination reporter and RTS1 in relation to 

nearby replication origins (grey circles) at the endogenous ade6 locus on chromosome 3. The reporter is comprised 

of a direct repeat of ade6− heteroalleles with intervening his3+ gene, asterisks indicate the position of point 

mutations in ade6-L469 and ade6-M375. RTS1 is placed between the repeats in either orientation. Based on its 

polarity, the first orientation blocks RFs travelling from the centromere proximal direction, whereas the second 

orientation blocks centromere distal RFs. Due to the positioning of replication origins, replication proceeds across 

the barrier towards the centromere. This makes the second orientation of RTS1 the fork blocking or “active 

orientation” (AO), and the first orientation the “inactive orientation” (IO). (b) Bar charts showing the effect of elg1∆ 

and pof3∆ on the frequency and type of Ade+ recombinants in RTS1-IO and RTS1-AO strains. In order of 

presentation the strains are MCW4712, MCW7706, MCW7710, MCW4713, MCW7708, MCW7712. Error bars 

represent standard deviation. Significant changes compared to the wild-type strain are indicated. P-values were 

calculated using the Shapiro-Wilk normality test (ns p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Ade+ 

recombinant frequency with statistical analysis is also shown in Table 1. 
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3.2.4  Effect of elg1Δ on direct repeat recombination at a site where 
replication fork restart at RTS1 is limited 

To investigate whether Elg1 promotes RTS1-induced recombination at other genomic 

sites, I made use of strains in which the direct repeat recombination reporter, with and 

without RTS1, was inserted at a sub-telomeric region on the left arm of Chromosome 

1 (Figure 3.2a). At this site the reporter is positioned in the midst of a cluster of 

replication origins. The origins between ori-51 to ori-79, on the telomere proximal side 

of the reporter, have a total origin efficiency of ~95%, whereas those between ori-85 

to ori-113 on the centromere proximal side have a combined firing efficiency of ~132%. 

This means that there is a high probability of one of these origins on both sides of 

RTS1 firing in the same S phase. If this happens then fork convergence at RTS1 will 

occur within 10 minutes of the first fork arriving at the barrier assuming a fork velocity 

of 3 kb/min and the two origins fire at the same time. This would mean that there would 

be insufficient time for RDR to be initiated and give rise to an Ade+ recombinant as it 

takes approximately 10 minutes for Rad52 to load at the barrier following replication 

fork blockage (Nguyen et al. 2015). Consistent with this prediction, and previous data 

from the lab, I found lower levels of RTS1-induced recombination at this site compared 

to when the reporter is at the ade6 locus on chromosome 3 (Neo 2015, DPhil thesis) 

(Fig. 3.2b). Moreover, the increases in gene conversions (~6-fold, p<0.0001) and 

deletions (~13-fold, p<0.0001) when RTS1 is present compared to when it is absent 

are similar irrespective of the orientation of the RFB. This finding indicates that there 

is no strong directional bias for replication across this sub-telomeric site – a conclusion 

that is supported by 2D gel analysis of replication intermediates at the RFB (Neo 2015, 

DPhil thesis). 
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Intriguingly, elg1∆ exhibits a marked increase in spontaneous recombination 

frequencies at the sub-telomeric site compared to the wild-type strain without RTS1 

with 70-fold increase in deletions (p<0.0001) and 1.8-fold increase in gene 

conversions (p=0.004) (Figure 3.2b). Moreover, the inclusion of RTS1, in either 

orientation, had little effect on the frequency of recombination in an elg1∆ mutant 

(Figure 3.2b). These data indicate that Elg1 is needed to suppress recombination at 

this sub-telomeric site and is also needed to promote RTS1-induced recombination. 
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Figure 3.2 Effect of elg1Δ on direct repeat recombination with RTS1 at a sub-telomeric site on chromosome 
1, where it induces relatively little recombination 
a) Schematic showing the location of the direct repeat recombination reporter with RTS1, positioned in the midst 

of a cluster of replication origins at a sub-telomeric site on chromosome 1. Confirmed and likely origins are 

represented by bigger circles and dubious origins are represented by smaller circles. At this site, replication across 

the direct repeat recombination reporter occurs with equal frequency from both directions. (b) Bar chart showing 

the frequency of Ade+ recombinants in no RTS1, RTS1-IO and RTS1-AO strains in wild-type and elg1Δ 

background. In order of presentation, the strains are MCW6472, MCW6557, MCW6474, MCW8204, MCW8206 

and MCW8208. Error bars represent standard deviation. Ade+ recombinant frequency with statistical analysis is 

also shown in Table 1. 

a)

b)

or
i-2

0

or
i-3

2

or
i-4

4

or
i-5

1
or

i-5
4

or
i-6

2

or
i-7

0
or

i-7
4

or
i-7

9

or
i-8

5
or

i-8
8

or
i-9

5

10 kb

or
i-1

13

or
i-1

24
or

i-1
30

his3+ ade6-M375

RTS1
*

1.0 kb

ade6-L469

*

replicationreplication
cen1tel

or
i-1

07

RTS1         IOAO AOIO nono 

wild-type elg1∆

deletion
gene conversion

0

2

4

6

RTS1-IO
RTS1-AO

A
de

+ 
re

co
m

bi
na

nt
 fr

eq
ue

nc
y 

(x
10

-4
)



Chapter 3   S.Tamang 

 

 
65 

3.2.5 The effect of elg1Δ on direct repeat recombination at an RFB where RF 
is only paused and there is no fork collapse or induction of 
recombination 

Ter2 is a programmed polar RFB present in the rDNA of S. pombe. Similar to RTS1, 

it depends on a myb domain-containing protein (Reb1) and Swi1-Swi3 for its barrier 

activity (Biswas and Bastia 2008); however, unlike RTS1, RF blockage at ter2 does 

not induce recombination even when three tandem copies of it are introduced into the 

genome as demonstrated by previous work in our laboratory (unpublished). It appears 

that RFs blocked at ter2x3 do not collapse and therefore are maintained in a stably 

stalled state until they either overcome the barrier and resume DNA replication or 

merge with the oncoming RF (Mizuno et al. 2013; Sánchez-Gorostiaga et al. 2004; 

Krings and Bastia 2004). 

To investigate whether the elg1∆ mutant has any effect on direct repeat 

recombination when ter2 is positioned between the repeats, I crossed it into strains 

harbouring a tandem repeat of three ter2s (ter2x3), inserted between the ade6- 
repeats 

on chromosome 3 (Figure 3.3a). Strains were constructed with each orientation of 

ter2x3 – termed O1 (blocking forks coming from the centromeric side of the reporter) 

and O2 (blocking forks coming from the telomeric side of the reporter). Consistent with 

previous data from the lab, ter2x3 in either orientation (O1 or O2) had little or no effect 

on the frequency of spontaneous recombination in a wild-type strain (Figure 3.3b and 

data not shown). In an elg1∆ mutant, there was a slight increase in recombinants with 

ter2X3 O1 (1.3-fold increase in deletions (p<0.001) and 1.9-fold increase in gene 

conversions (p<0.001)). However, with ter2X3 O2 (the orientation which blocks 

replication forks at the ade6 locus) there was a more dramatic increase in gene 
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conversions (4.7-fold; p<0.001) (Figure 3.3b). These data indicate that Elg1 is needed 

to prevent recombination following RF blockage at ter2x3.  

 

 

Figure 3.3 Ter2X3 at the ade6 locus of Chromosome 3 and the effect of elg1∆ 

a) Schematic showing the relative position of the ade6- intra-chromosomal recombination substrate flanking the 

his3+ gene and tandem repeat of three ter2s (ter2x3) forming a polar RFB, in relation to nearby replication origins 

on chromosome 3. Ter2X3 is placed between the repeats in either orientation, the permissive (O1) and the 

obstructive (O2) orientation, with respect to the direction of replication. Unlike RTS1, RF blockage at ter2X3 does 

not induce increased recombination. (b) Bar charts showing the effect of elg1∆ on the frequency and type of Ade+ 

recombinants in ter2X3 O1 and O2 strains. In order of presentation, the strains are MCW7045, MCW7046, 

MCW8130 and MCW8132. Error bars represent standard deviation. P-values were calculated using the Shapiro-

Wilk normality test (ns p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Ade+ recombinant frequency with 

statistical analysis is also shown in Table 2. 
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3.2.6 Prolonged persistence of PCNA foci in cells lacking Elg1 

It has been shown in budding yeast and humans that loss/mutation of Elg1 

(termed ATAD5 in humans) is associated with an excessive accumulation of PCNA on 

the DNA (Kubota et al. 2013; Parnas et al. 2010; Lee et al. 2013). Therefore, the effect 

of elg1∆ on RTS1-induced recombination is most probably explained by the need for 

Elg1 to remove PCNA from the blocked RF. To investigate this possibility, I first wanted 

to confirm that loss of elg1 resulted in a similar accumulation of PCNA on DNA in 

fission yeast as observed in budding yeast and humans. To do this I used time lapse 

microscopy to analyse PCNA throughout the cell cycle, visualizing it with an ECFP tag 

in asynchronously growing cultures of wild-type and elg1∆ mutant strains. PCNA is a 

central and essential factor for DNA replication and repair (Pascal et al. 2004; Hoege 

et al. 2002; Unk et al. 2006; Gary et al. 1997; Cox 2015; Maga and Hübscher 2003; 

Garg and Burgers 2005; Arias and Walter 2006; Barbour and Xiao 2003; Moldovan et 

al. 2006), despite lacking any enzymatic activity of its own, as it is a moving platform 

for numerous factors that act concomitantly with the RF. Thus, in order to avoid 

causing any major detrimental effect on protein function, I visualised PCNA by 

introducing an ECFP tagged copy of the pcn1 gene at a secondary genomic site (ura4 

locus) whilst keeping the endogenous pcn1 locus intact. In this configuration cells 

exhibit normal growth and genotoxin sensitivity (Meister et al. 2007). 

In wild-type yeast cells, PCNA foci form successive distinguishable patterns 

during S phase that can be classified into various stages as reported previously 

(Figure 3.4a, c) (Meister et al. 2007). In stage a, bright patches appear on the 

extranucleolar region without filling it entirely. In stage b, the bright patches extend 

and fill the entire extranucleolar space. Stage c shows bright spots at the edge of the 
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nucleolus and smaller spots in the rest of the nucleus. Finally, in stage d, only a few 

bright spots located at the edges of the nucleolus are observed, that gradually 

diminish. These foci are S-phase specific and were shown to correspond to replication 

factories as there was a charactersitc change observed in the pattern of foci in S-

phase checkpoint mutants like chk1∆, cds1∆ and rad3∆ (Meister et al. 2007). Stages 

a - d were also observed in the elg1∆ mutant, albeit stages b and d were on average 

longer in duration (Figure 3.4 a and d). Indeed, even though PCNA foci appeared with 

the same timing post anaphase in both wild-type and elg1∆ mutant, they persisted by 

an extra ~30 minutes in the elg1∆ mutant compared to the wild-type (Figure 3.4b). 

Moreover, the elg1∆ mutant exhibits an additional stage of ECFP-PCNA fluorescence 

between stages c and d (termed c*), where the gradually fading spots in stage c 

become unusually bright blobs prior to the appearance of more discrete foci that are 

typical of stage d (Figure 3.4a, d). Altogether these data indicate that loss of elg1 

causes PCNA to remain associated with chromatin longer during the cell cycle, similar 

to what has been observed in other organisms (Kubota et al. 2013; Parnas et al. 2010; 

Lee et al. 2013). 
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Figure 3.4 Prolonged persistence of PCNA foci in cells lacking Elg1 
a) Images from time-lapse microscopy showing ECFP-PCNA nuclear fluorescence that form successive 
distinguishable patterns represented as different stages, shown to illustrate the difference between wild-type and 
elg1Δ cells. Images from four different time-lapse series are shown (two for wild-type and two for elg1∆). Scale bar 
= 2µm. b) Line graph of the percentage of cells with ECFP-PCNA foci in the cell cycle following anaphase at five-
minute intervals, showing longer persistence of ECFP-PCNA foci in elg1Δ cells compared to wild-type. c) Line 
graph of the percentage of cells with ECFP-PCNA foci belonging to four different stages (stages a, b, c and d), in 
the cell cycle following S-phase at five-minute intervals, in wild-type cells. d) Line graph of the percentage of cells 
with ECFP-PCNA foci belonging to five different stages (stages a, b, c, c* and d) in the cell cycle following S-phase 
at five-minute intervals, in elg1Δ cells. The wild-type strain is MCW7065 (n=52) and the elg1∆ strain is MCW7965 
(n=85). The data are from a single experiment. 
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3.2.7 A disassembly-prone PCNA mutant suppresses the need for Elg1 to 
promote recombination at a collapsed replication fork 

There are clear connections between various phenotypes of elg1∆ and its PCNA 

unloading role, but Elg1 is also known to have other PCNA-independent functions and 

to interact with proteins that belong to the SUMO pathway (Parnas et al. 2011; Parnas 

et al. 2010; Davidson and Brown 2008). It was therefore possible that Elg1’s role in 

promoting RTS1-induced recombination was not linked to its role in unloading PCNA 

from DNA. To investigate whether a deficiency in PCNA unloading was the root cause 

of elg1∆’s hypo-recombination at the ade6 locus RTS1-AO, I set out to test whether 

mutations in PCNA could suppress this phenotype. A previous study in budding yeast 

had shown that mutations at the subunit interfaces of the PCNA homotrimer (C81R, 

E143K and D150E) made PCNA prone to disassembly from DNA (Johnson et al. 

2016). Moreover, these mutations were found to suppress an elg1∆ mutant’s elevated 

rate of sister chromatid recombination, increased telomere length and, in the case of 

the E143K and D150E mutations, also its hypersensitivity to the alkylating agent 

methyl methanesulfonate (MMS) (Johnson et al 2016). Residues C81, E143 and D150 

are all conserved between budding yeast, fission yeast and humans (Figure 3.5a, b) 

and, therefore, I attempted to introduce the same C81R, E143K and D150E mutations 

into S. pombe PCNA. However, I was only successful in making a PCNAD150E
 strain 

due to time constrains. Nevertheless, I proceeded to test whether the D150E mutation 

suppressed the hypo-recombination phenotype of a elg1∆ mutant (Figure 3.5c). In 

strains with RTS1-IO, the D150E mutant exhibited hyper-levels of spontaneous 

recombination that were similar in both elg1+ (~6-fold increase in deletions, p<0.001; 

~8-fold increase in conversions, p<0.001) and elg1∆ (~5-fold increase in deletions, 

p<0.001; ~6-fold increase in conversions, p<0.001) backgrounds. Importantly, while 
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RTS1-induced (RTS1-AO) recombination in elg1+ did not change significantly in the 

D150E mutant with ~1.2-fold increase in deletions (p=0.160) and ~1.3-fold increase in 

conversions (p=0.079). It suppressed the hypo-levels of RTS1-induced recombination 

in an elg1∆ mutant (Figure 3.5c). This observation indicates that PCNA accumulation 

on DNA at the barrier is associated with the reduction in RTS1-induced recombination 

in an elg1∆ mutant. Presumably by making PCNA prone to disassembly, the 

requirement for Elg1 to promote recombination at the RFB is removed.  

In addition to testing the recombination phenotype of a D150E mutant, I also 

examined its genotoxin sensitivity in both wild-type and elg1∆ mutant backgrounds 

comparing it back to the parental wild-type and elg1∆ strains (Figure 3.6). Consistent 

with previous findings in budding yeast (Johnson et al. 2016), the PCNAD150E mutant 

is hypersensitive to the alkylating agent MMS and epistatic with elg1∆. However, unlike 

in budding yeast, the PCNAD150E mutant is more sensitive to MMS than an elg1∆ 

mutant and, therefore, I observed no suppression of elg1∆ MMS hypersensitivity by 

the PCNAD150E mutant.  These data are consistent with the idea that Elg1 promotes 

MMS resistance by unloading PCNA from DNA. They also suggest that PCNA stability 

on the DNA is important for resistance to MMS. Whilst the elg1∆ mutant is sensitive to 

MMS, it is insensitive to ultraviolet light (UV), the topoisomerase I poison CPT and the 

DNA replication inhibitor HU (Kim et al. 2005; Bellaoui et al. 2003, Ben-Aroya et al. 

2003). These data indicate that Elg1 is not generally required for DNA damage repair. 

Importantly MMS sensitivity has previously been linked to Elg1's PCNA unloading role 

(Johnson et al. 2016), and consistent with this I Intriguingly the elg1∆ mutant exhibited 

slightly better resistance to HU and CPT than the wild-type strain. It was previously 

reported in budding yeast that mutation of ELG1 confers resistance to inhibition of 
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DNA replication by HU due to expansion of intracellular dNTP pools during G1. It was 

proposed that upregulation of RNR activity, by the DNA damage responding to the 

accumulation of spontaneous DNA damage, leads to the increase in intracellular 

dNTP concentration (Davidson et al. 2012). The basis for the enhanced CPT 

resistance of a elg1∆ mutant is less clear. CPT-induced DSBs (formed when a RF 

runs into a CPT stabilized Top1 cleavage complex) and fork collapse are largely 

repaired by recombination (Saleh-Gohari et al. 2005). Perhaps CPT resistance of a 

elg1∆ mutant is due to a general augmentation of homologous recombination as 

suggested by the hyper-recombination phenotype of a elg1∆ mutant, previously 

reported in budding yeast (Alvaro et al. 2007; Ben-Aroya et al. 2003) and also found 

be conserved in fission yeast under two conditions (Figure 3.2b, 3.3b). Alternatively 

loss of Elg1 might in some way lead to less replication fork runoff at Top1 cleavage 

complexes. Further studies will be needed to investigate the basis of elg1∆ CPT 

resistance. 
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Figure 3.5 A disassembly prone mutant supresses the need for Elg1 to promote RTS1-induced 
recombination 

a) 3-D ribbon model of a human PCNA trimer showing the positions of the three mutated residues C81 (magenta), 

E143 (yellow) and D150 (red) important for the trimer formation. b) Alignment of the residues of PCNA monomer 

showing conservation of the residues important for trimer formation (C81, E143 and D150) in humans, S. pombe 
and S. cerevisiae. c) Bar charts showing the effect of D150E point mutation on the frequency and type of Ade+ 

recombinants in elg1+ and elg1∆ strains in RTS1-IO and RTS1-AO background. RTS1 is placed between the ade6- 

repeats in either orientation at the endogenous ade6 locus on chromosome 3. In order of presentation, the strains 

are MCW4712, MCW7706, MCW9183, MCW9187, MCW4713, MCW7708, MCW9185 and MCW9189. Error bars 

represent standard deviation. Ade+ recombinant frequency with statistical analysis is also shown in Table 1. 
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Figure 3.6 Deletion of elg1 does not increase the sensitivity of disassembly-prone PCNA mutant (D150E) 
to MMS 

Spot assays comparing the sensitivities of elg1+ or elg1∆ strains with wild-type PCNA or disassembly-prone PCNA 

mutant (D150E) to different genotoxins. In order of presentation (from top to bottom in each panel), the strains are 

MCW4713, MCW7708, MCW9195 and MCW9199. Strains were grown on complete media for 3 days at 30oC 

before being photographed. 
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3.2.8 Ways in which PCNA interacting factors may supress RTS1-induced 
recombination 

The prolonged presence of PCNA at the RFB in an elg1∆ mutant could be affecting 

the frequency of inter-repeat recombination either directly or indirectly through its 

interacting partners. PCNA acts as a hub for the recruitment of many different proteins 

that might be responsible for reducing recombination (Figure 3.7). Some candidate 

PCNA interacting factors, which are implicated in RTS1-induced recombination, were 

screened by testing if the loss of these factors can supress the elg1∆ phenotype. 

 

 

Figure 3.7: PCNA acts as a interaction platform which may recruit crucial regulators of HR to the replication 
fork 
Retention of PCNA on the DNA in the absence of Elg1, may lead to increased recruitment of various factors 

implicated in the supression of HR, which might be responsible for the reduction of direct repeat recombination at 

the RTS1 barrier. 
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3.2.8.1 Fml1 

Fml1, the first candidate, is a member of a conserved family of DNA helicases, which 

includes human FANCM and budding yeast Mph1, that have been implicated in 

processing stalled RFs and D-loops. Both FANCM and its archaeal homolog Hef have 

been shown to interact with PCNA via a conserved PIP-box (Rohleder et al. 2016). 

Moreover, it has been reported that FANCM/Fml1/Mph1’s binding partners Mhf1-Mhf2 

physically interact with Elg1 in budding yeast (Singh et al. 2013). In S. pombe, Fml1 

plays a significant role in RTS1-induced recombination by promoting gene 

conversions and limiting deletions (Nandi and Whitby 2012; Morrow et al. 2017). It is 

thought to promote gene conversions by catalyzing fork reversal - a step necessary 

for the generation of a 3’ ssDNA tail onto which Rad51 loads and then uses to catalyze 

strand invasion. The mechanism by which it curbs deletions is currently unclear but it 

could do it by modulating fork regression or unwinding inter-fork strand annealing 

intermediates before they are processed into deletion products (Sun et al. 2008). 

To see if Fml1 is responsible for the hypo-recombination of an elg1∆ mutant, I 

constructed an elg1∆ fml1∆ double mutant and determined its phenotype for RTS1-

AO-induced recombination (Figure 3.8). As expected, the fml1∆ single mutant 

exhibited increased deletions (~1.6-fold increase, p<0.05) and reduced gene 

conversions (~7.9-fold decrease, p<0.0001) compared to wild-type. However, there 

was no supression of elg1∆ hypo-recombination in the double mutant; rather, there 

was an additive decrease in gene conversions and a ~3-fold decrease in deletions 

(p<0.01) compared to a fml1∆ single mutant, which is similar to the fold reduction 

between wild-type and the elg1∆ single mutant (Figure 3.8). These data suggest that 

Fml1 is unlikely to be the factor responsible for the hypo-recombination phenotype of 
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an elg1∆ mutant. Indeed, it would seem that Fml1 and Elg1 promote gene conversions 

by independent mechanisms and that Fml1 can supress deletions regardless of 

whether or not Elg1 is present.  

 

 

 
 
 
Figure 3.8 Hypo-recombination of elg1∆ at RTS1-AO is not supressed by deleting fml1 
Bar chart showing the frequency of deletion- and conversion- type Ade+ recombinants in wild-type, elg1∆, fml1∆ 
and elg1∆ fml1∆ strains, with RTS1-AO. RTS1 is placed between the ade6- repeats at the endogenous ade6 locus 
on chromosome 3. In order of presentation, the strains are MCW4713, MCW7708, MCW4752 and MCW8431. 
Error bars represent standard deviation. Ade+ recombinant frequency with statistical analysis is also shown in Table 
1. 
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3.2.8.2 Srs2 

In budding yeast, SUMOylated PCNA recruits the UvrD family helicase Srs2 in S 

phase in order to prevent unwanted recombination events (Pfander et al. 2005; 

Papouli et al. 2005; Urulangodi et al. 2015). Moreover, it was shown that Srs2 

accumulated, along with SUMOylated PCNA, in the chromatin fraction in the absence 

of Elg1 (Parnas et al. 2010). As Srs2 is an anti-recombinase that disrupts the Rad51 

presynaptic filament (Veaute et al. 2003; Lessard and Sauvageau 2003), retention of 

PCNA at the RTS1 barrier in an elg1∆ mutant might lead to excessive recruitment of 

Srs2, thus reducing recombination. However, it should be noted that there is no 

evidence that PCNA is SUMOylated in S. pombe (Watts 2006; Frampton et al. 2006).  

To see if Srs2 is responsible for the hypo-recombination of an elg1∆ mutant I 

constructed an elg1∆ srs2∆ double mutant and determined its recombination 

phenotype (Figure 3.9). As expected, the level of spontaneous recombination (RTS1-

IO) is significantly higher than wild-type in a srs2∆ single mutant with ~3-fold 

(p<0.0001) increase in deletions and ~10.4-fold (p<0.0001) increase in gene 

conversions. The elg1∆ srs2∆ double mutant exhibits a similar increase in deletions 

(~3.5-fold, p<0.0001) to the srs2∆ single mutant, and additive increase in gene 

conversions (~14.6-fold, p<0.0001). The level of RTS1-induced recombination (RTS1-

AO) also increased dramatically in a srs2∆ mutant as reported previously (Lorenz et 

al. 2009), with ~4.8-fold  increase in deletions (p<0.0001) and ~7.7-fold increase in 

gene conversions (p<0.0001) (Figure 3.9). However, unlike with RTS1-IO, the hyper-

recombination in a srs2∆ mutant with RTS1-AO is reduced 7.8-fold (~4-fold reduction 

in deletions, p<0.0001; ~13-fold reduction in gene conversions, p<0.0001) when elg1 

is deleted (Figure 3.9). Importantly, this fold reduction is similar to that seen between 
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wild-type and elg1∆ single mutant, except that the reduction in conversions is lower 

here. If Elg1’s role in RTS1-induced recombination was simply to exclude Srs2, then 

srs2∆ should supress the hypo-recombination of an elg1∆ (i.e. the elg1∆ srs2∆ double 

mutant would exhibit similar hyper-recombination as a srs2∆ single mutant). However, 

this is patently not the case and, therefore, I can conclude that Elg1’s role in promoting 

recombination at RTS1 is independent of any role it might play in excluding Srs2 via 

removal of PCNA from the DNA. 

 

 
Figure 3.9 Hypo-recombination of elg1∆ at RTS1-AO is not supressed by deleting srs2 
Bar charts showing the frequency of deletion- and conversion- type Ade+ recombinants in wild-type, elg1∆, srs2∆ 
and elg1∆ srs2∆ strains, with either RTS1-IO or RTS1-AO (note the major difference in y-axes between the two 
plots). RTS1 is placed between the ade6- repeats in either orientation at the endogenous ade6 locus on 
chromosome 3. In order of presentation, the strains are MCW4712, MCW7706, FO1748, MCW8328, MCW4713, 
MCW7708, FO1750 and MCW8330. Error bars represent standard deviation. Ade+ recombinant frequency with 
statistical analysis is also shown in Table 1. 
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3.2.8.3 Wpl1 

Cohesin, a ring-like protein complex composed of the four subunits Smc1, Smc3, 

Scc1, and Scc3, holds sister chromatids together from S phase until the chromatids 

separate at anaphase and ensures the orderly segregation of sister chromatids 

(Haering et al. 2004; Nasmyth and Haering 2005). Eco1 (termed Eso1 in S. pombe) is 

an essential factor for cohesion establishment in yeast during S phase (Tóth et al. 

1999). It is an acetyltransferase that acetylates Smc3 which is thought to block the 

anti-cohesion activity of the Wpl1-Pds5 heterodimer (Guacci et al. 2015). Eco1 binds 

directly to PCNA via its PIP box, and this interaction is essential for normal loading of 

Eco1 on chromatin and establishment of cohesion in S phase (Moldovan et al. 2006). 

It is therefore not surprising that Elg1 acts as an anti-establishment activity for sister 

chromatid cohesion in budding yeast, as Elg1 removes PCNA so Eco1 cannot be 

recruited (Tong and Skibbens 2015; Maradeo and Skibbens 2010). If the same is true 

in S. pombe, then the hypo-recombination phenotype of an elg1∆ mutant could be 

explained by increased Eso1 recruitment to the blocked replication fork via PCNA, 

which might result in enhanced cohesin establishment that might restrict inter-repeat 

recombination (Cortes-Ledesma and Aguilera 2006).  

Based on genetic studies in budding yeast, Elg1 seems to participate in a single 

pathway of cohesion anti-establishment, together with Wpl1 and Pds5 (Guacci et al. 

2015). Therefore, I reasoned that if Elg1’s role in promoting RTS1-AO-induced inter-

repeat recombination was due to it functioning in the Wpl1/Pds5 cohesion anti-

establishment pathway, then deletion of wpl1 should exhibit a similar hypo-

recombination phenotype and be epistatic with elg1∆. To test this hypothesis, I 

constructed and assayed recombination reporter strains with wpl1∆ and elg1∆ wpl1∆ 
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mutations (Figure 3.10). The level of spontaneous recombination (RTS1-IO) in both in 

both wpl1∆ single and elg1∆wpl1∆ double mutant was similar to wild-type. Importantly, 

there was also no major change in RTS1-induced (RTS1-AO) recombination in a 

wpl1∆ single mutant, and it did not affect the reduced recombination of elg1∆, except 

for a ~2-fold increase (p<0.01) in gene conversions (Figure 3.10). Therefore, it seems 

that cohesion establishment is not responsible for the reduction in inter-repeat 

recombination at RTS1 in an elg1∆ mutant. 

 

 

Figure 3.10 Deleting wpl1 does not affect the hypo-recombination of elg1∆ at RTS1-AO  
Bar charts showing the frequency of deletion- and conversion- type Ade+ recombinants in wild-type, elg1∆, wpl1∆ 
and elg1∆ wpl1∆ strains, with either RTS1-IO or RTS1-AO. RTS1 is placed between the ade6- repeats in either 
orientation at the endogenous ade6 locus on chromosome 3. In order of presentation, the strains are MCW4712, 
MCW7706, MCW8919, MCW8995, MCW4713, MCW7708, MCW8920 and MCW8998. Error bars represent 
standard deviation. Ade+ recombinant frequency with statistical analysis is also shown in Table 1. 
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3.2.8.4 Fbh1 

The DNA helicase Fbh1, which is another member of the UvrD family of proteins, is a 

known regulator of Rad51-mediated recombination, especially at sites of replication 

fork stalling and collapse (Chiolo et al. 2007; Fugger et al. 2009; Lorenz et al. 2009; 

Marini and Krejci 2010; Morishita et al. 2005; Osman et al. 2005; Simandlova et al. 

2013; Tsutsui et al. 2014). Indeed a previous study from our lab showed that Fbh1 

strongly limits inter-repeat recombination at the RTS1 RFB (Lorenz et al. 2009). 

Intriguingly, it has been reported that PCNA recruits FBH1 to sites of DNA replication 

and DNA damage in human cells via novel PCNA interacting motifs in FBH1 (Bacquin 

et al. 2013). Even though these PCNA interacting motifs do not appear to be 

conserved in S. pombe Fbh1, I decided to test whether the hypo-recombination 

phenotype of an elg1∆ mutant was due to excessive Fbh1 activity. 

If the reduction in RTS1-induced recombination in elg1∆ is caused by the 

increased recruitment of Fbh1 to the barrier by PCNA, then deleting fbh1 should 

supress its hypo-recombination. Indeed, a comparison of an elg1∆ single mutant and 

an elg1∆ fbh1∆ double mutant for RTS1-AO-induced recombination shows that the 

hypo-recombination of elg1∆ is mostly supressed in the double mutant, which exhibits 

a frequency of Ade+ recombinants that is similar to that of a fbh1∆ single mutant 

(Figure 3.11). Indeed, the double mutant shows no significant change in deletions 

(p=0.54), although it does show a 1.6-fold decrease in conversions (p<0.001) which 

indicates that Elg1 may promote the formation of some gene conversions by a 

mechanism that is independent of its control over Fbh1. Overall these data indicate 

that Fbh1 is mostly responsible for the reduction in RTS1-AO-induced recombination 

when Elg1 is absent.  
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Figure 3.11 Hypo-recombination of elg1∆ at RTS1-AO is supressed by deleting fbh1 
Bar chart showing the frequency of deletion- and conversion- type Ade+ recombinants in wild-type, elg1∆, fbh1∆ 

and elg1∆fbh1∆ strains, with RTS1-AO. RTS1 is placed between the ade6- repeats at the endogenous ade6 locus 

on chromosome 3. In order of presentation, the strains are MCW4713, MCW7708, FO1816 and MCW8946. Error 

bars represent standard deviation. Significant changes compared to the fbh1∆ strain indicated. P-values were 

calculated using the Shapiro-Wilk normality test (ns p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Ade+ 

recombinant frequency with statistical analysis is also shown in Table 1. 

 

3.3 Discussion 

It is estimated that more than 100 different proteins are associated with the eukaryotic 

RF, forming a large multi-component protein machine termed the replisome. I wanted 

to investigate, (when the fork encounters a barrier and collapses), whether active 

disassembly of the replisome is needed for RDR to occur especially the ring structures 

like MCM and PCNA that encircle the DNA and act as platforms for various replication 
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PCNA mutant suppresses elg1∆ hypo-recombination (Figure 3.5), provides strong 

evidence that Elg1 promotes recombination at RTS1-AO by unloading PCNA from the 

blocked fork. This finding can be further verified by checking the recruitment of 

recombination proteins at RTS1 in elg1∆, PCNAD150E and elg1∆ PCNAD150E cells by 

fluorescence microscopy. 

My finding that Elg1 is not normally required for limiting spontaneous direct 

repeat recombination at the ade6 locus and promotes recombination at RTS1-AO 

contrasts with a previous report that Elg1 is needed to suppress recombination in 

budding yeast (Ben-Aroya et al. 2003), where strains lacking Elg1 show increased 

recombination between homologous and nonhomologous chromosomes, sister 

chromatids and direct repeats. However, I did find two conditions where Elg1 was 

needed to suppress recombination: at a sub-telomeric site on Chromosome 1 (Figure 

3.2b); and at ade6 when ter2x3 was inserted in the orientation that blocks RFs at this 

site (Figure 3.3b). Moreover, Elg1 has been shown to be required to promote HR in 

response to MMS or phleomycin treatment in budding yeast (Ogiwara et al. 2007). 

Therefore, it seems that Elg1 is capable of promoting and constraining recombination 

in both yeasts.  

What determines whether Elg1 promotes or constrains recombination remains 

an open question. However, one key factor may be whether the RF simply stalls or 

collapses. At RTS1, forks appear to collapse as a default response, suggesting that 

this programmed RFB has evolved to trigger replisome disassembly. However, at 

ter2X3 the RF stalls but does not collapse. Therefore, it may be that Elg1 promotes 

recombination when forks collapse but constrains it when they stall. It is also possible 

that the two states are distinguished by post-translational modification (PTMs) of 
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PCNA. PCNA is known to undergo multiple different PTMs in response to RF 

perturbation (Davies et al. 2008; Hoege et al. 2002; Branzei et al. 2004; Branzei et al. 

2008; Chiu et al. 2006). The best characterised of these are monoubiquitination, 

polyubquitination and SUMOylation of K164, which act to recruit TLS polymerases, 

promote template switching and inhibit HR by recruiting Srs2/PARI, respectively 

(Pfander et al. 2005; Papouli et al. 2005; Moldovan et al. 2012). However, 13 of 16 

lysine residues in human PCNA have been reported to be ubquitinated and some of 

these can also be acetylated or be modified by ubiquitin-like proteins (McIntyre and 

Woodgate 2015). Therefore, there is plenty of scope for how PCNA may be able to 

direct how Elg1 interacts with it and the rest of the replisome. However, it is unclear 

how exactly Elg1 may protect sites of fork stalling from becoming recombinogenic. It 

may be through its role in PCNA unloading (Parnas et al. 2010; Kubota et al. 2013; 

Piazza and Heyer 2018) or via a role that is independent of its interaction with PCNA 

(Parnas et al. 2011; Parnas et al. 2010; Davidson and Brown 2008). PCNA retention 

on chromatin in the absence of Elg1 activity may cause genome instability through 

altered recruitment of PCNA-interacting factors. However, recent reports from a study, 

where effects of overexpressing PCNA in elg1+ and elg1∆ were examined, indicate 

that PCNA accumulation on DNA can result in genome instability simply by interfering 

with chromosome transactions (Johnson et al. 2016). Interestingly, human Elg1 

(ATAD5) has been shown to be involved in deubiquitinating PCNA by recruiting the 

USP1 deubiquitinase to ubiquitinated PCNA (Papouli et al. 2005). In theory this could 

free up lysines that could then be modified by other types of PTMs, which could direct 

an anti-recombinogenic response. For example, SUMOylation that is known to recruit 
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Srs2 in yeast (Pfander et al. 2005; Papouli et al. 2005) and PARI in humans (Moldovan 

et al. 2012).  

Further investigation on reduced RTS1-induced recombination in elg1∆ was 

done by exploring the factors that might be recruited by PCNA accumulated at the 

barrier in the absence of Elg1. PCNA acts as a hub for the recruitment of many 

different proteins that might be responsible for reducing the recombination, and I 

investigated if deletion of these factors suppresses the hypo recombination of an elg1∆ 

mutant. Among the factors I investigated (Srs2, Fml1, Eso1 and Fbh1), I found that 

deletion of fbh1 suppressed the hypo-recombination of elg1∆ and that recombination 

was increased to the level of a fbh1∆ mutant. Therefore, it can be postulated that, 

when Elg1 is not present, Fbh1 is important for regulating the recombination at RTS1, 

and that the majority of the direct repeat recombination promoted by Elg1 at RTS1 is 

supressed by Fbh1 (Figure 3.12). Fbh1 probably suppresses the recombination by its 

known function of acting as a Rad51 disruptase (Lorenz et al. 2009). However, the 

question remains whether more Fbh1 at the RFB can be expected to result in a 

reduction in RTS1-induced recombination. The possibility is supported by an earlier 

report that overexpression of fbh1 reduces RFB-induced recombination, and the 

number of Rad51 nuclear foci induced by replicative stress (Lorenz et al. 2009). Yet, 

it remains to be determined whether increased retention of PCNA at the barrier leads 

to greater Fbh1 recruitment at the barrier. We know that PCNA recruits FBH1 to sites 

of DNA replication and DNA damage in human cells (Bacquin et al. 2013) - but the 

PCNA interacting motifs in human FBH1 do not appear to be conserved in fission 

yeast Fbh1. It is also likely that Fbh1 is recruited through its interaction with other 

proteins that interact with PCNA, like Pfh1 (McDonald et al. 2016). It needs to be 
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determined in the future whether PCNA directly recruits Fbh1 to RTS1, by employing 

methods like chromatin immunoprecipitation (ChIP) or co-immunoprecipitation (co-IP). 

Importantly, it is also unclear whether increased Fbh1 activity at the RFB blocks 

efficient replication restart or simply inhibits ectopic recombination.  

 

 

Figure 3.12 Model for how Elg1 promotes direct repeat recombination at RTS1  
The anti-recombinase Fbh1 is recruited to the RFB by PCNA. Elg1 unloads PCNA from the DNA and thereby limits 

the recruitment of Fbh1. 
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4 Investigating what loss of direct repeat 
recombination in the absence of Elg1 means 
in terms of recruitment of recombination 
proteins and fork restart at RTS1  
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4.1 Introduction 

The results presented in Chapter 3 show that Elg1 plays a role in promoting ectopic 

recombination that is associated with the replication restart process at RTS1. It most 

likely does this by unloading PCNA from the site of replication fork blockage/collapse, 

which in turn limits the recruitment/activity of Fbh1. However, it is unclear whether 

increased Fbh1 activity at the RFB only limits ectopic recombination or whether it is 

also a barrier to efficient replication restart. It is also unclear whether increased 

retention of PCNA at the barrier leads to greater Fbh1 recruitment or facilitates its 

activity by some other means. For example, it is possible that deficient PCNA 

unloading might interfere with the recruitment of recombination proteins that precede 

Rad51 (e.g., Rad52), which could have a knock-on effect for the recruitment of Rad51. 

Indeed, if retention of PCNA impeded efficient recruitment of Rad52 this might make 

a fledgling Rad51 nucleofilament more susceptible to disruption by Fbh1 (Osman et 

al. 2005). In this model, the failure to unload PCNA does not result in more Fbh1 being 

recruited; rather it blocks efficient recruitment of one of its key antagonists.  

A useful tool to assess whether the reduction in recombination in the absence 

of Elg1 correlates with a reduction in replication restart at the barrier would be native 

2D gel electrophoresis. By the use of this technique, replication intermediates at and 

surrounding RTS1-AO can be analysed making a comparison between the pattern of 

intermediates in wild-type and elg1∆ strains.  

RDR can also be indirectly estimated using genetic reporters that measure the 

heightened genomic rearrangements at sites downstream of RTS1-AO, that are 

indicators of restarted fork progression (Nguyen et al. 2015). Although RDR is 

essential for genome stability as it ensures timely completion of replication by rescuing 
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collapsed RFs (Lambert et al. 2005; Lambert et al. 2010), the forks restarted by HR 

are error-prone and thus can cause mutations as well as non-allelic HR that leads to 

chromosome rearrangements (Mizuno et al. 2013; Iraqui et al. 2012). Forks restarted 

at RTS1 can cause genomic rearrangements through the process of template 

switching, which occurs as the fork progresses away from the site of its initiation 

(Nguyen et al. 2015). The main constraint over the genomic region in which such 

template switching can occur is the oncoming replication fork that merges with the 

restarted fork (Nguyen et al. 2015; Mayle et al. 2015). Under conditions where arrival 

of the oncoming replication fork is delayed, heightened template switching has been 

measured up to 75 kb downstream of RTS1-AO (Nguyen et al. 2015; Jalan et al. 

unpublished data). I investigated the effect of elg1∆ on direct repeat recombination 

and mutagenesis induced by the restarted fork at a site downstream of RTS1, in an 

attempt to get an indirect estimate of the relative number of restarted forks reaching 

the site. 

The RTS1-based direct repeat recombination reporter only provides a measure 

of ectopic recombination that gives rise to an Ade+ recombinant. The vast majority of 

recombination induced at RTS1 will actually be genetically silent, thus the reporter 

only provides a readout of a subclass of recombination events from which the overall 

recombination activity at the site can be inferred (Osman and Whitby 2009). Moreover, 

the reporter does not capture the variation in recombination activity between cells as 

it is an ensemble method. To more directly assess recombination activity at the RTS1 

barrier, our lab developed live cell imaging methodologies that enable monitoring the 

recruitment of recombination proteins to the RFB in individual cells and in real time 

(Nguyen et al. 2015). 



Chapter 4   S.Tamang 

 

 
91 

 In this chapter, I make use of the aforementioned experimental tools to 

investigate whether Elg1 is needed for efficient replication restart by facilitating the 

recruitment of recombination proteins to the RTS1 barrier. I also assess whether it 

specifically affects the recruitment/retention of Rad51 without affecting Rad52 

recruitment, as might be expected with a localised increase in Fbh1 concentration 

(Lorenz et al. 2009).  

 

4.2 Results 

4.2.1 2D gel analysis reveals no major difference in the profile of replication 
intermediates at and around RTS1 in an elg1∆ mutant 

Having discovered that elg1 is required for wild-type levels of RTS1-AO-induced 

recombination, it was important to ascertain whether the RTS1 barrier remains fully 

functional without this gene, and to assess whether the reduction in recombination 

correlates with a reduction in replication restart and increase in replication termination 

at the barrier. To do this, I used native 2D gel electrophoresis analysis of replication 

intermediates at and surrounding RTS1-AO in the EcoNI restriction fragment that 

encompasses the RTS1 site (Figure 4.1a). 

2D gel analysis reveals no major difference in the profile of replication 

intermediates at and around RTS1 between wild-type and elg1∆ strains (Figure 4.1b, 

c). Similar levels of RF blockage signal confirm that RTS1-AO still strongly blocks the 

passage of RFs in an elg1∆ mutant, and that the reduction in recombination is not due 

to a reduction in barrier strength. The accumulation of double Y-shaped DNA 

molecules, which result from merging of an oncoming fork with a fork held at the 

barrier, and large Y-shaped molecules, that represent forks that have restarted and 
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progressed beyond the barrier, are both similar in the two strains (Figure 4.1c). In 

contrast to the significant reduction in direct repeat recombination in elg1Δ mutant 

from the wild-type, there does not appear to be any significant difference in fork restart 

and replication past the barrier, comparing wild-type and elg1∆ strains, as judged by 

2D gel analysis.  
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Figure 4.1 2D gel analysis of replication intermediates at and around RTS1 shows no major difference 
between wild-type and elg1∆ 
a) Schematic showing the relative position of RTS1 on chromosome 3 and the fragment used for 2D gel analysis 

showing the position of the probe. b) 2D gel analysis of replication intermediates within the EcoNI fragment. The 

panel on the left is a guide for interpreting the 2D gels (‘*’ indicates a signal seen as an artefact in these 

experiments). c) Quantification of the 2D gels displayed as bar charts. The DNA was extracted from asynchronously 

growing cultures of the strains MCW 4713 (wild-type) and MCW 7708 (elg1∆). Error bars represent standard 

deviation. 
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4.2.2 Effect of elg1Δ on direct repeat recombination and mutagenesis 
downstream of RTS1  

Forks restarted from RTS1 remain prone to template switching as they progress from 

the RFB (Iraqui et al. 2012; Nguyen et al. 2015). To measure this template switching, 

I used an ade6- direct repeat reporter (reporter system 1) inserted 12.4 kb downstream 

of RTS1 and the frequency of Ade+ recombinants can be determined (Figure 4.2a and 

b) (Nguyen et al 2015). In the wild-type strain with RTS1-IO, the recombinant 

frequency is similar to a strain with no RTS1 (Nguyen et al 2015; unpublished data), 

whereas with RTS1-AO it increases by ~29-fold with an Ade+ recombinant frequency 

of approximately 69 in every 10,000 viable cells (Figure 4.2a). The majority (~93%) of 

these recombinants are deletions (see Table1 in appendix).  

The direct repeat recombination, downstream of RTS1-AO, is limited by the 

oncoming fork, which can converge with the restarted fork before it reaches the 

downstream site (Nguyen et al. 2015). This is evident from the fact that, when the 

strongest origin in this chromosomal region (oriIII-1253) is deleted, the frequency of 

recombinants increases by ~10-fold in a strain with RTS1-AO (Figure 4.2b). Thus, 

heightened recombination at sites downstream of RTS1-AO is an indirect indicator of 

restarted fork progression/RDR efficiency. 

Work by a previous student in the lab (Manisha Jalan) had shown that an elg1∆ 

mutant, with reporter system 1 positioned 12.4 kb downstream of RTS1-AO, exhibited 

~8-fold reduction in gene conversions and ~6-fold reduction in deletions compared to 

wild-type (Fig. 4.2b). Deletion of oriIII-1253, resulted in ~8-fold increase in gene 

conversions and ~7-fold increase in deletions in the elg1∆ mutant compared to ~24-

fold increase in gene conversions and ~11-fold increase in deletions in the equivalent 
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wild-type strain (Figure 4.2b). These data indicated that Elg1 promotes template 

switching associated with a restarted fork. However, it remained unclear whether Elg1 

was affecting the restart/progression of the fork or the template switch process itself. 

The observation that providing more time for restart, by deleting oriIII-1253, did not 

reduce the difference in recombinant frequencies between wild-type and elg1∆, 

suggested that Elg1 might directly affect template switching by modulating the 

association of PCNA with the restarted fork.  

In addition to increased levels of template switching, restarted forks are highly 

error-prone, causing small deletions and duplications by replication slippage between 

tandem sequences with shared micro-homology (Mizuno et al. 2013; Iraqui et al. 

2012). Thus, another way of indirectly estimating RDR is to measure the mutagenesis 

induced by the restarted fork downstream of RTS1. Recently, a system was developed 

in our lab by which ectopic recombination and mutagenesis could be monitored at 

neighbouring genomic sites simultaneously, by placing a ura4+ gene immediately 

adjacent to the ade6- direct repeat reporter 12.4 kb downstream of RTS1 (reporter 

system 2, Figure 4.2a). The ura4+ gene is used in this system as an additional reporter 

to score genetic instability by measuring the frequency of cell resistance to 5-FOA 

resulting from loss of ura4+ function. I confirmed that an elg1∆ mutant exhibits a 

similarly low level of Ade+ recombinants with this reporter system as it does with 

reporter system 1 (Figure 4.2b). Deleting oriIII-1253, also resulted in similar fold 

increases in gene conversions and deletions (Figure 4.2b). To maximise the number 

of restarted forks reaching the ura4+ reporter, I used strains with the oriIII-1253 

deletion to assess the frequency of 5-FOA resistance as measured by a plating assay 

(Figure 4.2c). In a wild-type background, the presence of RTS1-AO causes a ~50-fold 
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increase in the frequency of FOA resistant colonies compared to an equivalent strain 

with RTS1-IO (Figure 4.2c). In an elg1∆ mutant the RTS1-AO-induced frequency of 

FOA resistant colonies was reduced ~9-fold (p<0.001) compared to wild-type (Figure 

4.2c). If we assume that Elg1 is not required for directly promoting replication slippage 

events, then these data suggest that replication restart and/or progression of the 

restarted fork is less efficient in an elg1∆ mutant. However, in Chapter 6 I will discuss 

how the majority of FOA resistant colonies appear to stem from a multi-invasion 

recombination event rather than from replication slippage and, therefore, do not 

provide information on RDR. 
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Figure 4.2 Direct repeat recombination and mutagenesis downstream of RTS1 is reduced in an elg1∆ 
mutant 
a) Schematic showing the location of RTS1 and ade6- recombination reporter with and without ura4+ reporter in 

relation to nearby replication origins (grey circles) at the endogenous ade6 locus on chromosome 3. Direction of 

replication indicates the direction of the recombination dependent restarted fork through ade6- direct repeat 

reporter. b) Bar charts showing the frequency and type of Ade+ recombinants in MCW7259, MCW7295, MCW8191, 

MCW8290, MCW8992, MCW8990. c) Bar charts showing the frequency of 5-FOA resistance in MCW8700, 

mcw8888, MCW8988, MCW 8990. Error bars represent standard deviation. Significant changes compared to the 

wild-type strain are indicated. P-values were calculated using the Shapiro-Wilk normality test (ns p>0.05, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). Ade+ recombinant frequency with statistical analysis is shown in Table 1. 
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4.2.3 Recruitment of Rad52 at the RTS1 barrier is less efficient in an elg1∆ 
mutant 

Increased Fbh1 activity at the RFB would be expected to lead to a reduction in the 

amount of Rad51 that accumulates at the site without affecting levels of Rad52 (Lorenz 

et al. 2009). To investigate this, I decided to directly assess the effect of elg1∆ on 

recombination protein recruitment at RTS1. For this, I used a system in which the 

position of the RTS1 barrier is marked by an adjacent array of lacO sequences, which 

is visualised through the association of LacI repressor to the far-red fluorescent protein 

tdKatushka2 (Figure 4.3a). Being aware that lacO-LacI interaction can act as an RFB, 

imaging parameters were adjusted, for the amount of LacI, such that the lacO is 

detectable through the long hours of imaging but is insufficient to block RFs as judged 

by 2D gel analysis and ade6- recombination. Thus, LacI-tdKatushka2 expression 

levels driven by the nmt41 promoter is repressed by 1 μM thiamine to get the balance 

right (Nguyen et al. 2015). The recruitment and retention of a recombination protein at 

RTS1 can be followed by tagging the recombination protein with a different colour 

fluorescent protein and scoring whether it forms foci that co-localise with lacO-LacI 

foci (Nguyen et al. 2015). In the case of Rad52, yellow fluorescent protein (YFP) was 

fused to its C-terminus. Rad52-YFP was expressed from its endogenous promoter, 

the locus is fully functional and the protein forms foci that co-localise with RTS1 

(Meister et al. 2003; Nguyen et al. 2015) (Figure 4.3b). 

I analysed the presence of Rad52 foci and their co-localization with lacO-LacI 

foci in asynchronous cultures of wild-type and elg1∆ strains, containing either RTS1-

IO or RTS1-AO, by snapshot imaging. For each strain, a total of >500 cells with a 

detectable lacO-LacI focus were analysed for the presence and localisation of Rad52 



Chapter 4   S.Tamang 

 

 
99 

foci from three independent cultures. Cells were also staged, based on their length 

and number of lacO-LacI foci, into two groups: 1) M phase to early G2 phase cells 

(46% of the population in wild type RTS1-IO, 48% in wild type RTS1-AO, 52% in elg1∆ 

RTS1-IO and 54% in elg1∆ RTS1-AO); 2) late G2-phase cells (54% of the population 

in wild type RTS1-IO, 52% in wild type RTS1-AO, 48% in elg1∆ RTS1-IO and 46% in 

elg1∆ RTS1-AO). 

In the wild-type strain containing RTS1-IO, about 14% of cells in the M phase 

to early G2 phase group exhibit Rad52 foci that do not co-localize with a lacO-LacI 

focus (Figure 4.3c). This value is consistent with a previous report for late-S or early 

G2 cells and probably reflects the repair of spontaneous DNA damage that occurs or 

is exacerbated during DNA replication (e.g., single-stranded gaps and broken 

replication forks) (Meister et al. 2003). A similar percentage of late G2 phase cells also 

exhibit Rad52 foci, which likewise show little or no co-localization with lacO-LacI. As 

expected, the percentage of Rad52 foci in the wild-type strain with RTS1-AO increases 

by almost 3-fold in the M phase to early G2 phase group of cells. Most of these extra 

foci co-localize with a lacO-LacI focus, indicating Rad52 recruitment to replication 

forks blocked/collapsed at RTS1. The percentage of these co-localizing foci is reduced 

by >4-fold in late G2 phase cells suggesting that, in the majority of cells, the problems 

associated with replication fork collapse at RTS1 are resolved prior to mitosis. Overall, 

this pattern of Rad52 foci is similar in an elg1∆ mutant (Figure 4.3c). Indeed, loss of 

Elg1 does not seem to result in an increase in the percentage of cells with 

spontaneous Rad52 foci, as reported in budding yeast (Alvaro et al. 2007). However, 

there does seem to be a slight but significant (~1.7-fold, p=0.01) reduction in Rad52 

foci co-localizing with the barrier in the M phase to early G2 phase group of cells, albeit 
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the overall percentage of cells with Rad52 foci in the presence of RTS1-AO is similar 

to wild-type (Figure 4.3c). Altogether these data suggest that loss of Elg1 may impair 

the recruitment/retention of Rad52 at RTS1. 
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Figure 4.3 Effect of elg1∆ on the presence of Rad52-YFP foci and their co-localization with the RTS1 barrier  
a) Schematic showing the modification of the direct repeat recombination reporter for live-cell imaging. b) Example 

of a cell with a Rad52-YFP focus co-localizing with a lacO-LacI-tdKatushka2 focus. The scale bar represents 5µm. 

The strain shown is MCW 7065. c) Bar chart showing the percentage of cells with total Rad52-YFP foci and Rad52-

YFP foci co-localizing with lacO-LacI-tdKatushka2 focus for wild-type and elg1∆ strains with RTS1-IO and RTS1-
AO. The population was divided to two groups (M-earlyG2 and late G2) on the basis of cell length and morphology. 

The strains are MCW6712 (n=523), MCW7969 (n=550), MCW7065 (n=671), MCW7965 (n=671). Error bars 

represent standard deviation. Significant change compared to the wild-type strain is indicated. P-values were 

calculated using the Mann-Whitney test (ns p>0.05, *p<0.05).  
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4.2.4 Recruitment of Rad51 at the RTS1 barrier is also reduced in an elg1∆ 
mutant 

If Fbh1 is responsible for the reduction in RTS1-AO-induced direct repeat 

recombination in an elg1∆ mutant, as my data in Chapter 3 suggest, then Rad51 

recruitment/retention at the RFB should be lower in an elg1∆ mutant than in wild-type 

cells. To investigate this, I used wild-type and elg1∆ strains containing RTS1-AO 

marked by an adjacent array of lacO sequences, LacI-tdKatushka2, Rad52-YFP and 

Rad51 tagged at its N-terminus with cyan fluorescent protein (CFP) (Figure 4.4). As 

CFP-Rad51 is not fully functional, untagged Rad51 was expressed in the same cells 

from an integrated construct at the ura4 locus (Nguyen et al. 2015). A total of ~400 

lacI-LacO focus-positive cells from four independent cultures were analysed for both 

wild-type and elg1∆ strains (Figure 4.5). The overall percentage of cells with Rad52 

foci is 30% and 28% for wild-type and elg1∆ respectively, which is within the range of 

the values observed in the previous experiment (bearing in mind that in this experiment 

all cells are considered together regardless of their cell cycle stage) (Figure 4.5a). 

Approximately half (55%) of the Rad52 foci co-localize with a lacO-LacI focus in the 

wild-type, whereas this reduces to only 28% in the elg1∆ mutant (Figure 4.5a and c). 

Approximately 22% of both wild-type and elg1∆ cells exhibit Rad51 foci, of which the 

majority (90% and 80%, respectively) co-localize with Rad52. Importantly, whereas 

~44% of Rad51 foci co-localize with a lacO-LacI focus in the wild-type, only ~10% do 

so in an elg1∆ mutant, which is markedly less than the percentage of Rad52 foci that 

co-localize with lacO-LacI (Figure 4.5a and c). Of the Rad52 foci co-localizing at the 

barrier, 62% co-localize with Rad51 in wild-type, which is reduced to 30% in elg1∆ 

cells (Figure 4.5b). Altogether these data indicate that the recruitment and/or retention 
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of both Rad51 and Rad52 is less in an elg1∆ mutant than in wild-type. However, the 

reduction appears to be greater for Rad51 than for Rad52 

 

Figure 4.4 Examples of images used for the analysis of Rad52-YFP and Rad51-CFP foci co-localization with 
RTS1-AO 
a) An example of a cell with Rad52-YFP, Rad51-CFP and lacO-LacI-tdKatushka2 foci co-localising. b) An example 

of a cell with Rad52-YFP and Rad51-CFP foci co-localising but not with lacO-LacI-tdKatushka2 foci. The scale bar 

represents 5µm. The strain shown is MCW7638. These images are representative of those used for the analysis 

shown in Figure 4.5.  
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Figure 4.5 Effect of elg1∆causes reduced recruitment/retention of Rad51 foci at the RTS1 barrier  
a) Bar chart showing: the percentage of cells with Rad52-YFP and Rad51-CFP foci; percentage of cells with Rad52-

YFP and Rad51-CFP foci co-localizing with a lacO-LacI-tdKatushka2 focus; and percentage of cells with all three 

foci co-localizing. b) Bar graph showing the percentage of Rad52-YFP foci colocalizing with lacO-LacI-tdKatushka2 

that also have co-localizing Rad51-CFP. c) Table showing the profile of co-localizations of Rad52-YFP, Rad51-

CFP and lacO-LacI-tdKatushka2. The wild-type strain is MCW7638 (n=404) and the elg1∆ strain is MCW8921 

(n=394), both strains contain RTS1-AO. Error bars represent standard deviation. Significant changes compared to 

the wild-type strain are indicated. P-values were calculated using the Mann-Whitney test (ns p>0.05, *p<0.05). 
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4.2.5 Studying the effect of elg1∆ on the recruitment of recombination 
proteins at RTS1 in real time  

Time lapse imaging can provide a clear picture of the spatiotemporal dynamics of 

recombination and replication protein association with RTS1. Thus, I decided to 

complement the snapshot analysis with time-lapse microscopy to monitor 

recombination protein recruitment to the RFB in individual cells and in real time. In 

these experiments I monitored Rad52-YFP foci alongside eCFP-PCNA fluorescence 

signal to track the timing and progression of S phase in cells where the RTS1 barrier 

was again marked by an adjacent array of lacO sequences visualised through the 

binding of LacI-tdKatushka2. Cells were monitored from the start of S phase up to 90 

minutes, following and recording Rad52-YFP foci in individual cells at five-minute 

intervals (Figure 4.6a and b). Unfortunately, time-lapse experiments with CFP-Rad51 

foci proved unsuccessful due the tendency of these foci to photo bleach much quicker 

than Rad52-YFP foci (data not shown). 

Time-lapse imaging of wild-type and elg1∆ cells reveals a consistent pattern of 

PCNA focus appearance 10-15 minutes post anaphase marking the start of S phase 

(PCNA focus merely used as a marker here, is later assessed comparing the two 

strains: Figure 4.10). As expected, relatively few Rad52 foci co-localize with a lacO-

LacI focus in either wild-type or elg1∆ cells containing RTS1-IO, and where there is 

co-localization might have occurred by chance (Figure 4.6b). In the wild-type strain 

with RTS1-AO, Rad52 foci that co-localise with the barrier start to appear about 10 

minutes after the start of S phase with the peak number of cells with such foci occurring 

a further 30 minutes later (Figure 4.6c, Figure 4.8a). Out of the 52 cells that were 

analysed, 49 (94%) exhibited a Rad52 focus that co-localized with the RFB in at least 

one time point during the 90-minute period following the start of S-phase. In the elg1∆ 
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mutant containing RTS1-AO, Rad52 foci that co-localized with lacO-LacI started to 

appear 15 minutes after the start of S phase (Figure 4.6a and c). Indeed, overall there 

was an average delay in the appearance of Rad52 foci at the barrier of ~10 minutes 

compared to wild-type (Figure 4.6c). However, even though these co-localizing foci 

tended to appear later in an elg1∆ mutant, they disappeared at a similar time to that 

observed in the wild-type (Figure 4.6c). This suggests that the delay in Rad52 

recruitment is not a consequence of a general reduction in replication fork velocity, as 

this would result in a later time for both fork blockage and fork convergence at RTS1. 

A total of 85 elg1∆ cells were analysed. In addition to the apparent later time of Rad52 

recruitment to the barrier, overall slightly fewer cells exhibited Rad 52 focus that co-

localises with the barrier in elg1∆ mutant compared to the wild type (82% versus 94%), 

whilst the experiment was done only once. Altogether these data indicate that Elg1 is 

needed for the timely recruitment of Rad52 to replication forks blocked/collapsed at 

the RTS1 barrier. 
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Figure 4.6 Tracking Rad52-YFP focus co-localization at RTS1 by time-lapse microscopy in wild-type and 
elg1∆ cells 
a) Analysis of time-lapse movies of RTS1-AO wild-type and elg1∆ strain for the presence of a Rad52 focus and 
whether it co-localizes with the lacO-LacI-tdKatushka2 focus. The top panel is a schematic of S. pombe cells at 
the start of S-phase and during the 90-minute time course. b) Analysis of time-lapse movies of RTS1-IO wild-type 
and elg1∆ strain. The presence of a Rad52 focus and whether it co-localizes with the lacO-LacI-tdKatushka2 focus 
is recorded every 5 minutes for 90 minutes post S-phase start in each cell. Nuclear lacO-LacI foci are in red, Rad52 
foci are in green and co-localizing foci are in yellow. c) Line graph of the percentage of cells with a Rad52-YFP 
focus that co-localizes with the lacO-LacI focus in the 90 minutes post S-phase start. The RTS1-AO wild-type strain 
is MCW7065 (n=52), the RST1-AO elg1∆ strain is MCW7965 (n=85), the RTS1-IO wild-type strain is MCW6712 
(n=34) and the RST1-IO elg1∆ strain is MCW7969 (n=40). 
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As mentioned in Chapter 3, eCFP tagged PCNA is not fully functional and, 

therefore, “normal” PCNA activity is achieved in these cells through the expression of 

untagged PCNA from its endogenous locus, with eCFP-PCNA expressed from a 

construct inserted at the ura4 locus (Meister et al. 2007). However, even though cells 

that co-express tagged and untagged PCNA appear to grow normally and exhibit wild-

type levels of genotoxin sensitivity (Meister et al. 2007) it remained possible that 

tagged PCNA might have some impact on Elg1’s unloading role. For example, CFP-

PCNA may be more easily unloaded from DNA in the absence of Elg1 than its 

untagged form. To investigate whether the presence of eCFP-PCNA influences the 

recruitment/retention of Rad52 foci at the RTS1-AO barrier, I performed further time-

lapse experiments in strains without the eCFP-pcn1 construct (Figure 4.7). Similar to 

cells with eCFP-PCNA, elg1∆ resulted in a delay of ~10 minutes in the appearance of 

Rad52 foci co-localizing with lacO-LacI (Figure 4.8a). Importantly, non-co-localizing 

foci appeared with similar timing in both wild-type and mutant showing that Elg1 is not 

generally required for efficient Rad52 focus formation (Figure 4.8b). Overall 75% of 

wild-type cells exhibited a Rad52 focus that co-localized with lacO-LacI during at least 

one time point during the 90-min period post anaphase. This reduces to 51% in the 

elg1∆ mutant, which is a greater reduction than seen in the strains with eCFP-PCNA, 

even when accounting for the fact that the percentage of cells with Rad52-lacO-LacI 

co-localizing foci is also reduced in the wild-type strain. Overall these data provide 

further evidence that Elg1 is needed for the efficient recruitment of Rad52 at the RTS1 

barrier. 

I also investigated whether deleting elg1 affected the number of Rad52 

molecules that were recruited to the RFB. To do this I analysed the intensity of Rad52 



Chapter 4   S.Tamang 

 

 
110 

foci that co-localized with lacO-LacI, and those that did not, in both wild-type and elg1∆ 

cells (Figure 4.9). Focus intensity was assessed in two consecutive time points in cells 

from the aforementioned time-lapse experiment by measuring the percentage 

fluorescence intensity with respect to total nuclear fluorescence. By this analysis, I did 

not detect any significant change in the intensity of co-localizing or non-co-localizing 

Rad52 foci in the elg1∆ mutant. 
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Figure 4.7 Tracking Rad52-YFP focus co-localization at RTS1 by time-lapse microscopy in wild-type and 
elg1∆ cells without eCFP-PCNA 
a) An example of a cell with a Rad52-YFP focus co-localizing with a lacO-LacI-tdKatushka2 focus. The scale bar 

represents 5 µm. The strain shown is MCW 6556. b) Analysis of time-lapse movies of RTS1-AO wild-type and 

elg1∆ strain. The presence of a Rad52 focus and whether it co-localizes with the lacO-LacI-tdKatushka2 focus is 

recorded every 5 minutes for 90 minutes post anaphase in each cell. The top panel is a schematic of S. pombe 

cells at various stages post-anaphase with nuclear lacO-LacI foci in red, Rad52 foci in green, co-localizing foci in 

yellow. The RTS1-AO wild-type strain is MCW6556 (n=28) and the RST1-AO elg1∆ strain is MCW8486 (n=45), 

these strains do not have eCFP tagged PCNA.   
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Figure 4.8 Effect of elg1∆ on the temporal kinetics of Rad52-YFP foci localization to RTS1 in strains with 
and without eCFP tag on PCNA 
Line graphs of the percentage of cells with a) Rad52-YFP focus that co-localizes with the lacO-LacI focus, b) 
Rad52-YFP focus not co-localizing with the lacO-LacI focus and c) Rad52-YFP focus, during the first 90 minutes 
following anaphase at five-minute intervals. The wild-type and elg1∆ strains with eCFP-PCNA are MCW7065 

(n=52) and MCW7965 (n=85) respectively; the wild-type and elg1∆ strains without eCFP-PCNA are MCW6556 

(n=28) and MCW8486 (n=45) respectively. All the strains contain RTS1-AO.  
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Figure 4.9 Loss of Elg1 does not lead to a reduction in Rad52 focus intensity  
Box plots showing % fluorescence intensity of Rad52 foci with respect to total nuclear fluorescence of two 
consecutive time points of wild-type and elg1∆ strains. The comparison between the two strains was done for both 
Rad52 foci that co-localize with lacO-LacI foci and those that do not co-localize. The wild-type strain is MCW6556 
(n=10+10) and the elg1∆ strain is MCW8486 (n=10+10), both the strains contain RTS1-AO. Error bars represent 
standard deviation.  
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4.2.6 Investigating whether persistence of PCNA at the barrier in elg1∆ is 
hindering efficient recruitment of Rad52 

I showed in the previous chapter (Section 3.2.4) that PCNA persists on chromatin late 

into the cell cycle when Elg1 is absent. The effect on RTS1-induced recombination is 

most likely explained by the need for Elg1 to remove PCNA from the blocked RF. I 

wanted to determine whether the persistence of PCNA at RTS1 is directly affecting 

the co-localizing of Rad52-YFP foci during time-lapse imaging of strains with RTS1-

AO. Using strains in which both Rad52 and PCNA are tagged (i.e. Rad52-YFP and 

eCFP-Pcn1), I monitored the relative localization of the two proteins at the RTS1-AO 

barrier (again marked by an adjacent array of lacO sequences that was visualised by 

expression of LacI-tdKatushka2) in wild-type and elg1∆ strains by time-lapse 

microscopy (Figure 4.10 and 4.11b). In this way, I wanted to determine whether there 

was a mutual exclusivity between PCNA and Rad52 foci and whether this differed in 

the presence and absence of Elg1.  

As reported in Chapter 3, eCFP-Pcn1 does not form discrete foci under my 

imaging conditions. Nevertheless, I was able to determine when eCFP fluorescence 

co-localized with the lacO-LacI focus that marks the position of the RTS1-AO barrier 

(Figure 4.11a and 4.12a). In the wild-type cells, eCFP-Pcn1 fluorescence started 

appearing at RTS1 (i.e. co-localizing with lacO-LacI from the start of S phase (10 

minutes after anaphase), reaching a maximum number of cells (~79%) with co-

localizing fluorescence 10 minutes later. By 60 minutes post-anaphase the percentage 

of cells with PCNA drops to 15% and after 80 minutes no cells exhibited PCNA 

fluorescence at the barrier above pre-S phase levels (Figure 4.12a). A similar temporal 

pattern of PCNA appearance and co-localization with RTS1-AO is seen in elg1∆ cells, 
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however, unlike wild-type, ~11% of the cells still retain co-localizing PCNA foci even 

after 90 minutes post-anaphase (Figure 4.12a). There is a marked reduction in the 

percentage of cells with PCNA and Rad52 foci co-localizing at the barrier in an elg1∆ 

mutant compared to the wild-type cells (Figure 4.12b). Next it was also important to 

check if this reduction in the PCNA and Rad52 foci co-localizing at the barrier in an 

elg1∆ mutant, is not solely due to reduced Rad52 foci co-localizing at the barrier as 

shown in Figure 4.12c. Through this analysis, I found that among the Rad52 foci co-

localizing at the barrier (Figure 4.12c), the percentage of foci that co-localise with 

PCNA was clearly reduced (Figure 4.12d). This implies that PCNA and Rad52 tend to 

be mutually exclusive. It is to be noted that Figure 4.12d shows an abrupt rise in the 

percentage of Rad52 foci co-localizing with PCNA at the barrier, in elg1∆ cells at 90 

minutes. This might have occured due to chance co-localization of a Rad52 foci at the 

barrier with PCNA in a few cells (in two out of the four cells with Rad52 foci at the 

barrier, Figure 4.11b ) due to longer persistance of PCNA in elg1∆ cells. Altogether, 

the data suggest that in the absence of Elg1, PCNA accumulated at the barrier either 

a) recruits factors that inhibit Rad52 or b) inhibits processing of the RF to recruit 

Rad52.  
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Figure 4.10 An example of images used for the analysis of Rad52-YFP and eCFP-PCNA foci co-localizing 
with RTS1-AO.  
An example of a cell with eCFP-PCNA, Rad52-YFP and lacO-LacI-tdKatushka2 foci co-localizing. The scale bar 

represents 5 µm. The strain shown is MCW7065. These images are representative of those used for the analysis 

shown in Figure 4.11 and 4.12.  

 

Rad52-YFPBrightfield LacI-tdKatushka2 Rad52-YFP Pcn1-eCFP Merged
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Figure 4.11 Persistence of PCNA at RTS1 in elg1∆ mutant hinders recruitment of Rad52  
a) Analysis of time-lapse movies of RTS1-AO wild-type and elg1∆ strain. The presence of a PCNA focus and 
whether it co-localizes with the lacO-LacI-tdKatushka2 focus is recorded every 5 minutes for 90 minutes post 
anaphase in each cell. Nuclear lacO-LacI foci are shown in red, PCNA foci in blue and PCNA foci co-localizing with 
lacO-LacI foci in purple. b) Analysis of time-lapse movies of RTS1-AO wild-type and elg1∆ strain. The presence of 
a Rad52 focus and whether it co-localizes with the lacO-LacI-tdKatushka2 and PCNA focus is recorded every 5 
minutes for 90 minutes post anaphase in each cell. The nuclear lacO-LacI foci are shown in red, Rad52 foci in 
green, Rad 52 foci co-localizing with lacO-LacI foci foci in yellow and Rad 52 foci co-localizing with both PCNA and 
lacO-LacI foci foci are shown in brown. The RTS1-AO wild-type strain is MCW 7065 (n=52) and the RST1-AO 
elg1∆ strain is MCW7965 (n=45). 
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Figure 4.12 Persistence of PCNA at RTS1 in elg1∆ mutant hinders recruitment of Rad52  
Line graph of the percentage of cells with a) eCFP-PCNA focus co-localizing with the lacO-LacI focus, b) eCFP-
PCNA and Rad52-YFP foci co-localizing with the lacO-LacI focus, c) Rad52-YFP foci co-localizing with the lacO-
LacI focus, during the first 90 minutes following anaphase at five-minute intervals. d) Percentage Rad52-YFP foci 
co-localizing with the lacO-LacI focus that also co-localises with eCFP-PCNA during the first 90 minutes following 
anaphase at five-minute intervals. The wild-type strain is MCW7065 (n=52) and the elg1∆ strain is MCW7965 

(n=45), both the strains contain RTS1-AO. 

  

c)

%
 c

el
ls

 w
ith

 R
ad

52
 fo

cu
s 

time post anaphase start (min)

  %
 o

f R
ad

52
 fo

ci
 c

o-
lo

ca
lis

in
g 

w
ith

 la
cO
- 

La
cI

 fo
cu

s 
th

at
 a

ls
o 

 c
o-

lo
ca

lis
es

 w
ith

 P
C

N
Ad)

co
-lo

ca
lis

in
g 

w
ith

 a
 la
cO

-L
ac

I f
oc

us

time post anaphase start (min)

elg1∆
wild-type

elg1∆
wild-type

RTS1-AORTS1-AO

0 10 20 30 40 50 60 70 80 90
0

10

20

30

40

50

60

0 10 20 30 40 50 60 70 80 90
0
10
20
30
40
50
60
70
80
90
100

a)

%
 c

el
ls

 w
ith

 P
C

N
A 

fo
cu

s 

time post anaphase start (min)
  %

 c
el

ls
 w

ith
 R

ad
52

 a
nd

 P
C

N
A 

fo
cu

s 
co

-lo
ca

lis
in

g 
w

ith
 a

 la
cO

-L
ac

I f
oc

us

b)

0 10 20 30 40 50 60 70 80 90
0
10
20
30
40
50
60
70
80
90
100

co
-lo

ca
lis

in
g 

w
ith

 a
 la
cO

-L
ac

I f
oc

us

0 10 20 30 40 50 60 70 80 90
0

10

20

30

time post anaphase start (min)

elg1∆
wild-type

elg1∆
wild-type

RTS1-AORTS1-AO



Chapter 4   S.Tamang 

 

 
119 

 

4.2.7 Loss of Elg1 affects Rad51-dependent as well as Rad51-independent 
recombination 

As already discussed, one way in which Elg1 may promote RTS1-induced 

recombination is by limiting the recruitment of Fbh1 to the barrier by PCNA. Fbh1 

controls recombination by acting as a Rad51 disruptase and is not thought to displace 

Rad52. Indeed, it has been shown that fbh1 overexpression, whilst strongly reducing 

DNA damage-induced Rad51 foci, has no effect on Rad52 foci (Lorenz et al. 2009). 

However, my finding that Rad52 recruitment to the RTS1 barrier is impaired in an 

elg1∆ mutant indicates that Elg1’s pro-recombinogenic activity may not simply work 

through limiting Fbh1 recruitment. Indeed, impaired Rad52 recruitment would be 

expected to affect both Rad51-dependent and Rad51-independent recombination.  

In addition to promoting the formation of Rad51 nucleofilaments (C. A. Morrow 

et al. 2017b; Anand et al. 2013), Rad52 can also promote recombination 

independently of Rad51 by catalysing SSA between homologous DNA strands coated 

in RPA (Shinohara et al. 1998; Sugiyama et al. 1998; Mortensen et al. 1996; Reddy et 

al. 1997). This activity of Rad52 promotes the repair of DSBs by SSA and may also 

promote a Rad51-independent mode of replication restart (Morrow et al. 2017; Anand 

et al. 2013). Recently, it was shown by our lab that Rad52 promotes Inter-Fork Strand 

Annealing (IFSA), a mechanism by which non-canonical fork convergence in fission 

yeast is prone to trigger deletions between repetitive DNA sequences (Morrow et al. 

2017). It was found that increasing the distance between the ade6- direct repeats of 

standard recombination reporter by adding DNA spacers on the centromere-proximal 

side of RTS1-AO (Figure 4.13a), resulted in a dramatic increase in inter-repeat 
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recombination, rising by as much as ~5.4-fold with a 5 kb spacer. Almost 90% of these 

recombinants were Rad51-independent deletions, which depended on Rad52 

(Morrow et al. 2017) (Figure 4.13b). To investigate whether Elg1 is needed for this 

“spacer-dependent” recombination, I crossed elg1∆ into the strains harbouring the 

recombination reporter with the 5kb spacer and determined its effect on the frequency 

of Ade+ recombinants (Figure 4.13b). In a rad51+ background, elg1∆ eradicates most 

of the “spacer-dependent” recombination, with ~9-fold reduction in deletions and ~26-

fold reduction in conversions, however the frequency of deletions is still ~3-fold greater 

than in the equivalent strain without the 5 kb spacer (compare data in Figure 4.13b 

and Figure 3.1b). Intriguingly, in a rad51∆ background, loss of elg1 causes a ~2-fold 

reduction in deletions (p<0.0001) compared to a rad51∆ single mutant (Figure 4.13b). 

These data show that Elg1 promotes both Rad51-dependent and Rad51-independent 

recombination, albeit it appears to be more strongly required for promoting Rad51-

dependent recombination. These data also suggest that Rad51 drives most of the 

spacer-dependent recombination in wild-type cells, and its presence in an elg1∆ 

mutant blocks the formation of deletions by Rad52. 

  



Chapter 4   S.Tamang 

 

 
121 

 
 
 
Figure 4.13 Loss of Elg1 also affects Rad51-independent recombination 
a) Schematic showing the location of RTS1 and ade6- recombination reporter with site of spacer insertion, in 

relation to nearby replication origins (grey circles) at the endogenous ade6 locus on chromosome 3. Replication 

across the ade6 locus occurs in the telomere to centromere direction as indicated by the arrow. b) Bar charts 

showing the frequency and type of Ade+ recombinants in MCW8023, MCW8136, MCW8941, MCW8943. Error bars 

represent standard deviation. Significant fold changes compared to the wild-type strain are indicated. P-values 

were calculated using the Shapiro-Wilk normality test (ns p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

Ade+ recombinant frequency with statistical analysis is also shown in Table 1. 
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4.3 Discussion 

In this chapter, I wanted to establish if the reduction in RTS1-induced ectopic 

recombination in an elg1∆ mutant reflects a reduction in the recruitment of 

recombination proteins to the RFB and a deficiency in the restart of replication. 2D gel 

analysis did not show any reduction in replication restart at RTS1 in an elg1∆ mutant, 

whereas analysis of template switching as assayed by direct repeat recombination 

reporter downstream of the RFB suggested that it might be impaired. However, neither 

of these experimental approaches provides a definitive measure of replication restart 

efficiency. The 2D gel analysis only measures forks that have progressed up to 2 kb 

downstream of the RFB and would give a skewed indication of restart efficiency if the 

restarted forks moved with a different velocity in the mutant and wild-type cells. The 

genetic reporter downstream of RTS1 provides at best only an indirect measure of 

restart efficiency, with a reduction in template switching potentially resulting from a 

defect in the template switch process and/or in the progression of the restarted fork 

rather than from a defect in restart itself. 

Recognising the deficiencies in the approaches that I had used, I set about 

trying to establish a more direct method of assessing restart efficiency. The first 

method I investigated was Polymerase Usage Sequencing (Pu-Seq) (Miyabe et al. 

2015). In this method one can determine the relative usage of each template DNA 

strand by the two replicative polymerases (Pol e and Pol d) genome-wide via a next 

generation sequencing approach (Keszthelyi et al. 2015). In this way replication 

origins and termination zones can be mapped and origin-firing efficiencies estimated 

(Keszthelyi et al. 2015). Importantly for my intended use of this technique, restarted 

replication, unlike canonical replication, is driven solely by Pol d synthesizing both the 
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leading and lagging strands (Miyabe et al. 2015). This means that in principle one can 

assess restart efficiency at RTS1 by determining how much of the DNA replicated 

downstream of it comes solely from Pol d. The Pu-Seq technique utilizes strains with 

mutations in either Pol e (cdc20-M630F) or Pol d (cdc6-L591G) that mis-incorporate 

ribonucleotides at elevated frequencies (Keszthelyi et al. 2015). These strains also 

contain a deletion of the rnh201 gene that encodes the catalytic subunit of RNase H2, 

which usually removes mis-incorporated ribonucleotides (Keszthelyi et al. 2015). In 

these strains, ribonucleotides accumulate in the DNA strands that are used most 

commonly by the mutant polymerase and this can be quantified by either next 

generation sequencing or by assessing the amount of fragmentation of each DNA 

strand on an alkaline agarose gel (Miyabe et al. 2015). I successfully introduced RTS1-

IO/AO into the Pu-seq strain backgrounds and had begun to optimise the analysis by 

alkaline agarose gel electrophoresis and southern blotting (using strand-specific DNA 

probes). However, I decided to abandon this approach when I was unable to introduce 

elg1∆ into the cdc6-L591G (Pol d) Pu-seq strain background. Interestingly, it has been 

reported that elg1∆ has a strong negative genetic interaction with cdc2-2 (a mutation 

in catalytic subunit of Pol d affecting Pol d function) in budding yeast (Dubarry et al. 

2015). Since Pol d is associated with the synthesis of the lagging strand, this loss of 

fitness could be associated with the importance of Elg1 in removing PCNA during the 

synthesis of each Okazaki fragment. 

The second method I started to investigate for analysing restart efficiency was 

DNA fibre analysis (Kaykov and Nurse 2015; Patel et al. 2006). To this end, I made 

wild-type and elg1∆ strains containing RTS1-IO/AO that express hENT1 (human 

equilibrated nucleoside transporter 1) along with herpes simplex virus thymidine 
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kinase that can incorporate exogenous thymidine analogs (Sivakumar et al. 2004). 

However, I was unable to progress this work beyond the strain constructions as I ran 

out of time. 

By snap shot and time-lapse microscopy, I was able to determine that Elg1 is 

required for the efficient recruitment of both Rad51 and Rad52 to the RTS1 barrier 

(Figure 4.3c, 4.5). This correlates with the reduction in both Rad51-dependent and 

Rad51-independent direct repeat recombination in an elg1∆ mutant (Figure 4.13b) and 

implies that replication restart is likely to be delayed and/or impaired. The finding that 

elg1∆ affects the recruitment of Rad52 opens up the possibility that Elg1 counters 

Fbh1 not by limiting its recruitment to the RFB (as discussed in Chapter 3), but by 

ensuring that its key antagonist (Rad52) is efficiently recruited. To distinguish between 

these two possibilities, it will be important to establish whether Fbh1 

recruitment/retention at RTS1 is affected in an elg1∆ mutant. 

Exactly how Elg1 promotes Rad52 recruitment to the RFB is unclear. Based on 

my time-lapse microscopy experiments, it appears that the persistence of PCNA at 

RTS1 is related to inhibition of recruitment of Rad52 (Figure 4.11). In most of the elg1∆ 

mutant cells, co-localization of Rad52 at the barrier is greatly reduced when PCNA is 

also present at the barrier. Potentially, the retention of PCNA at RTS1 physically 

impedes the recruitment of Rad52 or prevents the processing of the fork into a 

substrate that Rad52 can bind to. In future experiments it will be important to try and 

distinguish between these possibilities by assessing the recruitment of proteins that 

precede Rad52 at the RFB (e.g., RPA) and by analysing how efficiently DNA is 

resected by measuring the amount of ssDNA (Teixeira-Silva et al. 2017; Ait Saada et 

al. 2017). However, it is also possible that PCNA indirectly inhibits Rad52 recruitment 
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by recruiting a protein(s) that antagonises Rad52. This is unlikely to be Fbh1 since, as 

discussed above, overexpression of fbh1 does not inhibit the formation of DNA 

damage-induced Rad52 foci (Lorenz et al. 2009). However, it would be prudent to test 

whether Rad52 recruitment at RTS1 is similarly unaffected by fbh1 overexpression. 

Other factors that might inhibit Rad52 include Fml1 and Srs2, which both seemed to 

have a role in supressing deletions to some extent in the absence of Elg1 (see sections 

3.2.6.1 and 3.2.6.2). The RTS1-AO induced deletions that are reduced 3.7-fold in the 

elg1∆ mutant is increased 1.9-fold in elg1∆ fml1∆ double mutant and 4.4-fold in elg1∆ 

srs2∆ double mutant. Fml1 is known to limit spacer dependent deletions mediated by 

IFSA although it has little effect on the frequency of deletions when there is no DNA 

spacer between the ade6- repeats (C. A. Morrow et al. 2017b). Srs2 was recently 

shown to be capable of displacing Rad52 from RPA-coated ssDNA in single molecule 

experiments (De Tullio et al. 2017). Also, it was recently reported that Srs2 directly 

interacts with Rad52 in budding yeast and that Rad52 inhibits the disruption of Rad51 

by Srs2 during DSB break repair, by competitively binding to Srs2 (Cam et al. 2018). 

It would be important to ascertain if Elg1, either independently or through its effect on 

PCNA accumulation, influences the recruitment of these factors to the RTS1 barrier. 
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5 Studying the role of Ctf18, as an alternative 
PCNA unloader/loader, in RDR at RTS1 

  



Chapter 5   S.Tamang 

 

 
127 

5.1 Introduction 

When PCNA was initially identified as an important factor for DNA replication in in vitro 

reconstitution experiments, it was only thought to have a role in conferring high 

processivity to DNA polymerases (Melendy and Stillman 1991). We now know that it 

is a homotrimeric ring that encircles DNA to act as a polymerase clamp as well as a 

sliding platform for the recruitment of multiple factors required for DNA replication, 

DNA repair, cell cycle regulation and chromatin assembly (Cox 1997; Zhang et al. 

1999; Warbrick et al. 1997; Eisenberg et al. 1997; Fotedar et al. 1996; Levin et al. 

1997; Moldovan et al. 2007; Gazy and Kupiec 2012; Moldovan et al. 2006; Maga 

2003). PCNA not only recruits these factors, but it also actively controls their function 

as chromatin assembles. Therefore, control of PCNA-loading onto chromatin is 

fundamental for various replication-coupled reactions. 

Three different conserved protein complexes are in charge of loading/unloading 

PCNA (Kupiec 2016) (Figure 5.1). PCNA is loaded onto DNA at template-primer 

junctions by RFC, a heteropentameric AAA+ protein complex consisting of the Rfc1-5 

subunits, in an ATP-dependent process (Kelch 2011; Bowman, O’Donnell, and 

Kuriyan 2004; Gomes and Burgers 2001; Hedglin, Kumar, and Benkovic 2013; Yao 

and Donnell 2012). Elg1-RLC, which forms a hetero-pentameric complex by sharing 

four small Rfc subunits (Rfc 2-5), is the major unloader of PCNA as shown by many 

in vivo studies (Kanellis 2003; Kubota et al. 2013; Parnas et al. 2010). However, some 

in vitro studies have shown that human RFC can unload PCNA from singly nicked 

circular plasmid and fully replicated SV40 plasmid DNA, suggesting PCNA unloading 

roles of RFC (Yao et al. 1996; Cai et al. 1996; Shibahara and Stillman 1999). However, 

they do not demonstrate that RFC acts as the major PCNA unloader under normal in 
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vivo conditions, and the results of the former experiments were not reproducible 

(Bylund and Burgers 2005). It is difficult to assess the role of RFC in unloading of 

PCNA in vivo, as it is needed for loading PCNA. 

Eukaryotic cells also have another alternative RFC complex known as Ctf18-

RLC, which forms a hetero-heptameric complex by sharing four small Rfc subunits 

(Rfc 2-5) and two additional subunits Ctf8 and Dcc1 (Kanellis 2003; Bellaoui et al. 

2003; Ben-Aroya et al. 2003; Hanna et al. 2001; Naiki et al. 2001) (Figure 5.1). Ctf18-

RLC catalyses the ATP-dependent loading of PCNA according to many biochemical 

studies (Bermudez et al. 2003; Fujisawa et al. 2017; Shiomi et al. 2004). It was shown 

to load PCNA only onto primed and gapped DNA but not onto double-stranded nicked 

or single-stranded circular DNAs (Shiomi et al. 2004) (Figure 5.1). Also, in fission 

yeast, inactivation of Ctf18-RFC by the deletion of ctf18, dcc1 or ctf8 is lethal in a 

temperature-sensitive mutant of rfc (rfc1-44) showing that Ctf18-RFC is essential in 

the absence of fully functional RFC. In contrast, rfc1-44 elg1∆ cells are viable and 

overproduction of Elg1 in rfc1-44 is lethal, suggesting that Elg1-RFC has an opposing 

function to RFC (Kim et al. 2005). However, in an in vitro study, budding yeast Ctf18-

RLC was found to be an efficient unloader of PCNA from DNA in a reaction requiring 

ATP hydrolysis, in the same reaction where RFC and Elg1-RLC were not (Bylund and 

Burgers 2005). However, in vivo studies do not support the idea of Ctf18-RLC being a 

major unloader of PCNA, since yeast cells lacking ctf18 or human cells transfected 

with siRNAs targeting CTF18 show approximately normal levels of PCNA on 

chromatin in an unperturbed S phase (Kubota et al. 2011; Lee et al. 2013).Thus, due 

to its association with both loading and unloading of PCNA being shown by various 
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studies, after having investigated Elg1, I wanted to explore the role of Ctf18, as an 

alternative PCNA unloader/loader in replication fork collapse and RDR at RTS1.  

Ctf18-RLC has distinct functions in checkpoint signalling and the establishment 

of sister chromatid cohesion and faithful chromosome transmission, as shown from 

the studies in budding yeast (Naiki et al. 2001; Mayer et al. 2001; Kubota et al. 2011; 

Wade et al. 2017). Ctf18 mutants were identified in screens for genes important for 

preventing chromosome loss (chromosome transmission fidelity); loss of any of the 3 

genes (ctf18, dcc1 or ctf8) leads to precocious sister chromatid separation 

accompanied by a pre-anaphase accumulation of cells dependent on the spindle 

assembly checkpoint (Hanna et al. 2001; Mayer et al. 2001). Studies in yeast and 

humans show that Ctf18 has a role in establishment of cohesion as it is needed for 

acetylation of the Smc3 (Psm3 in fission yeast) subunit of cohesion by Eco1 (Eso1 in 

fission yeast; Esco1-2 in humans), which is recruited by PCNA (Lengronne et al. 2006; 

Borges et al. 2013; Terret et al. 2009). These acetyltransferases are shown to promote 

cohesin stabilization in mammals and fission yeast by preventing Wapl/Wpl 

(destabilization factor) from acting on it (Gandhi et al. 2006; Feytout et al. 2011). 
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Figure 5.1 PCNA loaders and unloaders 
Schematic representation of the protein complexes in charge of loading/unloading PCNA. All complexes share the 
Rfc2-5 subunits (in grey) (See section 5.1 for details). 
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5.2 Results 

5.2.1 Ctf18 constrains Elg1 dependent recombination 

To investigate whether Ctf18 is needed for the recombination that is induced by RF 

blockage at RTS1, I made use of the RTS1-based direct repeat recombination 

reporter, discussed in earlier chapters, which consists of two ade6- heteroalleles with 

an intervening his3+ gene inserted at the ade6 locus on chromosome 3 (Figure 5.2a). 

I crossed a ctf18∆ mutant into both RTS1-IO and -AO strains of wild-type and elg1∆ 

background and measured the effect on recombinant frequency (Figure 5.2b). In the 

RTS1-IO background, there was a minor but significant increase (~1.5-fold; p<0.001) 

in deletions, with no significant change in gene conversions in the ctf18∆ mutant, 

compared to the wild-type. In the elg1∆ ctf18∆ double mutant, there was a decrease 

in gene conversions (~1.8-fold, p<0.0001) with no change in deletions, compared to 

the wild type. In the RTS1-AO background, surprisingly, loss of Ctf18 results in a ~2-

fold increase in direct repeat recombination (p<0.0001). Importantly, an elg1∆ ctf18∆ 

double mutant exhibits the same hypo-recombination as an elg1∆ single mutant 

showing that the hyper-recombination in a ctf18∆ single mutant is entirely dependent 

on Elg1 (Figure 5.2b). These data suggest that the level of direct repeat recombination 

is affected by the balance between Ctf18-dependent loading of PCNA, which counters 

the unloading mediated by Elg1. The former acts to suppress inter-repeat 

recombination whereas the latter promotes it. 
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Figure 5.2 Ctf18 constrains Elg1 dependent recombination 
a) Schematic showing the location of the ade6- intra-chromosomal recombination reporter and RTS1 in relation to 

nearby replication origins (grey circles) at the endogenous ade6 locus on chromosome 3. (b) Bar charts showing 

the effect of elg1∆, ctf18∆ and elg1∆ ctf18∆ on the frequency and type of Ade+ recombinants in RTS1-IO and RTS1-
AO strains. In order of presentation the strains are MCW4712, MCW7706, MCW8404, MCW8408, MCW4713, 

MCW7708, MCW8406, MCW8410. Error bars represent standard deviation. Ade+ recombinant frequency with 

statistical analysis is also shown in Table 1. 
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5.2.2 2D gel analysis reveals no major difference in the profile of replication 
intermediates at and around RTS1 in a ctf18∆ mutant 

I performed native two-dimensional (2D) gel electrophoresis for the analysis of 

replication intermediates at and surrounding RTS1-AO in the EcoNI restriction 

fragment that encompasses the RTS1 site, in wild-type and ctf18∆ mutant strains 

(Figure 5.3a). It was important to ascertain whether the RTS1 barrier strength 

remained the same, and to assess whether the hyperrecombination in ctf18∆ mutant 

correlates with increased replication restart and decrease in replication termination at 

the barrier. 2D gel analysis reveals no major difference in the profile of replication 

intermediates at and around RTS1 between wild-type and ctf18∆ strains (Figure 5.3b). 

Similar levels of replication fork blockage signal confirm that RTS1-AO barrier strength 

is not changed in the ctf18∆ mutant, implying that the increase in recombination seen 

in this mutant is not due to an increase in barrier strength. The accumulation of double 

Y-shaped DNA molecules resulting from merging of the opposing forks with the forks 

held at the barrier, and large Y-shaped molecules that represent forks that have 

restarted and progressed beyond the barrier, are both similar in the two strains (Figure 

5.3b and c). The 2D gel analysis thus does not reveal any significant difference in fork 

restart and replication past the barrier in a ctf18∆ mutant.  
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Figure 5.3 2D gel analysis of replication intermediates at and around RTS1 shows no major difference 
between wild-type and ctf18∆ 
a) Schematic showing the relative position of RTS1 on chromosome 3, and the restriction fragment and probe used 

for 2D gel analysis. b) 2D gel analysis of replication intermediates within the EcoNI fragment. The panel on the left 

is a guide for interpreting the 2D gels (‘*’ indicates a signal seen as an artefact in this experiment). c) Quantification 

of the 2D gels displayed as bar charts. The DNA was extracted from asynchronously growing cultures of the strains 

MCW 4713 (wild-type) and MCW8410 (ctf18∆). This data is based on single experiment.  
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5.2.3 Recruitment of Rad52 at the RTS1 barrier is not reduced in a ctf18∆ 
mutant 

I used the live cell imaging experimental system described in Chapter 4 to directly 

assess the effect of ctf18∆ on recombination protein recruitment at RTS1 (Figure 

5.4a). I analysed the presence of Rad52 foci and their co-localization with lacO-LacI 

foci in asynchronous cultures of wild-type and ctf18∆ strains containing either RTS1-

IO or RTS1-AO, by snapshot imaging. For each strain, cells with a detectable lacO-

LacI focus were analysed for the presence and localisation of Rad52 foci from three 

independent cultures. I considered only cells with lacO-LacI foci for this analysis.  

Compared to the wild-type, there is no significant difference in spontaneous 

Rad52 foci in the absence of Ctf18 (RTS1-IO Figure 5.4b). As seen in Chapter 4, 

RTS1-AO causes an overall increase in the percentage of cells with Rad52 foci in wild-

type cells, with most or all of the additional foci co-localizing with the RFB (Figure 

5.4b). There was no significant difference in the percentage of cells with Rad52-YFP 

foci or Rad52 foci co-localizing with the barrier in the ctf18∆ mutant containing RTS1-

AO compared to wild-type (Figure 5.4b). Thus, ctf18∆ does not seem to affect the 

efficient recruitment of Rad52 at RTS1. However, a different picture emerged when 

the cells were staged, based on their length and number of lacO-LacI foci, into two 

groups: 1) M phase to early G2 phase cells; 2) late G2 phase cells (Figure 5.4c). This 

analysis revealed that there was no significant change in the number of M phase to 

early G2 phase cells with Rad52 foci co-localizing at the RFB in the ctf18∆ mutant 

compared to wild-type, whereas there were significantly more of late G2 phase cells 

with co-localizing foci in the mutant (p<0.03) (Figure 5.4c). This observation is 

reminiscent of a previous report from budding yeast, where spontaneous and DNA 
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trinucleotide repeat induced Rad52 foci were seen to persist late into G2/M in ctf18∆ 

cells (Gellon et al. 2011). 

 
Figure 5.4 Effect of ctf18∆ on the frequency of Rad52 foci and their co-localization at the RTS1 barrier  
a) Schematic showing the modification of the direct repeat recombination reporter for live-cell imaging. b) Bar chart 

showing the percentage of cells with total Rad52-YFP foci and Rad52-YFP foci co-localizing with lacO-LacI-

tdKatushka2 focus for wild-type and ctf18∆ strains with RTS1-IO and RTS1-AO. c) Data from 'b' re-analysed by 

dividing the cells into two groups (M-earlyG2 and late G2) on the basis of cell length and morphology. The strains 

are MCW6712 (n=523), MCW8537 (n=899), MCW7065 (n=671), MCW8539 (n=631). Error bars represent 

standard deviation. Significant changes compared to the wild-type strain are indicated. P-values were calculated 

using the Mann-Whitney test (ns p>0.05, *p<0.05). 
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5.2.4 Changed dynamics of Rad52 recruitment at RTS1 in ctf18∆ cells 

I decided to complement the snapshot analysis with time-lapse microscopy to monitor 

recombination protein recruitment to the RFB in individual cells and in real time. Cells 

were monitored from the start of S phase up to 90 minutes, following and recording 

the number of timepoints that Rad52-YFP foci appeared in individual cells at five-

minute intervals (Figure 5.5). 

Time-lapse imaging of wild-type cells reveals a consistent pattern of PCNA 

focus appearance 10-15 minutes post anaphase marking the start of S phase. Rad52 

foci that co-localise with RTS1-AO start to appear about 10 minutes later (Nguyen et 

al. 2015) (Figure 5.6). The percentage of cells with co-localising Rad52 focus rises 

sharply and at a given time 60% of cells have a co-localizing focus. In the ctf18∆ 

mutant, despite all cells exhibiting a Rad52 focus at one or more time points during 

the time-course like in the wild-type strain, the overall percentage of cells with a co-

localizing focus is less by ~1.2-fold (Figure 5.5 and 5.6b). This means that ctf18∆ cells 

exhibit more and/or longer lived spontaneous Rad52 foci (i.e. non-colocalizing foci) 

than wild-type cells (Figure 5.6c). The Rad52 foci that co-localise with RTS1-AO 

appear 10 minutes later in the ctf18∆ mutant than in the wild-type, but unlike in the 

wild-type (or elg1∆ mutant), the percentage of cells with a co-localizing focus peaks at 

around 30% and then remains fairly constant for ~35 minutes (Figure 5.6a). More 

ctf18∆ cells have a co-localizing Rad52 focus at later stages of the cell cycle, which 

accords with the findings from the snapshot experiment. The greater number of cells 

with co-localizing foci at later time points could be due to new cells displaying late 

arising foci or existing foci persisting longer. Although Rad52 foci in general appear 

around the same time in the ctf18∆ mutant and wild-type cells (Figure 5.7a), there is 
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greater number of new cells displaying late arising foci at the barrier in ctf18∆ mutant 

(Figure 5.7b). This suggests that there may be more new cells displaying late arising 

foci in ctf18∆ mutant. However, the population of cells showing first Rad52 foci at the 

barrier do not show a significant shift in ctf18∆ mutant from the wild-type as per the 

Mann-Whitney test. 
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Figure 5.5 Tracking Rad52-YFP focus co-localization at RTS1 by time-lapse microscopy in wild-type and 
ctf18∆ cells 
 Analysis of time-lapse movies. The presence of a Rad52 focus and whether it co-localizes with the lacO-LacI-

tdKatushka2 focus is recorded every 5 minutes for 90 minutes post S-phase start in each cell. The RTS1-AO wild-

type strain is MCW7065 (n=52), the RST1-AO ctf18∆ strain is MCW8539 (n=46). The top panel is a schematic of 

a S. pombe cell at various stages post S-phase with nuclear lacO-LacI foci in red, Rad52 foci in green and co-

localizing foci in yellow. 
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Figure 5.6 Loss of Ctf18 causes a change in the dynamics of recruitment of Rad52 at the RTS1 barrier 
Line graphs of the percentage of cells with a) Rad52-YFP focus that co-localizes with the lacO-LacI focus, b) any 
Rad52-YFP focus and c) Rad52-YFP focus not co-localizing with the lacO-LacI focus, during the first 90 minutes 
post S-phase start. The RTS1-AO wild-type strain is MCW7065 (n=52), the RST1-AO ctf18∆ strain is MCW8539 

(n=46). 
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Figure 5.7 Analysis of time of appearance of Rad52-YFP foci in ctf18∆ versus wild-type strains 
a) Histogram showing the percentage of cells with a given time point of first appearance of Rad52 focus, during 
the first 90 minutes post S-phase start. b) Histogram showing the percentage of cells with a given time point of first 
appearance of Rad52 focus co-localising with lacO-LacI, during the first 90 minutes post S-phase start. The RTS1-
AO wild-type strain is MCW7065 (n=52), the RST1-AO ctf18∆ strain is MCW8539 (n=46). 
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PCNA foci tend to appear slightly later (~ 5 minutes) after anaphase in a ctf18∆ 

mutant than in wild-type but persist longer (Figure 5.8b). I also followed the spatio-

temporal patterns of PCNA foci (Figure 5.8a). As reported in Chapter 3, in wild-type 

cells, PCNA foci form successive distinguishable patterns during S phase that can be 

classified into various stages. In stage a, bright patches appear in the extranucleolar 

region without filling it entirely. In stage b, the bright patches extend and fill the entire 

extranucleolar space. Stage c shows bright spots at the edge of the nucleolus and 

smaller spots in the rest of the nucleus. Finally, in stage d, only a few bright spots 

located at the edges of the nucleolus are observed, that gradually diminish. I observed 

similar patterns of PCNA foci in ctf18∆ cells and, unlike in an elg1∆ mutant, did not 

see any cells displaying unusually bright blobs in late S-phase. However, each of the 

stages of PCNA foci (i.e. a - d) persisted longer in a ctf18∆ mutant than in wild-type 

cells (Figure 5.8a). The longer persistence of PCNA foci, as with Rad52 foci, may be 

related to a generally longer S phase in a ctf18∆ mutant. There have been no previous 

reports of S phase delay with ctf18∆ in yeast. However, as mentioned above, single 

molecule experiments in human cells have shown that replication dynamics in human 

cells are highly attuned to the acetylation of Smc3, and Ctf18 appears to control fork 

velocity through its ability to promote Smc3 acetylation (Terret et al. 2009).  
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Figure 5.8 Prolonged persistence of PCNA foci in cells lacking Ctf18 
a) Images from time-lapse microscopy showing ECFP-PCNA nuclear fluorescence that form successive 

distinguishable patterns classified into four different stages. Images of nuclei from four different time-lapse series 

are shown (two for wild-type and two for ctf18∆). Scale bar = 2µm. b) Line graph of the percentage of cells with 

ECFP-PCNA foci in the cell cycle following anaphase at five-minute intervals, showing longer persistence of ECFP-

PCNA foci in ctf18∆ cells compared to wild-type. The wild-type strain is MCW7065 (n=52) and the ctf18∆ strain is 

MCW8539 (n=46). The data are from a single experiment. 
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5.2.6 Effect of ctf18∆ on template switching downstream of RTS1  

Forks restarted from RTS1 remain prone to recombination as they progress from the 

RFB (Iraqui et al. 2012; Nguyen et al. 2015; Lambert et al. 2010), thus heightened 

genomic rearrangements at sites downstream of RTS1-AO are indicators of restarted 

fork progression. I measured the effect of ctf18∆ on template switching associated with 

restarted replication 12.4kb downstream of RTS1 using the ade6- direct repeat 

reporter (Figure 5.9b). With RTS1-IO, ctf18∆ mutant again shows higher levels of 

spontaneous recombination compared to wild-type cells (see also Figure 5.2b). With 

RTS1-AO, the ctf18∆ mutant exhibited a ~4-fold increase in deletions and ~7-fold 

increase in gene conversions. Compared with wild-type these increases in template 

switching are greater than those seen when direct repeat recombination is measured 

at the barrier (Figure 5.2b). Surprisingly, unlike in wild-type cells, deleting oriIII-1253 

did not result in a noticeable increase in the level of RTS1-AO-induced recombinants 

in the ctf18∆ mutant, with only a minor increase (~1.3-fold; p=0.032) in gene 

conversions. In fact, the frequency of deletions was reduced by ~1.8-fold (p= 0.005) 

compared to a ctf18∆ mutant with ori-1253+, and ~4.8-fold (p<0.0001) compared to 

the wild-type ori-1253∆ strain (Figure 5.9b). Altogether these data give a mixed view 

on Ctf18's role in template switching. In an ori-1253+ background it appears to be 

required to limit template switching, whereas in an ori-1253∆ background it seems to 

promote template switching. 
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Figure 5.9 Effect of loss of Ctf18 on template switching 12.4kb downstream of RTS1 
a) Schematic showing the location of RTS1 and ade6- recombination reporter in relation to nearby replication 

origins (grey circles) on chromosome 3. Direction of replication indicates the direction of the recombination 

dependent restarted fork through the ade6- direct repeat reporter.  b) Bar charts showing the frequency and type 

of Ade+ recombinants in MCW7257, MCW7293, MCW8597, MCW8822, MCW7259, MCW7295, MCW8598, 

MCW8763 (note the log scale in the bar chart for RTS1-AO). Error bars represent standard deviation. Ade+ 

recombinant frequency with statistical analysis is also shown in Table 1. 
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5.3 Discussion 

In this chapter I investigated the role of Ctf18 as an alternative unloader or a loader of 

PCNA in RDR at RTS1. I observed ~2-fold increase in RTS1-induced direct repeat 

recombination at the barrier, which interestingly was completely dependent upon elg1. 

I suggested earlier that Elg1 promotes RTS1-induced recombination by unloading 

PCNA from the DNA and thereby limiting Fbh1 activity either by preventing its 

recruitment and/or enabling efficient Rad52 recruitment. My finding that Ctf18 

suppresses Elg1-dependent recombination allows me to extend this model. I propose 

that Ctf18 suppresses recombination by promoting the loading of PCNA at the RFB, 

which, in turn, promotes Fbh1 recruitment/activity. Elg1 promotes recombination at 

collapsed RFs by unloading PCNA from the DNA which counteracts the loading 

activity of Ctf18. In the absence of Elg1, PCNA persists on the DNA acting as a 

platform for the recruitment of Fbh1 and/or a block to the recruitment of Rad52 (Figure 

5.10). Increased loading of PCNA by Ctf18 in the absence of Elg1 to unload it, could 

result in increased recruitment of Fbh1 leading to suppression of RTS1-induced 

recombination. As mentioned earlier, overexpression of Fbh1 has previously been 

reported to suppress RTS1-AO-induced recombination (Lorenz et al. 2009) and, 

therefore, it is reasonable to think that modulating the amount of Fbh1 at the RFB, 

through a balancing act between Ctf18 and Elg1 loading and unloading PCNA, could 

account for the observed changes in direct repeat recombination. In the future, it will 

be important to investigate the genetic interaction between ctf18∆ and fbh1∆ to test 

my hypothesis. If the hyperrecombination of ctf18∆ is due to increased unloading of 

PCNA by Elg1, and thus reduced recruitment of Fbh1, a ctf18∆ fbh1∆ double mutant 
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should exhibit exactly the same level of direct repeat recombination as in a fbh1∆ 

single mutant (i.e. the interaction between ctf18∆ and fbh1∆ should be epistatic).  

Even though a ctf18∆ mutant exhibits a ~2-fold increase in direct repeat 

recombination at the RTS1-AO barrier, live cell imaging experiments did not reveal an 

increase in the percentage of cells with a Rad52 focus co-localizing with the RFB. This 

suggests that for any given recombination event at the barrier there is a greater chance 

that it would give rise to an Ade+ recombinant (i.e. there is a greater chance of inter-

repeat recombination). This could be due entirely to reduced Fbh1 recruitment and/or 

activity at the RFB, which might favour the production of longer and more promiscuous 

Rad51 nucleofilaments. Alternatively, it may be associated with the role of Ctf18 in 

maintaining genome stability reported before, where it was reported to be associated 

with stabilizing trinucleotide repeats (Gellon et al. 2011). The aforementioned epistasis 

experiment between ctf18∆ and elg1∆ should help to distinguish between these 

possibilities. Although I did not observe any decrease in the recruitment of Rad52 at 

the barrier as such in a ctf18∆ mutant, I did find that the temporal dynamics of the 

protein recruitment was changed. Whilst non-colocalizing Rad52 foci appeared with 

similar timing following the start of S phase in both wild-type and ctf18∆ mutant cells, 

foci that co-localized with the RFB appeared later in the mutant ones. This appeared 

to have a knock-on effect, as a greater percentage of late G2 phase cells exhibited a 

co-localizing Rad52 focus in the ctf18∆ mutants. This altered temporal pattern of 

Rad52 recruitment to the RFB is most likely caused by a general reduction in 

replication fork velocity in the ctf18∆ mutant (Terret et al. 2009), which would result in 

replication forks arriving later at the RFB. A general reduction in replication fork 

velocity would also lead to a longer S phase and could account for the extended 
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duration of PCNA foci I observed in the ctf18∆ mutant. In future experiments it will be 

important to more directly assess fork velocity in the ctf18∆ mutant in S. pombe by 

DNA fibre experiments (Kaykov and Nurse 2015). 

A seemingly conflicting finding of my study was the effect of ori-1253 deletion 

on template switch recombination downstream of RTS1-AO in a ctf18∆ mutant. In an 

ori-1253+ strain, loss of ctf18 resulted in an increase in template switching, suggesting 

that Ctf18 constrains this process. Conceivably it could do this through its role in 

promoting cohesion and/or by affecting the recruitment of factors such as Fbh1 and 

Srs2 to the restarted fork through its PCNA loading function. Indeed, recent work from 

our group has shown that both Fbh1 and Srs2 strongly limit template switching 

associated with restarted replication (Jalan et al, unpublished data). However, unlike 

in a wild-type strain, deletion of ori-1253 in a ctf18∆ mutant resulted in no increase in 

template switch recombination, instead it appears to slightly suppress it. Importantly, 

the frequency of template switch recombination in a ctf18∆ ori-1253∆ mutant was 

significantly less than in the comparable wild-type (ori-1253∆) strain. This finding 

suggests that Ctf18 is needed to promote template switching. One explanation that 

could reconcile the seemingly conflicting results concerning Ctf18’s role in 

constraining or promoting template switch recombination, relates back to the effect of 

ctf18∆ on general replication fork velocity (Terret et al. 2009). This would not only 

result in a delay in arrival of the first replication fork at the RFB, but would also delay 

the arrival of the oncoming replication fork (i.e. fork convergence at the barrier would 

occur later). For example, with RTS1 at the ade6 locus on chromosome 3 (Figure 

5.2a), the telomere proximal replication fork moving at 3 kb/min would reach the barrier 

between 2.6 – 18.5 minutes following the start of S phase (depending on which 
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replication origin fired), whereas the oncoming centromere proximal fork would arrive 

between 17 – 62 minutes (Nguyen et al. 2015). If the fork velocity was only 1 kb/min 

these times would change to 7.8 – 55.5 minutes for the telomere proximal fork and 51 

– 186 minutes for the centromere proximal fork. This means that the window of time 

between the first fork arriving at the RFB and second fork converging with it tends to 

increase the slower the replication forks are moving (e.g., in the ~80% of cells in which 

ori-1253 fires and where either ori-1323, ori-1338 or ori-1342 also fires, the window 

expands from 16 - 22.5 minutes to 48 - 67.5 minutes). If we assume that RDR itself is 

not similarly slowed down in a ctf18∆ mutant, then the increase in recombination at 

RTS1-AO and downstream of it may be due to a general delay in fork convergence 

which would allow more time for recombination to occur. In essence, ctf18∆ would 

have a similar effect as deleting ori-1253 on the frequency of recombination. If true, 

then ctf18∆ and ori-1253∆ should exhibit an epistatic interaction for RTS1-AO-induced 

recombination, which is almost the case at the ade6- direct repeat reporter 12.4 kb 

downstream of the RFB. In fact, as stated above, template switch recombination is 

significantly less in a ctf18∆ ori-1253∆ mutant than in wild-type (ori-1253∆), which 

means that, in addition to promoting replication fork velocity, Ctf18 also promotes 

template switch recombination associated with restarted DNA replication. Exactly how 

it would do this is unclear, although it might relate to Ctf18’s ability to unload PCNA 

(Bylund and Burgers 2005). 

I have not investigated the role of RFC in RDR at RTS1, but it would be 

interesting to do so in the future, considering its role in loading and unloading PCNA 

as implicated by some in vitro studies (Yao et al. 1996; Cai et al. 1996; Shibahara and 

Stillman 1999. I had made the RTS1-based direct repeat recombination reporter strain 
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in the ts mutant background of rfc (rfc1-44) but was unable to carry out the assay due 

to time constrains. One could also investigate the rfc1-44 elg1∆ ctf18∆ mutant for its 

effect on RDR at RTS1, as it is a viable strain (Kim et al. 2005). 

 

 

 

Figure 5.10 Hypothetical model encompassing the roles of Elg1 and Ctf18 in recombination at collapsed 
RFs 
Elg1 promotes recombination at collapsed RFs by unloading PCNA from the DNA which counteracts the loading 

activity of Ctf18. In the absence of Elg1, PCNA persists on the DNA acting as a platform for the recruitment of the 

anti-recombinase Fbh1 and/or a block to the recruitment of Rad52. 
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6 The importance of Rad51 and its mediators 
in restarting collapsed RFs 
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6.1 Introduction 

According to the model of RDR proposed by our lab, the fork collapsed at RTS1 

undergoes fork reversal and strand resection generates a ssDNA tail onto which RPA, 

Rad52 and Rad51 sequentially load (Sun et al. 2008). Strand invasion follows, creating 

a D-loop onto which replication proteins assemble and commence DNA synthesis. 

Replication continues with the invading DNA strand remaining connected to the 

reversed fork structure from where it originated. Lagging strand synthesis can convert 

the reversed fork into a fully ligated four-way DNA/Holliday junction, which can branch 

migrate behind the D-loop (Nguyen et al. 2015). The D-loop on dissociation is capable 

of reforming a reversed fork, facilitating reloading of HR proteins, which could then 

catalyse HR at sites distant from RTS1. 

The reengagement of the nascent strands with the parental DNA duplex seems 

to be vital for the process of RDR. Rad51 is proposed to play a key role in this process 

by catalysing the strand invasion of a nascent strand into the parental DNA duplex 

(Brouwer et al. 2018; Xu et al. 2017). Rad51 requires a number of other proteins, 

including the Rad51 mediators, to facilitate formation and functional activation of a 

nucleofilament that is fundamental for the homology search and strand invasion steps 

of HR. There are three so-called Rad51 mediator complexes in S. pombe, Rad55-

Rad57, Rdl1-Rlp1-Sws1 and Swi5-Sfr1, and they facilitate Rad51 assembly via 

different mechanisms (Symington 2002; Akamatsu et al. 2003; Akamatsu et al. 2007; 

Gaines et al. 2015).  

A previous student in the lab (Michael Nguyen) investigated the role of the 

aforementioned mediators in RTS1 induced direct repeat recombination (Figure 6.1). 

Rad55 and Rad57 were found to be needed for both spontaneous and RTS1 induced 
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recombination. Deletion of either rad55 or rad57 abolished both spontaneous and 

RTS1-induced gene conversions. Importantly, the reductions in gene conversions and 

deletions were similar to a rad51∆ mutant with the exception that there was a lower 

frequency of RTS1-AO-induced deletions in both rad55∆ and rad57∆ single mutants 

compared to a rad51∆ single mutant. It was later inferred through epistasis analysis 

that the loading of Rad51 onto DNA in the absence of the mediators has a role in 

suppressing Rad51-independent deletions even when its ability to promote gene 

conversions is impaired (Nguyen 2014, DPhil thesis). 

Rdl1, Rlp1, and Sws1 were also found to promote RTS1 induced direct repeat 

recombination, though not to the same extent as Rad55-Rad57 (Figure 6.1). In the 

absence of rdl1, rlp1 or sws1, the frequency of spontaneous gene conversions was 

slightly reduced in each of the mutants compared to wild-type, but not to the same 

extent as in rad51∆, rad55∆ and rad57∆ mutants. Moreover, spontaneous deletions 

did not increase like they did in rad51∆, rad55∆ and rad57∆ mutants. However, Rdl1, 

Rlp1 and Sws1 were required for most of the RTS1-AO-induced gene conversions 

and promoted RTS1-AO-induced deletions to the same extent as Rad55 and Rad57. 

Compared to the other mediator mutants, sfr1∆ and swi5∆ had only a modest impact 

on spontaneous and RTS1-AO-induced recombination, suppressing spontaneous 

deletions and promoting RTS1-AO-induced recombination (Figure 6.1). Epistasis 

analysis with rad55∆ rdl1∆ and rad55∆ swi5∆ revealed that the Rad51 mediators 

function in the same pathway for promoting RF block-induced recombination (Nguyen 

2014, DPhil Thesis). As the Rad51 mediators were required for direct repeat 

recombination at the barrier, I wanted to see whether the same was true for template 

switch recombination associated with restarted replication. I anticipated that some or 
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all of the mediators would be required for promoting Rad51-dependent replication 

restart following fork collapse at the RTS1 barrier and, therefore, template switch 

recombination downstream of the RFB would be reduced. However, my findings were 

not consistent with this simple hypothesis. 
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Figure 6.1 Role of Rad51 and Rad51 mediators in RTS1-induced direct repeat recombination  
a) Schematic showing the location of the ade6- intra-chromosomal recombination reporter and RTS1 in relation to 

nearby replication origins (grey circles) at the endogenous ade6 locus on chromosome 3. (b) Bar charts showing 

the frequency and type of Ade+ recombinants in MCW4712, MCW1691, MCW2650, MCW6539, MCW6501, 

MCW6505, MCW6503, MCW2647, MCW6497, MCW4713, MCW1692, MCW2655, MCW6454, MCW6468, 

MCW6507, MCW6470, MCW2653, MCW6499. Error bars represent standard deviation. The data is from Nguyen 

2014, DPhil thesis.  
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6.2 Results 

6.2.1 Rad55, Swi5 and Rdl1 are not essential for template switching 
associated with restarted replication downstream of RTS1-AO 

I investigated one factor from each of the mediator complexes Rad55-Rad57, Rdl1-

Rlp1-Sws1 and Swi5-Sfr1 for their importance in template switching associated with 

the restarted fork at the ade6- direct repeat reporter positioned 12.4 kb downstream of 

RTS1 (Figure 6.2a). In the case of spontaneous recombination (measured in RTS1-

IO strains), rad55∆, swi5∆ and rdl1∆ each had almost the same effect as they had 

when the direct repeat reporter was positioned at the barrier site (compare the data in 

Figure 6.1b and 6.2b). In the absence of rad55, the spontaneous gene conversions 

were again abolished, and the deletions increased (~5-fold) indicating repair of 

spontaneous lesions occurring through a more mutagenic, Rad51-independent 

pathway. In the absence of swi5 or rdl1, there was no significant change in the level 

of spontaneous gene conversions (p=0.167 for swi5∆; p=0.288 for rdl1∆). However, 

the level of deletions rose by 2-fold (p<0.0001) in the swi5∆ mutant and by ~3.5-fold 

(p<0.0001) in rdl1∆. In the strains with RTS1-AO, although the gene conversions are 

reduced ~2.7-fold (p<0.0001) in a rad55∆ mutant and ~1.7-fold (p<0.0001) in a rdl1∆ 

mutant, surprisingly the deletions are not reduced in the absence of rad55, swi5 or 

rdl1 (Figure 6.2b). Since the deletions come from template switching associated with 

restarted replication, these data suggest that the process of fork restart can operate 

without these mediator proteins. 

It was previously proposed that Rad55-Rad57 and Swi5-Sfr1 operate in 

independent pathways to promote Rad51 activity in fission yeast (Akamatsu et al. 

2007; Akamatsu et al. 2003). Hence, to test if one complex performs the function of 

promoting Rad51 in the absence of the other, I checked the effect of a rad55∆ swi5∆ 
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double mutant on direct repeat recombination at this site (Figure 6.3). However, this 

mutant exhibited a minor increase in the frequencies of spontaneous and RTS1-AO-

induced recombination as a rad55∆ single mutant, with ~2.5-fold (p=0.01) and ~1.8-

fold (p=0.004) increase in deletions, respectively. I also tested whether there was an 

increase in the level of template switching upon deletion of ori-1253 and observed an 

enhanced level of recombination similar to wild-type in each of the mutants, albeit 

gene conversions are reduced by at least 10-fold when rad55 is missing (Figure 6.3). 

These data provide further evidence that replication restart is happening in the 

absence of both known Rad51 mediator pathways in S. pombe (i.e. Rad55-Rad57 and 

Swi5-Sfr1), albeit, the ability of template switching to give rise to gene conversions is 

affected by the absence of Rad55 and Rdl1. 
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Figure 6.2 Rad55, Swi5 and Rdl1 are not essential for template switching associated with restarted 
replication downstream of RTS1-AO 
a) Schematic showing the location of RTS1 and ade6- recombination reporter in relation to nearby replication 

origins (grey circles) at the endogenous ade6 locus on chromosome 3. The arrow depicting the direction of 

replication indicates the direction of the recombination dependent restarted fork through ade6- direct repeat 

reporter.  b) Bar charts showing the frequency and type of Ade+ recombinants in MCW7257, MCW7812, MCW7588, 

MCW7555, MCW8931, MCW7259, MCW7814, MCW7590, MCW7557, MCW9140. Error bars represent standard 

deviation. Significant changes compared to the wild-type strain are indicated. P-values were calculated using the 

Shapiro-Wilk normality test (ns p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Ade+ recombinant frequency 

with statistical analysis is also shown in Table 1. 
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Figure 6.3 Effect of rad55∆swi5∆ is similar to the effect of rad55∆ on direct repeat recombination 12.4 kb 
downstream of RTS1.  
Bar charts showing the frequency and type of Ade+ recombinants in MCW7257, MCW7293, MCW7588, MCW7592, 

MCW7555, MCW7559, MCW7607, MCW7611, MCW7259, MCW7295, MCW7590, MCW7594, MCW7557, 

MCW7561, MCW7609, MCW7613. Error bars represent standard deviation. Ade+ recombinant frequency with 

statistical analysis is also shown in Table 1. 
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6.2.2 Rad51, Rad54 and Rad54’s ATPase activities are needed to promote 
template switch recombination downstream of RTS1  

Having found that some of Rad51’s key mediator proteins are not required for template 

switch recombination downstream of RTS1, I next determined what effect rad51 

deletion has (Figure 6.4). Consistent with previous unpublished work from the lab, I 

found that a rad51∆ mutant exhibited essentially the same level of deletions and gene 

conversions in the presence of both RTS1-IO and RTS1-AO. This result indicates that 

Rad51 is required for template switching downstream of RTS1, which would be 

expected given its importance for promoting replication restart (Lambert et al. 2010).  

Another important recombination protein that supports Rad51 activity is the Snf2 

family DNA-dependent ATPase Rad54. Rad54 has multiple roles in recombination 

including: stimulation of Rad51’s DNA strand exchange activity (Petukhova et al. 1998; 

Petukhova et al. 1999; Mazin et al. 2000; Mazin et al. 2003; Sigurdsson et al. 2002); 

dissociation of Rad51 from the DNA following strand exchange to permit nascent DNA 

synthesis (Solinger et al. 2002; Li and Heyer 2009); chromatin remodelling (Alexeev 

et al. 2003); and branch migration of Holliday junctions (Bugreev et al. 2006). Previous 

work in the lab by Michael Nguyen and Fikret Osman had shown that when RTS1-AO 

is positioned within the ade6- 
reporter, Rad54 is needed to promote Rad51-dependent 

gene conversions and deletions (unpublished data). I investigated Rad54 for its 

importance in direct repeat recombination 12.4 kb downstream of RTS1 (Figure 6.4). 

Similar to a rad51∆ mutant, a rad54∆ mutant displays only residual levels of both 

spontaneous and RTS1-AO-induced gene conversions. The level of deletions in the 

RTS1-AO rad54∆ strain is also the same as in the equivalent rad51∆ strain. However, 

the frequency of spontaneous deletions in a rad54∆ mutant, although higher than wild-

type, was not as high as in a rad51∆ mutant and, if this is taken into account, then the 
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level of deletions in the RTS1-AO rad54∆ strain is higher than the spontaneous level 

implying that there is some residual template switching in this mutant. To further 

investigate Rad54’s role, I also measured spontaneous recombination and template 

switching in a rad54K300A mutant (Figure 6.4). Lysine 300 is a critical conserved amino 

acid in Rad54’s Walker A ATPase domain, and previous studies have shown that the 

equivalent mutation in budding yeast and murine Rad54 abolishes its ATPase activity 

but not its ability to promote Rad51 loading onto DNA (Wolner and Peterson 2005; 

Agarwal et al. 2011; Petukhova et al. 1999; Heyer et al. 2006). I found no significant 

difference for recombination frequencies in a rad54K300A mutant compared to a rad54∆ 

mutant. These data indicate that Rad54’s ATPase activity is required for promoting 

template switch recombination associated with restarted replication. 
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Figure 6.4 Importance of Rad54 and its ATPase activity in direct repeat recombination 12.4 kb downstream 
of RTS1 
Bar charts showing the frequency and type of Ade+ recombinants in MCW7257, MCW7812, MCW9030, MCW9006, 

MCW7259, MCW7814, MCW9013, MCW9008. Error bars represent standard deviation. Ade+ recombinant 

frequency with statistical analysis is also shown in Table 1. 

 

6.2.3 Investigating if rad51∆ is truly defective for RDR from RTS1 

Given my observation that the mediator proteins, which facilitate formation and 

functional activation of the Rad51 nucleofilament, are not essential for direct repeat 

recombination downstream of RTS1, I wanted to check if rad51∆ is truly defective for 

RDR at RTS1. I reasoned that any residual restart activity in a rad51∆ mutant would 

be easier to detect if allowed more time to act before arrival of the oncoming replication 

fork. It should also be easier to detect if the direct repeat reporter was positioned closer 

to the RFB, as the restarted fork would have less distance to travel. With this is in 

mind, I measured the effect of rad51∆ on template switching at RTS1 and at a distance 
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 We have seen before that when the ade6- repeats flank the barrier, both 

spontaneous and RTS1-induced gene conversions are abolished with rad51∆ (Figure 

6.5). Conversely, the spontaneous deletions increase 5-fold and the RTS1-induced 

deletions decrease only 1.3-fold in the rad51∆ mutant. Unlike deletions, which can be 

formed in a Rad51-independent manner, gene conversions require strand invasion 

activity of Rad51 (Doe et al. 2004; Lorenz et al. 2009). I checked the effect of deleting 

oriIII-1253 in the wild-type strain with RTS1-AO and observed that it causes ~1.7-fold 

increase in deletions and ~1.9-fold (p<0.0001) increase in gene conversions 

(p<0.0001) as more time is allowed for recombination before fork merging (Nguyen et 

al 2015). However, in the rad51∆ mutant, oriIII-1253∆ had little effect on the frequency 

of recombinants and instead a ~1.2-fold decrease in deletions was observed (p=0.01). 

In this case, recombination could be stimulated by fork convergence by a process 

mediated by Rad52 like IFSA (Morrow et al. 2017) where, during RF convergence, the 

ade6 repeat on the 3’-ended ssDNA tail of the regressed fork anneals to the 

complementary ssDNA of the other ade6 repeat that is exposed in the lagging strand 

gap of the incoming fork. There is thus a balance between the recombination curbed 

and stimulated by RF convergence (i.e. recombinants can stem from RDR, which is 

promoted by oriIII-1253∆, or from IFSA, which is reduced by oriIII-1253∆).  
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Figure 6.5 Effect of rad51∆ on the frequency of RTS1-induced direct repeat recombination  
a) Schematic showing the location of the ade6- intra-chromosomal recombination reporter and RTS1 in relation to 

nearby replication origins (grey circles) at the endogenous ade6 locus on chromosome 3. b) Bar charts showing 

the frequency and type of Ade+ recombinants in MCW4712, MCW6894, MCW1691, MCW8837, MCW4713, 

MCW6778, MCW1692, MCW8835. Error bars represent standard deviation. Ade+ recombinant frequency with 

statistical analysis is also shown in Table 1. 
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When the ade6- reporter is placed 0.2 kb downstream of RTS1, with RTS1-IO, 

the recombinants are similar to the background level of spontaneous recombination; 

however, with RTS1-AO, the total recombinants increase by ~3.5-fold more than when 

the barrier is positioned between the ade6- repeats and more than 80% of these are 

deletions [Nguyen et al. 2015 and Figure 6.6 (my data)]. Allowing more time for fork 

restart and template switching downstream of RTS1, by the deletion of oriIII-1253, in 

the wild-type causes a doubling of gene conversions (p<0.0001) but deletions are 

reduced by half (p<0.0001), which suggests that some deletions may rely on fork 

convergence (Figure 6.6b). In the absence of rad51, with RTS1-AO, the gene 

conversions decrease by ~7-fold (p<0.0001) and deletions by ~2-fold (p<0.0001), 

nevertheless they are much higher than in the equivalent strains with RTS1-IO (38-

fold increase in deletions; 827-fold increase in conversions). Like at the “0 kb” reporter, 

deletion of oriIII-1253 has little effect on the frequency of recombination in a rad51∆ 

mutant with RTS1-AO (Figure 6.6b). If we assume that the induced levels of 

recombination at the 0.2 kb reporter depend on replication being restarted, then these 

data clearly indicate that there is a Rad51-independent pathway of restarting collapsed 

replication forks in fission yeast. Moreover, replication that is restarted by this pathway 

is prone to template switching, albeit these template switch events are much less likely 

to generate gene conversions than when replication is restarted by the Rad51-

dependent pathway. Recent work from Anastasiya Kiskevich in our lab has shown that 

the Rad51-independent pathway depends on Rad52 (unpublished data).  
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Figure 6.6 Effect of rad51∆ on template switching 0.2kb downstream of RTS1 
a) Schematic showing the location of the ade6- intra-chromosomal recombination reporter and RTS1 in relation to 

nearby replication origins (grey circles) at the endogenous ade6 locus on chromosome 3. b) Bar charts showing 

the frequency and type of Ade+ recombinants in MCW7132, MCW7415, MCW8788, MCW8792, MCW7134, 

MCW7417, MCW8790, MCW8793. Error bars represent standard deviation. Ade+ recombinant frequency with 

statistical analysis is also shown in Table 1. 
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oriIII-1253+. In the absence of rad51, there is no induced level of recombinants at this 

site. However, when I deleted oriIII-1253, significant levels of induced recombinants 

were formed with ~38-fold (p<0.0001) increase in deletions and ~17-fold (p<0.0001) 

increase in gene conversions. This suggests that, whilst replication restart might be 

initiated relatively quickly by Rad52, the restarted fork moves quite slowly and will only 

reach the 12.4kb reporter if given sufficient time (by delaying the arrival of the 

oncoming fork). 
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Figure 6.7 Effect of rad51∆ on template switching 12.4kb downstream of RTS1 

a) Schematic showing the location of the ade6- intra-chromosomal recombination reporter and RTS1 in relation to 

nearby replication origins (grey circles) at the endogenous ade6 locus on chromosome 3. b) Bar charts showing 

the frequency and type of Ade+ recombinants in MCW7257, MCW7293, MCW7812, MCW8766, MCW7259, 

MCW7295, MCW7814, MCW8765. Error bars represent standard deviation. Ade+ recombinant frequency with 

statistical analysis is also shown in Table 1. 

 

6.2.4 Further investigation on the effect of rad51∆ on replication restart and 

associated template switching using a modified reporter system 

In order to confirm the observation that rad51∆ strains can perform replication restart 

and thus give rise to template switching 12.4kb downstream of RTS1, I repeated the 

investigation using Reporter System 2 described in Section 4.2.2 (Figure 6.8a). This 

system is a modification of the standard 12.4 kb ade6- direct repeat reporter (Reporter 

System 1) in which an adjacent kanMX6 cassette has been swapped to ura4MX4. The 

ura4+ gene can be used to assess mutagenesis by measuring the frequency of cell 

resistance to 5-FOA resulting from loss of ura4+ function and, therefore, with Reporter 

System 2 both template switch recombination and mutagenesis can be monitored at 

neighbouring genomic sites in the same strain.  

With Reporter System 2, the frequencies of ade6- direct repeat recombination 

for the wild-type and rad51∆ strains are generally consistent with what I observed with 

Reporter System 1, except for strains with RTS1-AO and oriIII-1253+, which exhibit 

significantly higher levels of recombination than the equivalent Reporter System 1 

strains (Figure 6.8b) (see Discussion for a potential explanation). The level of deletions 

increased by ~4.3-fold (p<0.0001) for both wild-type and rad51∆, RTS1-AO strains 

with ori-1253. The level of gene conversions increased by ~4.5-fold (p<0.0001) and 

~4-fold (p=0.04) for wild-type and rad51∆, RTS1-AO strains respectively, with ori-

1253∆. Nevertheless, deletion of rad51 causes the same fold reduction in gene 

conversions ~9.7-fold in an ori-1253+ background and ~6.6-fold in an ori-1253∆ 
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background) and deletions (~4.2-fold in an ori-1253+ background and ~1.6-fold in an 

ori-1253∆ background) as seen with Reporter System 1. 

The frequency of FOA resistant colonies for the wild-type is spontaneously 

higher than reported before (Iraqui et al. 2012) and it increases ~280-fold with RTS1-

AO (Figure 6.8c). The spontaneous frequency of FOA resistant colonies is increased 

(~8-fold, p<0.001) in rad51∆ mutant due to more mutagenic repair of spontaneous 

lesions, which is increased ~115-fold with RTS1-AO. The frequency unexpectedly 

comes down in an ori-1253∆ strain for both wild-type and rad51∆ mutant. Providing 

more time with ori-1253∆ counterintuitively decreases these events suggesting that it 

is needed (see Discussion for a potential explanation). If we assume that the 

mechanisms that give rise to spontaneous (i.e. RTS1-IO) and RTS1-AO-induced 

levels of FOA resistant colonies are distinct then their effects should be additive. In 

that case, the increase in FOA resistant colonies in a rad51∆ mutant (RTS1-AO and 

ori-1253∆) is more than in the equivalent wild-type strain. Thus, the data shows that 

Rad51 is required to supress the formation of FOA resistant colonies.  
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Figure 6.8 Effect of rad51∆ on template switching and mutagenesis downstream of RTS1 
a) Schematic showing the location of RTS1 and ade6- recombination reporter with and without ura4+ reporter in 

relation to nearby replication origins (grey circles) at the endogenous ade6 locus on chromosome 3. The arrow 

depicting the direction of replication indicates the direction of the recombination dependent restarted fork through 

ade6- direct repeat reporter.  b) Bar charts showing the frequency and type of Ade+ recombinants in MCW9036, 

MCW9039, MCW8700, MCW8888, MCW9028, MCW9004, MCW9000, MCW9002. c) Bar charts showing the 

frequency of 5-FOA resistance in the same strains. Error bars represent standard deviation. Ade+ recombinant 

frequency with statistical analysis is also shown in Table 1. 
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6.2.5 Investigating if Exo1 impedes Rad51-independent replication restart 

Exo1 is a multifunctional 5’-3’ exonuclease and DNA structure-specific DNA 

endonuclease, identified as a member of the Rad2 family of proteins (Szankasi and 

Smith 1995). It is important for mitotic and meiotic recombination, Okazaki fragment 

processing and telomere maintenance (Tsang et al. 2014). Exo1 has been shown to 

be recruited to stalled replication forks and counteract fork reversal by generating ss-

DNA intermediates (Cotta-Ramusino et al. 2005). At RTS1, Exo1 is responsible for 

the resection behind the collapsed replication fork and aids in the recruitment of 

Rad52, thus promoting RDR (Tsang et al. 2014; Teixeira-Silva et al. 2017; Osman et 

al. 2016). 

As mentioned above, unpublished work from the Whitby lab has shown that the 

Rad51-independent pathway of replication restart depends on Rad52. Indeed, the 

increased level of direct repeat recombination seen in a rad51∆ mutant 12.4kb 

downstream of RTS1-AO in a ori-1253∆ background is greatly suppressed by rad52∆ 

(Whitby lab unpublished data). However, I wanted to investigate whether there were 

any factors that might be limiting Rad52-mediated replication restart. It was recently 

reported that the DNA binding activity of Rad51 protects arrested replication forks from 

Exo1 mediated fork resection (Ait Saada et al. 2017). One way in which Rad52 might 

promote replication restart without Rad51 is by catalysing “inverse strand exchange” 

(Mazina et al. 2017; Kwon and Sung 2017). In this process Rad52 binds to a dsDNA 

(preferably one with a short ssDNA tail) and uses it to “invade” a homologous ssDNA 

molecule. Thus, in the absence of rad51, the Rad52-mediated pathway may be 

inhibited through the action of Exo1. If this is true, getting rid of exo1 in a rad51∆ 

mutant might promote the Rad52 mediated pathway. 
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In strains where the ade6- repeats flank the barrier, there is ~2-fold reduction in 

both RTS1-AO induced gene conversions and deletions in an exo1Δ mutant compared 

to the wild-type (Figure 6.9). This is presumably due to a loss of DNA resection at the 

fork which would result in a shorter ssDNA tail onto which recombination proteins could 

load (Osman et al. 2016; Tsang et al. 2014; Zhu et al. 2008). Contrary to the idea that 

unfettered Exo1 activity might suppress Rad51-independent recombination, I 

observed no significant difference between a rad51∆ single mutant and exo1Δ rad51Δ 

double mutant in the frequency of RTS1-AO-induced recombination either at the RFB 

(p=0.37 for deletions; p=0.98 for gene conversions) or at the reporter positioned 12.4 

kb downstream of it (p=0.2 for deletions; p=0.06 for gene conversions) (Figure 6.9) 

Thus, it does not appear that Exo1 has a major negative effect on the ability of Rad52 

to catalyse replication restart without Rad51. 
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Figure 6.9 Effect of exo1∆ on Rad51-independent direct repeat recombination at and downstream of RTS1-
AO 
Bar charts showing the frequency and type of Ade+ recombinants in MCW4713, MCW1692, FO1742, MCW8950, 

MCW7259, MCW7814, MCW8218, MCW9034. Error bars represent standard deviation. Significant changes 

compared to the rad51∆ strains are indicated. P-values were calculated using the Shapiro-Wilk normality test (ns 

p>0.05, *p<0.05, **p<0.01, ***p<0.001). Ade+ recombinant frequency with statistical analysis is also shown in Table 

1. 

 

6.3 Discussion 

Previous studies in both budding yeast and fission yeast have concluded that most 

RDR (either BIR in budding yeast or RDR from RTS1 in fission yeast) depends on 

Rad51 (Sakofsky and Malkova 2017; Lambert et al. 2010; Ait Saada et al. 2017). 

Indeed, using both genetic assays and 2D gel analysis of replication intermediates, 

Lambert and co-workers previously concluded that there is very little if any replication 

restart from RTS1 in a rad51∆ mutant (Lambert et al. 2010; Ait Saada et al. 2017). A 

Rad51-independent pathway of BIR in budding yeast, which depends on Rad52, 

Rad59, Mre11-Rad50-Xrs2 complex and Rdh54, was described more than 20 years 

ago (Malkova et al. 1996; Signon et al. 2001). However, it has remained poorly studied 

probably due to the fact that it was found to be a very inefficient pathway. The recent 
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findings that mammalian Rad52 localizes to sites of replication stress and facilitates 

the restart of collapsed forks by BIR independent of Rad51 and BRCA2 (Sotiriou et al. 

2016), and is important for mitotic DNA synthesis activated by replication stress 

(MiDAS), by mediating DNA annealing from a collapsed replication fork into regions of 

micro-homology facilitating rapid completion of DNA synthesis (Bhowmick et al. 2016) 

has reawakened interest in the Rad51-independent pathway of replication restart.  

In this chapter I have provided evidence that a seemingly robust Rad51-

independent pathway of replication restart can operate following replication fork 

collapse at the RTS1 RFB. However, this conclusion is based on an indirect measure 

of replication restart in which restart efficiency is inferred from the frequency of 

template switching that occurs downstream of the site of fork collapse and, therefore, 

it will be important in the future to verify my findings using a more direct physical assay 

to measure restart efficiency as discussed in Chapter 4. The first efforts to provide this 

direct evidence have recently been made in the Whitby lab, when 2D gel experiments 

revealed very little difference in the profile of replication intermediates at and around 

the RTS1 barrier from wild-type and rad51∆ strains, suggesting that replication restart 

is reasonably efficient without Rad51 (unpublished data). The apparent contradictions 

with the studies from Lambert and co-workers (Lambert et al 2010) may be explained 

by the fact that in their studies the RTS1 barrier protein, Rtf1, is overexpressed, 

whereas in the Whitby lab Rtf1 is expressed from its normal endogenous promoter. 

Conceivably Rad51-independent restart may be less able to promote restart at RTS1 

when there are excessive amounts of Rtf1 protein binding to the site. 

One of the intriguing findings of my study is the differing effect of ori-1253 

deletion on the frequency of direct repeat recombination at and downstream of RTS1-
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AO in a rad51∆ mutant. At the RFB and 0.2 kb downstream of it, deletion of ori-1253 

had little or no effect on the frequency of recombination, whereas at the 12.4 kb 

reporter site the frequency of recombination increased dramatically. The reason for 

this difference remains uncertain, however one plausible interpretation of these data 

is that Rad51-independent restart is much faster to initiate than the Rad51-dependent 

mechanism, perhaps because it does not depend on the formation of an elaborate 

Rad51 nucleofilament. Indeed, it might be fast enough to enable all cells to initiate 

restart and progress the restarted replication to the 0.2 kb reporter site before the 

arrival of the oncoming fork that originates from ori-1253. In this scenario, deleting ori-

1253 would not be needed to provide a sufficient window of time for maximal levels of 

restart to occur. Following on from this logic, the failure to detect RTS1-AO-induced 

template switching at the 12.4 kb reporter site in a rad51∆ ori-1253+ strain, and ability 

to detect it at reasonably high levels in a rad51∆ ori-1253∆ strain would imply that the 

progression of the restarted replication away from its site of initiation is much slower 

than the initiation process itself. As discussed below, the slow progression of Rad51-

independent restarted replication may stem from an inhibitory effect of Rad55-Rad57.  

My finding that template switch recombination, downstream of RTS1, is 

reasonably efficient in the absence of Rad55, Rdl1 and Swi5 suggested that either 

Rad51-dependent replication restart can operate without these mediators or that 

Rad51-independent restart is more efficient when they are absent. To determine which 

of these possibilities is correct one could test whether template switch recombination 

in a rad55∆ mutant depends on Rad51. If it does, then this would suggest that Rad51 

can promote restart without Rad55. However, if a rad55∆rad51∆ double mutant 

exhibits similar levels of template switching as a rad55∆ mutant, then this would 
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suggest that Rad55 inhibits the Rad51 independent restart pathway. This experiment 

is currently in progress (at the time of writing) but the initial findings indicate that Rad55 

appears to be inhibiting the Rad51-independent restart pathway (Whitby lab 

unpublished data). Interestingly, Rad55-Rad57 has been shown to physically interact 

with Rad52 in both budding yeast and fission yeast (Gaines et al. 2015; Vo et al. 2016) 

and, therefore, it is possible that in the absence of Rad51 Rad55-Rad57 binds to 

Rad52 and inhibits its ability to promote efficient progression of restarted replication 

(Figure 6.10). 

 

Figure 6.10 Model showing two different RDR pathways in fission yeast.  
Rad52 is required for both pathways and is inhibited by the Rad51 mediator complex Rad55-Rad57 (possibly acting 

together with Rdl1-Rlp1-Sws1 and Swi5-Sfr1). The Rad51 pathway depends on Rad55-Rad57 and to a lesser 

extent on Rdl1-Rlp1-Sws1 and Swi5-Sfr1. 

 

An intriguing feature of the Rad51-independent replication restart pathway is its 

ability to promote deletions without generating the same level of gene conversions as 

seen with the Rad51-dependent pathway. Template switching is thought to occur 

when the restarted replication, progressing in the form of a migrating D-loop, collapses 

(Nguyen et al 2015). Collapse would involve the dissociation of the D-loop releasing 
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its invading DNA strand. Presumably Rad51 and/or Rad52 would catalyse the re-

invasion of the DNA strand so that DNA synthesis could continue. It is at this step that 

template switching would occur if the strand re-invades at an ectopic site. At the ade6- 

direct repeat reporter, used in my studies, a single template switch event from ade6-

M375 to ade6-L469 would result in a deletion, whereas a gene conversion would 

require two template switch events - the first from ade6-M375 to ade6-L469 and the 

second from ade6-L469 back to ade6-M375 (Jalan et al. 2019). It would seem that 

such consecutive template switch events occur less frequently in the Rad51-

independent pathway than they do in the Rad51-dependent pathway. In order to 

understand why consecutive template switch events may be less frequent in the 

Rad51-independent pathway, it will be necessary to establish the mechanism by which 

Rad52 promotes replication restart without Rad51. In vitro Rad52 is capable of 

catalysing D-loop formation, ssDNA annealing and inverse strand exchange (Kagawa 

et al. 2001; Stasiak et al. 2000; Fortin and Symington 2002; Mortensen et al. 1996; 

Mazina et al. 2017; Reddy et al. 1997). Future biochemical studies, using purified 

proteins, will be needed to determine whether one, or a combination, of these activities 

is sufficient for Rad52 to restart replication without Rad51. 

During the course of my investigation I studied template switching downstream 

of RTS1 using two different but related reporter constructs (Reporter System 1 and 

Reporter System 2). Whilst both reporters yielded similar levels of recombinants in ori-

1253∆ strains, in ori-1253+ background Reporter System 2 yielded consistently higher 

levels of recombinants than Reporter System 1. The reason for this difference remains 

unclear. However, a potential explanation stems from the fact that the Reporter 

System 2 ori-1253+ strains were derived from a Reporter System 2 ori-1253∆ strain. It 
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is known that origin function is determined by both genetic and epigenetic processes 

and the accessibility of replication origins to initiation factors is regulated by epigenetic 

mechanisms (Méchali et al. 2013; Antequera 2004; Knott et al. 2009). It is therefore 

possible that deletion of ori-1253 might have caused a change in the local chromatin 

environment which regulates the DNA replication program at the level of origin 

selection and activation (Eaton et al. 2011; Demczuk et al. 2012; Dorn and Cook 2011; 

Ding and MacAlpine 2011). It is conceivable that the re-introduction of ori-1253 by 

genetic crossing does not fully re-establish the correct epigenetic environment for it to 

fire at full efficiency. Studies are on-going to determine the frequency of recombination 

in ori-1253+ strains where Reporter System 2 has been introduced de novo via 

targeted integration.  

Another intriguing finding from using Reporter System 2 was that the 

spontaneous and RTS1-AO-induced frequencies of FOA resistant colonies were much 

higher than expected based on data from similar experiments reported in the literature 

(Mayle et al. 2015; Iraqui et al. 2012). Moreover, the frequency of RTS1-AO-induced 

FOA resistant colonies was significantly higher in an ori-1253+ background compared 

to ori-1253∆, even though template switch recombination, adjacent to the ura4 gene, 

was higher when ori-1253 was deleted. The strains containing Reporter System 2 also 

contain a hygromycin resistance cassette positioned just upstream of RTS1 (Figure 

6.11). This cassette is flanked by promoter and terminator DNA sequences (“MX” 

DNA) that are homologous to the sequences surrounding ura4. Therefore a type of 

multi-invasion recombination, similar to that recently reported in budding yeast (Piazza 

et al. 2017; Piazza and Heyer 2018) could occur during the initiation of RDR. Multi-

invasion recombination (MIR) has been reported to result in a chromosomal 
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rearrangement called multi-invasion-induced rearrangement whereby translocation 

between intact chromosomes is induced by a lesion on a third chromosome, occurring 

as a result of a broken DNA end simultaneously invading two intact donors (Piazza et 

al. 2017). In the case of Reporter System 2, an intra-chromosomal multi-invasion event 

could lead to the replacement of the ura4+ gene with the hyg gene. This type of 

genomic rearrangement would be described as a “dispersed duplication with deletion” 

and, in a recent study, it was reported that 8.5% of subjects with autism spectrum 

disorder and other developmental abnormalities had more than one of this type of 

rearrangement in their genome (Collins et al. 2017). Preliminary analysis by Dr Judith 

Oehler in the Whitby lab has confirmed that the majority of FOA resistant colonies that 

are formed in wild-type and rad51∆ strains with RTS1-AO are indeed where ura4 has 

been deleted and replaced by hyg (unpublished work). 
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Figure 6.11 Homology between regions upstream and downstream of RTS1 that may be used for multi-
invasion recombination 
Schematic showing the location of RTS1 (with adjacent hygMX cassette) and ade6- direct repeat (with adjacent 

ura4+ gene flanked by MX DNA), in relation to nearby replication origins (grey circles) at the endogenous ade6 

locus on chromosome 3. The arrow depicting the direction of replication indicates the direction of the recombination 

dependent restarted fork through ura4+ and ade6- direct repeat reporters. 

 

 

A hypothetical model can be proposed for this event (Figure 6.12). Replication fork 

collapse at RTS1 would lead to fork reversal and strand resection generating a ssDNA 

tail onto which RPA, Rad52 and Rad51 would sequentially load (W. Sun et al. 2008). 

Strand invasion of the ssDNA tail at the homologous sequences flanking ura4 would 

create a MIR intermediate. This multi-invasion intermediate could be resolved by DNA 

structure-specific nucleases resulting in the deletion of ura4 and its replacement by 

hyg. The increased frequency of FOA resistant colonies in ori-1253+ cells compared 

to ori-1253∆ cells suggests that replication fork convergence may promote this type of 

rearrangement. Possibly the multi-invasion intermediate is stabilised by the arrival of 

the oncoming replication fork through the ligation of the 3’ end of the invading DNA 

strand to the 5’ end of the oncoming fork’s lagging nascent strand (Figure 6.12).  
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MIR is thought to be dependent on Rad51 being a consequence of the 

multiplexed homology search (also referred to as inter-segmental contact sampling) 

that Rad51 catalyses (Forget and Kowalczykowski 2012). Indeed Rad51, together with 

Rad54, has been shown to catalyse the formation of multi-invasion intermediates in 

vitro (Wright and Heyer 2014). However, my finding that a rad51∆ mutant is more 

efficient at generating FOA resistant colonies, in which the ura4 gene has been deleted 

and replaced by hyg, suggests that MIR can be catalysed without Rad51. In future 

studies it will be important to determine whether MIR can be catalysed directly by 

Rad52. It will also be interesting to investigate what factors limit the occurrence of this 

potentially deleterious genome rearrangement. In budding yeast Sgs1-Top3-Rmi1, 

Srs2 and Mph1 inhibit MIR (Piazza et al. 2017) and, therefore, current studies in the 

Whitby lab are investigating whether the equivalent factors in fission yeast limit the 

occurrence of the dispersed duplication with deletion rearrangement that stems from 

an aberrant attempt to restart replication. 
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Figure 6.12 A hypothetical model for multi-invasion recombination leading to the loss of a ura4 gene 
following replication fork collapse at a nearby site  
Parental DNA strands are shown in black and nascent strands in light blue. Light blue arrows show the direction of 

replication. The patches of DNA highlighted in yellow represent homologous ‘MX’ regions. Fork reversal and strand 

resection, following fork collapse at RTS1, allows recombination proteins to bind to MX region DNA behind the 

RFB. The recombination proteins then catalyse strand invasion of the two homologous donor sequences 

concomitantly forming a multi-invasion recombination intermediate. This intermediate may be stabilised by the 

arrival of the oncoming replication fork through the ligation of the 3’ end of the invading DNA strand to the 5’ end 

of the oncoming fork’s lagging nascent strand. However, the replacement of the ura4 gene between the two 

homologous donor sequences with the hygromycin resistance gene flanked by the same homologous sequences 

on the invading strand would depend on a nuclease(s) making appropriate cuts at the junction points of the multi-

invasion intermediate.  
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Replication fork collapse is thought to involve either replisome remodelling and/or 

disassembly, which paves the way for HR proteins to restart replication by RDR (Ahn 

et al. 2005; Lambert and Carr 2005; Lambert et al. 2010). RDR is essential for 

completing DNA synthesis and avoiding mitotic catastrophe. Despite their importance, 

the molecular details of RF collapse and RDR are poorly understood. The main aim of 

my project was to discover whether active disassembly of the replisome was 

necessary for RDR to occur, with specific focus on PCNA, which is an integral 

component of the replisome and acts as a processivity factor for the replicative DNA 

polymerases. It is a homotrimeric ring that is actively loaded onto DNA by RFC and 

needs to be unloaded from the DNA after the replication of each Okazaki fragment. 

The Elg1 protein forms an RFC-like complex that is known to unload PCNA from the 

DNA (Parnas et al. 2010; Kubota et al. 2013; Aurèle Piazza and Heyer 2018). In order 

to understand whether active unloading of PCNA from DNA is needed for RDR to 

occur, I investigated the role of Elg1 in RDR induced by the polar RTS1 RFB. I 

discovered that Elg1 is needed for direct repeat recombination induced by RTS1 at 

the ade6 locus on Chromosome 3. With further observations that PCNA persists on 

the DNA much later in the cell cycle in an elg1∆ mutant, and that a disassembly-prone 

PCNA mutant suppresses elg1∆ induced hypo-recombination, I was able to draw a 

strong correlation between Elg1’s role in promoting RTS1-induced recombination and 

unloading PCNA from the blocked fork, thus, suggesting that PCNA unloading is 

critical for efficient RDR. 

Apart from showing that Elg1 was needed for recombination induced from a 

collapsed fork, I was also able to demonstrate that Elg1 is capable of supressing 

recombination, given the circumstances are different. I observed that Elg1 was needed 

to suppress recombination when RTS1 is replaced by ter2X3 which has been reported 
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to only transiently stall forks without inducing fork collapse, and when RTS1 is placed 

at a sub-telomeric site on chromosome 1, where there is limited RST1-induced 

recombination due to high fork convergence. This finding supported previous reports 

of Elg1 being needed to both promote (Ogiwara et al. 2007) and suppress (Ben-Aroya 

et al. 2003) recombination in budding yeast. However, it still remains to be clarified 

what determines the dual role of Elg1 in recombination. It may be through its role in 

PCNA unloading or via a role that is independent of its interaction with PCNA (Parnas 

et al. 2011; Parnas et al. 2010; Davidson and Brown 2008). 

Along with its function as a polymerase clamp, PCNA is known for its striking 

ability to interact with multiple factors required for DNA replication, DNA repair, cell 

cycle regulation and chromatin assembly (Moldovan et al. 2007; Gazy and Kupiec 

2012; Moldovan et al. 2006; Maga and Hübscher 2003). It is possible that the 

prolonged presence of PCNA at the RFB in an elg1∆ mutant could be affecting the 

frequency of inter-repeat recombination, either directly or indirectly through its 

interacting partners. I was thus inclined to test some candidate PCNA interacting 

factors, like Srs2, Fml1, Eso1 and Fbh1, which are implicated in RTS1-induced 

recombination, for their role in the hypo-recombination phenotype of an elg1∆ mutant. 

I was able to succesfully identify the helicase Fbh1 as the factor responsible for 

supressing the majority of the direct repeat recombination promoted by Elg1 at RTS1. 

PCNA recruits FBH1 to sites of DNA replication and DNA damage in humans (Bacquin 

et al. 2013), but the PCNA interacting motifs in human FBH1 do not appear to be 

conserved in fission yeast Fbh1. Thus, it remains to be determined whether increased 

retention of PCNA at the barrier leads to greater Fbh1 recruitment or facilitates its 

activity by some other means. 
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Furthermore, it was unclear whether increased Fbh1 activity at the RFB only 

limits ectopic recombination or whether it is also a barrier to efficient replication restart. 

In Chapter 4, I went on to establish by snap shot and time-lapse imaging, that Elg1 is 

indeed required for the efficient recruitment of both Rad51 and Rad52 to the RTS1 

barrier. This correlates with the reduction in both Rad51-dependent and Rad51-

independent direct repeat recombination in an elg1∆ mutant and suggests that 

replication restart is likely to be delayed and/or impaired. fbh1 overexpression is known 

to reduce DNA damage-induced Rad51 foci while having no effect on Rad52 foci 

formation (Lorenz et al. 2009). Thus, the observed reduced number of Rad52 foci at 

RTS1 in an elg1∆ mutant points towards the possibility that Elg1 counteracts Fbh1 not 

by limiting its recruitment to the RFB, but by ensuring that its key antagonist Rad52 is 

efficiently recruited. Moreover, I also observed that presence of PCNA at the barrier 

correlated with the reduction of the co-localization of Rad52 in an elg1∆ mutant, 

suggesting that PCNA accumulated at the barrier either recruits factors that inhibit 

Rad52 recruitment, or inhibits processing of the fork that is necessary for Rad52 

recruitment. 

In Chapter 5, I investigated Ctf18 as a prospective loader/unloader of PCNA in 

RDR at RTS1 as it has been implicated in both functions by various studies (V. P. 

Bermudez et al. 2003; Fujisawa et al. 2017; Shiomi et al. 2004; Bylund and Burgers 

2005). I made a significant discovery that Ctf18 suppresses Elg1-dependent 

recombination. This enabled me to devise a model encompassing the roles of Elg1 

and Ctf18 in recombination at collapsed RFs. Elg1 promotes recombination at 

collapsed RFs by unloading PCNA from the DNA which counteracts the loading 

activity of Ctf18. In the absence of Elg1, PCNA persists on the DNA acting as a 

platform for the recruitment of Fbh1 and/or a block to the recruitment of Rad52. It will 
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be important to investigate the genetic interaction between ctf18∆ and fbh1∆ to test 

my hypothesis. 

The final chapter of my thesis covers another important mechanistic aspect of 

RDR. By the use of genetic assays, I have made some interesting revelations about 

the poorly understood Rad51-independent pathway of RDR. Given that previous 

studies in both budding yeast and fission yeast have concluded that most RDR 

depends on Rad51 (Sakofsky and Malkova 2017; Lambert et al. 2010; Ait Saada et 

al. 2017), my findings could contribute towards a change in this narrative. I have 

provided evidence that a seemingly robust Rad51-independent pathway of replication 

restart can operate following replication fork collapse at the RTS1 RFB. My data 

indicate that Rad51-independent replication restart initiates faster than the Rad51-

dependent mechanism, possibly because it does not involve an elaborated Rad51 

nucleofilament formation. However, the restarted fork in the Rad51-independent 

pathway progresses slower compared to the Rad51 dependent restarted fork. 

Mediators of Rad51 were an important part of my investigation and there is indication 

that mediators like Rad55-Rad57 bind to Rad52 and thus inhibit its ability to promote 

efficient progression of restarted RFs. Using a genetic reporter, I observed template 

switch events during the progression of the restarted fork, probably due to frequent 

dissociation of the migrating D-loop and re-invasion of the DNA strand. Template 

switch occurs when the dissociated nascent strand re-invades at an ectopic site, with 

a single template switch giving rise to deletions and consecutive template switch 

events giving rise to gene conversions. An interesting feature of the Rad51-

independent replication restart pathway is that it generates deletions but relatively few 

gene conversions as compared with the Rad51-dependent pathway. In future studies 

it will be important to investigate the nature of the restarted fork by establishing the 
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mechanism by which Rad52 promotes replication restart without Rad51 and 

determining what biochemical activities of Rad52 are involved. This is especially 

important in the light of recent findings in mammalian cells that Rad52 localizes to 

sites of oncogene-induced replication stress where it facilitates the restart of collapsed 

forks by BIR independently of Rad51 and BRCA2 (Sotiriou et al. 2016), and also drives 

mitotic DNA synthesis (MiDAS) to help prevent incomplete replication impeding 

successful chromosome segregation (Bhowmick et al. 2016). 

Along with many interesting revelations, there are also many unanswered 

questions that have been discussed in the different chapters of this thesis. However 

two key immediate goals are: 1) direct analysis of the recruitment of proteins like Fbh1 

to the RTS1 RFB and its interaction with PCNA by employing methods like chromatin 

immunoprecipitation (ChIP), co-immunoprecipitation (co-IP) and pull-down assays; 2) 

establishing a more direct measure of replication restart efficiency from the RTS1 RFB, 

using physical assays like DNA fibre analysis or DNA combing, which would enable 

proper calibration of my template switch data and provide a definitive measure of how 

much restart actually happens without Elg1 and Rad51 (Kaykov and Nurse 2015; Patel 

et al. 2006). Better understanding of the process of replication restart from collapsed 

forks is important as they are associated with genomic rearrangements (Morrow et al. 

2017; Nguyen et al. 2015; Ahn et al. 2005; Lambert et al. 2005; Lambert et al. 2010; 

Mizuno et al. 2009; Iraqui et al. 2012) which are the hallmarks of many diseases 

including cancer. Therefore, understanding the nature of the restarted fork may 

eventually open new doors for treating cancer and other diseases. 
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Table 1: Direct repeat recombinant frequencies (RTS1) 

Genotype 
and Strain no. 

RTS1 
orientationa 

Position of 
direct repeat 

relative to RTS1b 

Number of 
colonies 
analysed 

Ade+ His- recombinant 
frequency (X10-4)c 

Ade+ His+ recombinant 
frequency (X10-4)c 

Mean P valued Mean P valued 

wild-type  
MCW 4712 IO Flanking 44 3.09 

(±0.59) - 1.17 
(±0.33) - 

wild-type  
MCW 4713 AO Flanking 51 93.09 

(±17.97) <0.0001f 141 
(±20.56) <0.0001f 

ori-1253D  
MCW 6894 IO Flanking 9 5.31 

(±1.42) 0.0001f 1.99 
(±0.29) <0.0001f 

ori-1253D  
MCW 6778 AO Flanking 8 158.1 

(±32.49) <0.0001g 275.9 
(±64.41) <0.0001g 

wild-type  
MCW 7132 IO 0.2 kb 

downstream 9 2.85 
(±0.86) 0.304f 1.00 

(±0.34) 0.166f 

wild-type 
 MCW 7134 AO 0.2 kb 

downstream 13 688.4 
(±203.1) <0.0001h 123.6 

(±40.11) <0.0001h 

ori-1253D  
MCW 7415 IO 0.2 kb 

downstream 13 2.65 
(±0.92) 0.610h 1.20 

(±0.54) 0.331h 

ori-1253D  
MCW 7417 AO 0.2 kb 

downstream 10 320.8 
(±130.3) <0.0001i 258.7 

(±81.95) <0.0001i 

wild-type 
 MCW 7257 IO 12.4 kb 

downstream 40 1.58 
(±0.42) <0.0001f 0.82 

(±0.21) <0.0001f 

wild-type  
MCW 7259 AO 12.4 kb 

downstream 47 64.8 
(±23.82) <0.0001j 4.87 

(±1.97) <0.0001j 

ori-1253D  
MCW 7293 IO 12.4 kb 

downstream 38 3.43 
(±0.89) <0.0001j 1.81 

(±0.44) <0.0001j 

ori-1253D  
MCW 7295 AO 12.4 kb 

downstream 40 701.9 
(±261.3) <0.0001k 118.4 

(±41.32) <0.0001k 

elg1D   
MCW 7706 IO Flanking 51 3.82 

(±0.86) <0.0001f 1.85 
(±0.59) <0.0001f 

elg1D   AO Flanking 41 25.27 
(±4.47) <0.0001g 6.87 

(±1.17) <0.0001g 
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MCW 7708 

pof3D   
MCW 7710 

IO Flanking 15 
5.21 

(±1.42) 
<0.0001f 

2.02 
(±0.73) 

<0.0001f 

pof3D   
MCW 7712 

AO Flanking 25 
103.8 

(±33.94) 
0.1494g 

60.76 
(±29.79) 

<0.0001g 

ctf18D   
MCW 8404 

IO Flanking 17 
4.69 

(±1.52) 
<0.001f 

1.48 
(±0.71) 

0.099f 

ctf18D   
MCW 8406 

AO Flanking 28 
166.3 

(±76.92 
<0.0001g 

319.3 
(±86.91) 

<0.0001g 

elg1D ctf18D  
 MCW 8408 

IO Flanking 17 
3.41 

(±0.70) 
0.0836f 

0.63 
(±0.13) 

<0.0001f 

elg1D ctf18D   
MCW 8410 

AO Flanking 18 
26.64 

(±4.79) 
<0.0001g 

6.42 
(±1.78) 

<0.0001g 

srs2D   
FO 1748 

IO Flanking 17 
9.38 

(±2.37) 
<0.0001f 

12.19 
(±5.35) 

<0.0001f 

srs2D   
FO 1750 

AO Flanking 19 
444 

(±120.4) 
<0.0001g 

1078 
(±229.8) 

<0.0001g 

elg1D srs2D   
MCW 8328 

IO Flanking 17 
10.87 

(±1.94) 
<0.0001f 

17.11 
(±1.93) 

<0.0001f 

elg1D srs2D   
MCW 8330 

AO Flanking 18 
111.2 

(±27.55) 
0.0161g 

82.71 
(±14.05) 

<0.0001g 

fbh1D   
FO 1816 

AO Flanking 30 
1908 

(±394.2) 
<0.0001g 

651 
(±217.8) 

<0.0001g 

elg1D fbh1D   
MCW 8946 

AO Flanking 12 
2066 

(±844.9) 
<0.0001g 

395.1 
(±124.9) 

<0.0001g 

fml1D   
MCW 4752  

 
AO Flanking 7 

146.1 
(±50.45) 

0.0318g 
17.87 

(±10.19) 
<0.0001g 

elg1D fml1D   
MCW 8431 

AO Flanking 9 
49.22 

(±19.52) 
<0.0001g 

2.0 
(±1.0) 

<0.0001g 

wpl1D   
MCW 8919 

IO Flanking 5 
3.96 

(±0.91) 
0.005f 

1.45 
(±0.63) 

0.39f 

wpl1D   
MCW 8920 

AO Flanking 5 
107 

(±25.87) 
0.117g 

94.98 
(±46.23) 

0.09g 



Appendix   S.Tamang 

 

 192 

elg1D wpl1D   
MCW 8995 

IO Flanking 10 
3.82 

(±0.80) 
0.002f 

1.38 
(±0.32) 

0.08f 

elg1D wpl1D  
 MCW 8998 

AO Flanking 7 
29.66 

(±4.71) 
<0.0001g 

15.31 
(±5.09) 

<0.0001g 

ctf18D   
MCW 8597  

IO 
12.4 kb 

downstream 
10 

7.72 
(±1.10) 

<0.0001j 
1.01 

(±0.30) 
0.026j 

ctf18D   
MCW 8598   

AO 
12.4 kb 

downstream 
9 

259.9 
(±91.59) 

<0.001k 
33.57 

(±11.77) 
<0.0001k 

ctf18D 
ori-1253D    

MCW 8822   
IO 

12.4 kb 
downstream 

14 
6.02 

(±1.68) 
0.011l 

3.22 
(±0.88) 

<0.0001l 

ctf18D 
ori-1253D    

MCW 8763  
AO 

12.4 kb 
downstream 

36 
145.5 

(±45.38) 
0.005m 

43.2 
(±11.62) 

0.032m 

rad51D  
 MCW 1691 

IO Flanking 44 
15.6 

(±4.08) 
<0.0001f 

0.02 
(±0.06) 

<0.0001f 

rad51D  
 MCW 1692 

AO Flanking 45 
69.12 

(±19.85) 
<0.0001g 

1.05 
(±1.11) 

<0.0001g 

rad51D ori-1253D   
 MCW 8837 IO Flanking 13 

22.31 
(±6.13) 

<0.0001n 
0.05 

(±0.05) 
.040n 

rad51D ori-1253D   
 MCW 8835 AO Flanking 10 

57.29 
(±10.56) 

0.014o 
0.62 

(±0.49) 
0.065o 

rad51D  
 MCW 8788 

IO 
0.2 kb 

downstream 
17 

9.01 
(±2.77) 

<0.0001h 
0.02 

(±0.02) 
<0.0001h 

rad51D  
 MCW 8790 

AO 
0.2 kb 

downstream 
13 

344.8 
(±81.79) 

<0.0001i 
16.54 

(±4.62) 
<0.0001i 

rad51D ori-1253D   
 MCW 8792 IO 

0.2 kb 
downstream 

14 
15.65 

(±4.52) 
<0.0001p 

0.03 
(±0.06) 

0.379p 

rad51D ori-1253D   
 MCW 8793 AO 

0.2 kb 
downstream 

14 
228.9 

(±55.06) 
<0.001q 

7.33 
(±5.81) 

<0.0001q 

rad51D  
 MCW 7812 

IO 
12.4 kb 

downstream 
15 

17.73 
(±3.66) 

<0.0001j 
0.26 

(±028) 
<0.0001j 

rad51D  
 MCW 7814 

AO 
12.4 kb 

downstream 
13 

16.44 
(±5.09) 

<0.0001k 
0.68 

(±0.57) 
0.0001k 
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rad51D ori-1253D   
 MCW 8766 IO 

12.4 kb 
downstream 

19 
20.63 

(±10.15) 
0.261r 

0 
(±0) 

0.003r 

rad51D ori-1253D  
  MCW 8765 AO 

12.4 kb 
downstream 

17 
622 

(±215.1) 
<0.0001s 

11.33 
(±8.09) 

<0.0001s 

rad55D  
 MCW 7588 

IO 
12.4 kb 

downstream 
18 

8.25 
(±2.82) 

<0.0001j 
0.01 

(±0.02) 
<0.0001j 

rad55D  
 MCW 7590 

AO 
12.4 kb 

downstream 
19 

82.61 
(±24.85) 

0.0085k 
1.18 

(±0.56) 
<0.0001k 

rad55D ori-1253D    
MCW 7592 IO 

12.4 kb 
downstream 

18 
6.86 

(±1.95) 
0.095t 

0.07 
(±0.06) 

<0.001t 

rad55D ori-1253D    
MCW 7594 AO 

12.4 kb 
downstream 

22 
406.9 

(±120.1) 
<0.0001u 

9.29 
(±5.17) 

<0.0001u 

swi5D  
 MCW 7555 

IO 
12.4 kb 

downstream 
21 

3.23 
(±0.86 

<0.0001j 
0.90 

(±0.22) 
0.167j 

swi5D  
 MCW 7557 

AO 
12.4 kb 

downstream 
18 

94.01 
(±21.81) 

<0.0001k 
5.45 

(±3.76) 
<0.542k 

swi5D ori-1253D   
 MCW 7559 IO 

12.4 kb 
downstream 

23 
4.8 

(±1.03) 
<0.0001v 

1.95 
(±0.70) 

<0.0001v 

swi5D ori-1253D    
MCW 7561 AO 

12.4 kb 
downstream 

24 
608 

(±141.9) 
<0.0001w 

50.68 
(±20.03) 

<0.0001w 

rad55D swi5D 
 MCW 7607 

IO 
12.4 kb 

downstream 
5 

20.73 
(±6.30) 

0.002j 
0.11 

(±0.10) 
<0.0001j 

rad55D swi5D 
 MCW 7609 

AO 
12.4 kb 

downstream 
9 

145.5 
(±48.44) 

<0.001k 
1.88 

(±1.73) 
<0.0001k 

rad55D swi5D ori-1253D   
MCW 7611 IO 

12.4 kb 
downstream 

8 
16.33 

(±6.87) 
0.272x 

0.03 
(±0.08) 

0.146x 

rad55D swi5D ori-1253D   
MCW 7613 AO 

12.4 kb 
downstream 

10 
497.8 

(±275.5) 
0.003y 

6.08 
(±3.53 

0.005y 

rdl1D  
 MCW 8931 

IO 
12.4 kb 

downstream 
14 

5.50 
(±1.26) 

<0.0001j 
1.03 

(±0.70) 
0.288j 

rdl1D  
 MCW 9140 

AO 
12.4 kb 

downstream 
26 

98.46 
(±33.82 

<0.0001k 
2.80 

(±1.20) 
<0.0001k 

rad54D  
 MCW 9030 

IO 
12.4 kb 

downstream 
14 

6.60 
(±1.99) 

<0.0001j 
0.03 

(±0.54) 
<0.0001j 

rad54D  AO 12.4 kb 13 18.17 <0.0001k 0.70 <0.0001k 
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 MCW 9013 downstream (±7.73 (±0.50) 

rad54K300A 
 MCW 9006 

IO 
12.4 kb 

downstream 
14 

4.38 
(±1.91) 

0.0001j 
0.00 

(±0.01) 
<0.0001j 

rad54K300A 
 MCW 9008 

AO 
12.4 kb 

downstream 
17 

24.53 
(±11.14 

<0.0001k 
1.02 

(±0.86) 
<0.0001k 

exo1D  
FO1742  

AO Flanking 21 
51.80 

(±23.30) 
<0.001g 

57.1 
(±11.60) 

<0.001g 

rad51D exo1D    
MCW 8950 

AO Flanking 16 
69.2 

(±17.58) 
<0.001g 

1.11 
(±1.17) 

<0.001g 

exo1D  
MCW 8218  

AO 
12.4 kb 

downstream 
12 

100.75 
(±42.63) 

<0.01k 
10.32 

(±4.12) 
<0.001k 

rad51D exo1D   
MCW 9034 

AO 
12.4 kb 

downstream 
11 

32.60 
(±20.80) 

<0.001k 
0.65 

(±0.88) 
<0.001k 

5kb spacere 

 MCW 8023 
AO Flanking 8 

827.9 
(±379.2) 

<0.001g 
206 

(±148.6) 
0.256g 

rad51D 5kb spacere  
MCW 8136 AO Flanking 11 

778 
(±217.50) 

0.720aa 
7.87 

(±5.37) 
0.007aa 

elg1D 5kb spacere 
MCW 8941 

AO Flanking 17 
90.06 

(±39.47) 
<0.001aa 

9.40 
(±4.63) 

0.0076aa 

rad51D elg1D  
5kb spacere  
MCW 8943 

AO Flanking 10 
397.10 
(±143) 

0.0145 aa 
0.00 

(±0.00) 
0.0057aa 

sub-telomeric site on 
chromosome I§ 

wild type 
MCW 6472 

- Flanking 7 
0.051 

(±0.04) 
- 

0.71 
(±0.17) 

-  

sub-telomeric site on 
chromosome I§ 

wild type 
MCW 6557 

IO Flanking 8 
0.67 

(±0.24) 
 <0.0001bb 3.91 

(±0.79) 
<0.0001bb 

sub-telomeric site on 
chromosome I§ 

wild type 
MCW 6474 

AO Flanking 10 
0.95 

(±0.35) 
0.085cc 

4.46 
(±0.81) 

0.167cc 

sub-telomeric site on - Flanking 10 3.62 <0.0001bb 1.29 0.004bb 
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chromosome I§ 

elg1D 
MCW 8204 

(±0.76) (±0.48) 

sub-telomeric site on 
chromosome I§ 

elg1D 
MCW 8206 

IO Flanking 8 4.83 
(±0.52) <0.0001cc 1.19 

(±0.21) <0.0001cc 

sub-telomeric site on 
chromosome I§ 

elg1D 
MCW 8208 

AO Flanking 10 3.71 
(±0.56) <0.0001dd 1.93 

(±0.32) <0.0001dd 

wild-type# 

MCW 9036 IO 12.4 kb 
downstream 32 3.98 

(±1.49) - 1.95 
(±0.78) - 

wild-type# 
MCW 9039 AO 12.4 kb 

downstream 42 299.3 
(±93.29) <0.001ee 14.51 

(±5.88) <0.001ee 

ori-1253D#  
MCW 8700 IO 12.4 kb 

downstream 18 3.98 
(±1.61) 0.754ee 2.23 

(±1.23) 0.148ee 

ori-1253D#  

MCW 8888 AO 12.4 kb 
downstream 23 792.5 

(±273.3) <0.001ff 100.3 
(±32.35) <0.001ff 

elg1D# 
MCW 9026 IO 12.4 kb 

downstream 11 3.059 
(±1.24) 0.072ee 0.65 

(±0.32) <0.001ee 

elg1D# 
MCW 8992 AO 12.4 kb 

downstream 13 12.06 
(±8.28) <0.001ff 0.72 

(±0.23) <0.001ff 

elg1D 
ori-1253D# 
MCW 8988 

IO 12.4 kb 
downstream 12 3.78 

(±1.6) 0.74gg 0.71 
(±0.56) <0.001gg 

elg1D 
ori-1253D# 
MCW 8990 

AO 12.4 kb 
downstream 10 74.31 

(±26.4) <0.001hh 6.26 
(±3.65) <0.001hh 

rad51D# 
MCW 9028 IO 12.4 kb 

downstream 22 12.37 
(±4.79) <0.0001ee 0.01 

(±0.03) <0.0001ee 

rad51D# 
MCW 9004 AO 12.4 kb 

downstream 24 70.79 
(±29.72) <0.001ff 1.50 

(±0.77) <0.001ff 

rad51D 
ori-1253D# 
MCW 9000 

IO 12.4 kb 
downstream 20 18.35 

(±5.30) <0.001gg 0.03 
(±0.10 0.718gg 
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rad51D 
ori-1253D# 
MCW 9002 

AO 12.4 kb 
downstream 22 495 

(±170.7) <0.001hh 15.16 
(±5.67) <0.001hh 

PCNA-D150E 
MCW 9183 IO flanking 21 17.74 

(±8.59) <0.001f 8.88 
(±3.02) <0.001f 

elg1D 
PCNA-D150E 

MCW 9187 
IO flanking 23 18.19 

(±3.96) 0.830 ii 11.06 
(±2.74) 0.016 ii 

PCNA-D150E 
MCW 9185 AO Flanking 17 113.5 

(±56.36) 0.160 g 177.1 
(±78.91) 0.079 g 

elg1D 
PCNA-D150E 

MCW 9189 
AO Flanking 14 126.7 

(±33.08) 0.561 jj 151.3 
(±34) 0.789 jj 

 

a-RTS1 is integrated at the ade6 locus either between a direct repeat of ade6- alleles or replacing ade6, except for strains marked §. In strains without RTS1, the 
ade6 gene is deleted from its normal locus; b-The different positions of the ade6- direct repeat recombination reporters are shown in Figure 6.5, Fig.6.6 and Fig.6.7; c-
The values in parentheses are the standard deviations about the mean; d-P values are derived from independent-sample t-tests comparing the mean values as 
indicated; e-strain with RTS1 integrated at the ade6 locus between a direct repeat of ade6- alleles, with a 5kb spacer DNA inserted on the centromere-proximal side of 
RTS1; f-compared to the equivalent mean recombinant frequency of MCW 4712; g-compared to the equivalent mean recombinant frequency of MCW 4713; h- 
compared to the equivalent mean recombinant frequency of MCW 7132; i-compared to the equivalent mean recombinant frequency of MCW 7134; j-compared to the 
equivalent mean recombinant frequency of MCW 7257; k-compared to the equivalent mean recombinant frequency of MCW 7259; l-compared to the equivalent mean 
recombinant frequency of MCW 8597; m-compared to the equivalent mean recombinant frequency of MCW 8598; n-compared to the equivalent mean recombinant 
frequency of MCW 1691; o-compared to the equivalent mean recombinant frequency of MCW 1692; p-compared to the equivalent mean recombinant frequency of 
MCW 8788; q-compared to the equivalent mean recombinant frequency of MCW 8790; r-compared to the equivalent mean recombinant frequency of MCW 7812; s-
compared to the equivalent mean recombinant frequency of MCW 7814; t-compared to the equivalent mean recombinant frequency of MCW 7588; u-compared to the 
equivalent mean recombinant frequency of MCW 7590; v-compared to the equivalent mean recombinant frequency of MCW 7555; w-compared to the equivalent 
mean recombinant frequency of MCW 7557; x-compared to the equivalent mean recombinant frequency of MCW 7607; y-compared to the equivalent mean 
recombinant frequency of MCW 7609; z-compared to the equivalent mean recombinant frequency of MCW 8931; aa-compared to the equivalent mean recombinant 
frequency of MCW 8023; bb-compared to the equivalent mean recombinant frequency of MCW 6472; cc-compared to the equivalent mean recombinant frequency of 
MCW 6557; dd-compared to the equivalent mean recombinant frequency of MCW 6474; ee-compared to the equivalent mean recombinant frequency of MCW 9036; 
ff-compared to the equivalent mean recombinant frequency of MCW 9039; gg-compared to the equivalent mean recombinant frequency of MCW 8700; hh-compared 
to the equivalent mean recombinant frequency of MCW 8888; ii-compared to the equivalent mean recombinant frequency of MCW 9183; jj-compared to the equivalent 
mean recombinant frequency of MCW 9185; §- strain with RTS1 between a direct repeat of ade6- alleles placed at a sub-telomeric site on chromosome1; #- strain 
with reporter system 2 (ade6- direct repeat reporter adjacent to a ura4+ reporter) as shown in Figure 6.8a 
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Table 2:Direct repeat recombination (Ter2x3) 

Genotype 
and Strain no. 

Ter2X3 
orientationa 

Position of 
direct repeat 

relative to 
Ter2X3 

Number of 
colonies 
analysed 

Ade+ His- recombinant 
frequency (X10-4)b 

Ade+ His+ recombinant 
frequency (X10-4)b % gene 

conversionb 
Mean P valuec Mean P valuec 

wild-type 
MCW 7045 1 Flanking 31 5.06 

(±1.32) - 1.18 
(±0.37) - 18.45 

wild-type 
MCW 7046 2 Flanking 33 4.51 

(±0.96) 0.061d 1.38 
(±0.34) 0.060d 25.35 

elg1D 
MCW 8130 1 Flanking 13 6.80 

(±0.82) <0.0001d 2.26 
(±0.67) <0.0001d 22.05 

elg1D 
MCW 8132 2 Flanking 17 6.48 

(±0.79) <0.0001e 5.58 
(±1.42) <0.0001e 45.77 

 
a-Ter2X3 is integrated at the ade6 locus between a direct repeat of ade6- alleles; b-The values in parentheses are the standard deviations about the mean; c-P 
values are derived from independent-sample t-tests comparing the mean values as indicated; d-compared to the equivalent mean recombinant frequency of MCW 
7045; e-compared to the equivalent mean recombinant frequency of MCW 7046. 

 
 
 

Table 3:direct repeat recombination frequencies (RTS1 live-cell imaging) 

Genotype 
and Strain no 

RTS1 
orientationa 

Number of 
colonies 
analysed 

Ade+ His- recombinant 
frequency (X10-4)b 

Ade+ His+ recombinant 
frequency (X10-4)b % gene 

conversionb Mean P valuec Mean P valuec 
wild type,  
115XlacO LacI, Rad52-YFP, ECFP-
PCNA 
MCW 6712 

IO 7 1.71 
(±0.15) - 0.25 

(±0.08) - 12.91 

wild type,  
115XlacO LacI, Rad52-YFP, ECFP-
PCNA  
MCW 7065 

AO 5 174.4 
(±17.29) <0.0001d 73.14 

(±8.88) <0.0001d 29.6 

elg1D, 
115XlacO LacI, Rad52-YFP, ECFP-
PCNA 
MCW 7969 

IO 8 1.14 
(±0.19) <0.0001d 0.34 

(±0.14) 0.199d 22.3 
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elg1D,  
115XlacO LacI, Rad52-YFP, ECFP-
PCNA 
MCW 7965 

AO 6 29.31 
(±2.76) <0.0001e 11.14 

(±2.65) <0.0001e 27.38 

wild type,  
115XlacO LacI, Rad52-YFP 
 MCW 6395 

IO 10 2.24 
(±0.98) - 0.40 

(±0.13) - 16.42 

wild type, 
115XlacO LacI, Rad52-YFP  
MCW 6556 

AO 7 234.8 
(±54.63) <0.0001f 105.1 

(±16.7) <0.0001f 31.58 

elg1D, 
115XlacO LacI, Rad52-YFP 
MCW 8484 

IO 10 2.98 
(±0.44) 0.047f 0.41 

(±0.06) <0.844f 12.73 

elg1D, 
115XlacO LacI, Rad52-YFP 
MCW 8486 

AO 10 31.11 
(±3.10) <0.0001g 10.07 

(±2.25) <0.0001g 24.46 

 

a-RTS1 is integrated at the ade6 locus between a direct repeat of ade6- alleles; b-The values in parentheses are the standard deviations about the mean; c-P values 
are derived from independent-sample t-tests comparing the mean values as indicated; d-compared to the equivalent mean recombinant frequency of MCW 6712; e-
compared to the equivalent mean recombinant frequency of MCW 7065; f-compared to the equivalent mean recombinant frequency of MCW 6395; g-compared to the 
equivalent mean recombinant frequency of MCW 6556; 
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Table 4: List of S. pombe strains used in this study 

Strain 
number 

Mating 
type Genotype  

FO 1748 h+ srs2∆::ura4+ ura4-D18 leu1-32 his3-D1 arg3-D4 ade6-
L469/pUC8/his3+/RTS1-IO/ade6-M375 

Lab 
strain 

FO 1750 h- smt0 srs2∆::ura4+ ura4-D18 leu1-32 his3-D1 arg3-D4 ade6-
L469/pUC8/his3+/RTS1-AO/ade6-M375 

Lab 
strain 

MCW 1691 h+ rad51∆::arg3+ ade6-M375 int::pUC8/ his3+/RTS1-IO/ ade6 -L469 
ura4-D18 leu1-32 his3-D1 arg3-D4 

Lab 
strain 

MCW 1692 h+ rad51∆::arg3+ ade6-M375 int::pUC8/ his3+/RTS1-AO/ ade6 -L469 
ura4-D18 leu1-32 his3-D1 arg3-D4 

Lab 
strain 

MCW 4712 h+ ade6-M375 int::pUC8/his3+/RTS1-IO/ade6-L469 ura4-D18 leu1-
32 his3-D1 arg3-D4 

Lab 
strain 

MCW 4713 h+ ade6-M375 int::pUC8/his3+/RTS1-AO/ade6-L469 ura4-D18 leu1-
32 his3-D1 arg3-D4 

Lab 
strain 

MCW 4752 h+ fml1∆::hphMX4 ade6-M375 int::pUC8/his3+/RTS1-AO/ade6-L469 
ura4-D18 leu1-32 his3-D1 arg3-D4 

Lab 
strain 

MCW 6472 h- smt0 ade6-D20 ChrI(80,355-80,423)::ade6-L469/pUc8/his3+/ade6-
M375-KanMX ura4-D18 leu1-32 his3-D1 

Lab 
strain 

MCW 6474 
h- smt0 

 
ade6-D20 ChrI(80,355-80,423)::ade6-L469/pUc8/his3+/RTS1-

AO/ade6-M375-KanMX ura4-D18 leu1-32 his3-D1 arg3-D4 
Lab 

strain 

MCW 6556 
 

h+ 

ade6-M375 int::pUC8/lacO115/his3+/RTS1-AO/ade6-L469 lys1- 
::Pnmt41-NLS-lacI-tdKatushka2-hphMX4 rad52+::YFP- kanMX6 

ura4-D18 his3-D1 leu1-32 arg3-D4 

Lab 
strain 

MCW 6557 h+ ade6-D20 ChrI(80,355-80,423)::ade6-L469/pUc8/his3+/RTS1-
IO/ade6-M375-KanMX ura4-D18 leu1-32 his3-D1 

Lab 
strain 

MCW 6712 h+ 
ade6-M375 int::pUC8/lacO115/his3+/RTS1-IO/ade6-L469 lys1- 
::Pnmt41-NLS-lacI-tdKatushka2-hphMX4 rad52+::YFP- kanMX6 

ura4-::pECFP-PCNA+ his3-D1 leu1-32 arg3-D4 

Lab 
strain 

MCW 6778 h+ oriIII-1253∆::natMX4 ade6-L469/pUC8/his3+/RTS1-AO/ade6-
M375 ura4-D8 leu1-32 his3-D1 arg3-D4 

Lab 
strain 

MCW 6894 h+ oriIII-1253∆::natMX4 ade6-L469/pUC8/his3+/RTS1-IO/ade6-
M375 ura4-D8 leu1-32 his3-D1 arg3-D4 

Lab 
strain 

MCW 7045 h+ ade6-M375 int::pUC8/his3+/Ter orientation1/ade6-L469 ura4-D18 
leu1-32 his3-D1 arg3-D4 

Lab 
strain 

MCW 7046 h+ ade6-M375 int::pUC8/his3+/Ter orientation 2/ade6-L469 ura4-
D18 leu1-32 his3-D1 arg3-D4 

Lab 
strain 

MCW 7065 
 

h+ 

ade6-M375 int::pUC8/lacO115/his3+/RTS1-AO/ade6-L469 lys1- 
::Pnmt41-NLS-lacI-tdKatushka2-hphMX4 rad52+::YFP- kanMX6 

ura4-::pECFP-PCNA+ his3-D1 leu1-32 arg3-D4 

Lab 
strain 

MCW 7132 h- smt0 
ade6-M375 int::puc8/his3+/ade6-L469 int::RTS1- IO-hphMX4(0.2 

kb from ade6-M375) ura4-D18 leu1-32 his3-D1 arg3-D4 
 

Lab 
strain 

MCW 7134 h- smt0 
ade6-M375 int::puc8/his3+/ade6-L469 int::RTS1- AO-

hphMX4(0.2 kb from ade6-M375) ura4-D18 leu1-32 his3-D1 
arg3- 

Lab 
strain 

MCW 7257 h+ 
ade6∆:: RTS1-IO-hphMX4 (12.4 kb from ade6) int::ade6-

L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-32 his3-D1 
arg3-D4 

Lab 
strain 

MCW 7259 h+ ade6∆:: RTS1-AO-hphMX4 (12.4 kb from ade6) int::ade6-
L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-32 his3-D1 

Lab 
strain 
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arg3-D4 

MCW 7293 h+ 
oriIII-1253∆::natMX4 ade6:: RTS1-IO-hphMX4 (12.4 kb from 

ade6) int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 
leu1-32 his3-D1 arg3-D4 

Lab 
strain 

MCW 7295 h+ 
oriIII-1253∆::natMX4 ade6:: RTS1-AO-hphMX4 (12.4 kb from 

ade6) int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 
leu1-32 his3-D1 arg3-D4 

Lab 
strain 

MCW 7415 h- smt0 
oriIII-1253∆::natMX4 ade6-M375 int::pUC8/ his3+/ ade6-L469 

int::RTS1-IO-hphMX4 (0.2 kb from ade6-M375)ura4-D18 leu1-32 
his3-D1 arg3-D4 

Lab 
strain 

MCW 7417 h- smt0 
oriIII-1253∆::natMX4 ade6-M375 int::pUC8/ his3+/ ade6-L469 

int::RTS1-AO-hphMX4 (0.2 kb from ade6-M375)ura4-D18 leu1-
32 his3-D1 arg3-D4 

Lab 
strain 

MCW 7555 h+ 
swi5∆::ura4+ ade6∆:: RTS1-IO-hphMX4 (12.4 kb from ade6) 

int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-
32 his3-D1 arg3-D4 

This 
study 

MCW 7557 h+ 
swi5∆::ura4+ ade6∆:: RTS1-AO-hphMX4 (12.4 kb from ade6) 

int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-
32 his3-D1 arg3-D4 

This 
study 

MCW 7559 h+ 
swi5∆::ura4+ oriIII-1253∆::natMX4 ade6:: RTS1-IO-hphMX4 (12.4 

kb from ade6) int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 
ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 7561 h+ 
swi5∆::ura4+ oriIII-1253∆::natMX4 ade6:: RTS1-IO-hphMX4 (12.4 

kb from ade6) int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 
ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 7588 h+ 
rad55∆::arg3+ ade6∆:: RTS1-IO-hphMX4 (12.4 kb from ade6) 

int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-
32 his3-D1 arg3-D4 

This 
study 

MCW 7590 h+ 
rad55∆::arg3+ ade6∆:: RTS1-AO-hphMX4 (12.4 kb from ade6) 
int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-

32 his3-D1 arg3-D4 

This 
study 

MCW 7592 h+ 
rad55∆::arg3+ oriIII-1253∆::natMX4 ade6:: RTS1-IO-hphMX4 

(12.4 kb from ade6) int::ade6-L469/pUC8/his3+/ade6-
M375/kanMX6 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 7594 h+ 
rad55∆::arg3+ oriIII-1253∆::natMX4 ade6:: RTS1-AO-hphMX4 

(12.4 kb from ade6) int::ade6-L469/pUC8/his3+/ade6-
M375/kanMX6 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 7607 h+ 
swi5∆::ura4+ rad55∆::arg3+ ade6∆:: RTS1-IO-hphMX4 (12.4 kb 

from ade6) int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-
D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 7609 h+ 
swi5∆::ura4+ rad55∆::arg3+ ade6∆:: RTS1-AO-hphMX4 (12.4 kb 

from ade6) int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-
D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 7611 h+ 
swi5∆::ura4+ rad55∆::arg3+ oriIII-1253∆::natMX4 ade6:: RTS1-IO-

hphMX4 (12.4 kb from ade6) int::ade6-L469/pUC8/his3+/ade6-
M375/kanMX6 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 7613 h+ 

swi5∆::ura4+ rad55∆::arg3+ oriIII-1253∆::natMX4 ade6:: RTS1-
AO-hphMX4 (12.4 kb from ade6) int::ade6-

L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-32 his3-D1 
arg3-D4 

This 
study 
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MCW 7638 
 
 

h- smt0 

ade6-M375 int::pUC8/lacO115/his3+/RTS1-AO/ade6-L469 lys1- 
::Pnmt41-NLS-lacI-tdKatushka2-hphMX4 rad52+::YFP- kanMX6 
rad51+::ECFP-rad51+-arg3+ ura4-D18::rad51+- ura4+ his3-D1 

leu1-32 arg3-D4 
 

Lab 
strain 

    

MCW 7706 h+ elg1∆::natMX6 ade6-M375 int::pUC8/his3+/RTS1-IO/ade6-L469 
ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 7708 h+ elg1∆::natMX4 ade6-M375 int::pUC8/his3+/RTS1-AO/ade6-L469 
ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 7710 h+ pof3∆::ura4MX6 ade6-M375 int::pUC8/his3+/RTS1-IO/ade6-L469 
ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 7712 h+ pof3∆::ura4MX6 ade6-M375 int::pUC8/his3+/RTS1-AO/ade6-
L469 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 7812 h+ 
rad51Δ::arg3+ ade6∆:: RTS1-IO-hphMX4 (12.4 kb from ade6) 

int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-
32 his3-D1 arg3-D4 

Lab 
strain 

MCW 7814 h+ 
rad51Δ::arg3+ ade6∆:: RTS1-AO-hphMX4 (12.4 kb from ade6) 
int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-

32 his3-D1 arg3-D4 

Lab 
strain 

MCW 7965 
 
 

h+ 

elg1∆::natMX6 ade6-M375 int::pUC8/lacO115/his3+/RTS1-
AO/ade6-L469 lys1- 

::Pnmt41-NLS-lacI-tdKatushka2-hphMX4 rad52+::YFP- kanMX6 
ura4-::pECFP-PCNA+ his3-D1 leu1-32 arg3-D4 

This 
study 

MCW 7969 
 

h+ 

elg1∆::natMX6 ade6-M375 int::pUC8/lacO115/his3+/RTS1-
IO/ade6-L469 lys1- 

::Pnmt41-NLS-lacI-tdKatushka2-hphMX4 rad52+::YFP- kanMX6 
ura4-::pECFP-PCNA+ his3-D1 leu1-32 arg3-D4 

This 
study 

MCW 8023 h+ ade6-M375 int::pUC8/5000 bp spacer/his3+/RTS1-AO/ade6-L469 
ura4-D18 his3-D1 leu1-32 arg3-D4 

Lab 
strain 

MCW 8130 h+ elg1∆::natMX6 ade6-M375 int::pUC8/his3+/Ter orientation1/ade6-
L469 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8132 h+ elg1∆::natMX6 ade6-M375 int::pUC8/his3+/Ter orientation 
2/ade6-L469 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8136 h+ rad51∆::arg3+ ade6-M375 int::pUC8/5000 bp spacer/his3+/RTS1-
AO/ade6-L469 ura4-D18 his3-D1 leu1-32 arg3-D4 

Lab 
strain 

MCW 8204 h+ 
elg1∆::natMX6 ChrI(80,355-80,423)::ade6-

L469/pUc8/his3+/RTS1-IO/ade6-M375-KanMX ade6-D20 ura4-
D18 leu1-32 his3-D1 

This 
study 

MCW 8206 h+ 
elg1∆::natMX6 ChrI(80,355-80,423)::ade6-

L469/pUc8/his3+/ade6-M375-KanMX ade6-D20 ura4-D18 leu1-32 
his3-D1 

This 
study 

MCW 8208 h+ 
elg1∆::natMX6 ChrI(80,355-80,423)::ade6-

L469/pUc8/his3+/RTS1-AO/ade6-M375-KanMX ade6-D20 ura4-
D18 leu1-32 his3-D1 

This 
study 

MCW 8218 
h- smt0 

 

exo1∆::ura4+ ade6∆:: RTS1-AO-hphMX4 (12.4 kb from ade6) 
int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-

32 his3-D1 arg3-D4 

Lab 
strain 

MCW 8328 h+ elg1∆::natMX6 srs2∆::ura4+ ade6-M375 int::pUC8/his3+/RTS1-
IO/ade6-L469 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 
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MCW 8330 h+ elg1∆::natMX6 srs2∆::ura4+ ade6-M375 int::pUC8/his3+/RTS1-
AO/ade6-L469 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8404 h+ ctf18∆::natMX6 ade6-M375 int::pUC8/his3+/RTS1-IO/ade6-L469 
ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8406 h+ ctf18∆::natMX6 ade6-M375 int::pUC8/his3+/RTS1-AO/ade6-L469 
ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8408 h+ 
ctf18∆::natMX6 elg1∆::kanMX6 ade6-M375 

int::pUC8/his3+/RTS1-IO/ade6-L469 ura4-D18 leu1-32 his3-D1 
arg3-D4 

This 
study 

MCW 8410 h+ 
ctf18∆::natMX6 elg1∆::kanMX6 ade6-M375 

int::pUC8/his3+/RTS1-AO/ade6-L469 ura4-D18 leu1-32 his3-D1 
arg3-D4 

This 
study 

MCW 8431 h+ fml1∆::hphMX4 elg1∆::natMX6 ade6-M375 int::pUC8/his3+/RTS1-
AO/ade6-L469 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8486 h+ 
elg1∆::natMX6 ade6-M375 int::pUC8/lacO115/his3+/RTS1-

AO/ade6-L469 lys1- ::Pnmt41-NLS-lacI-tdKatushka2-hphMX4 
rad52+::YFP- kanMX6 ura4-D18 his3-D1 leu1-32 arg3-D4 

This 
study 

MCW 8537 h+ 

ctf18∆::natMX6 ade6-M375 int::pUC8/lacO115/his3+/RTS1-
IO/ade6-L469 lys1- 

::Pnmt41-NLS-lacI-tdKatushka2-hphMX4 rad52+::YFP- kanMX6 
ura4-::pECFP-PCNA+ his3-D1 leu1-32 arg3-D4 

This 
study 

MCW 8539 h+ 

ctf18∆::natMX6 ade6-M375 int::pUC8/lacO115/his3+/RTS1-
AO/ade6-L469 lys1- 

::Pnmt41-NLS-lacI-tdKatushka2-hphMX4 rad52+::YFP- kanMX6 
ura4-::pECFP-PCNA+ his3-D1 leu1-32 arg3-D4 

This 
study 

MCW 8597 h+ 
ctf18∆::natMX6 ade6∆:: RTS1-IO-hphMX4 (12.4 kb from ade6) 
int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-

32 his3-D1 arg3-D4 

This 
study 

MCW 8598 h+ 
ctf18∆::natMX6 ade6∆:: RTS1-AO-hphMX4 (12.4 kb from ade6) 
int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-

32 his3-D1 arg3-D4 

This 
study 

MCW 8700 h+ 
oriIII-1253∆::natMX4 ade6:: RTS1-IO-hphMX4 (12.4 kb from 

ade6) int::ade6-L469/pUC8/his3+/ade6-M375/ ura4MX ura4-D18 
leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8763 h+ 
ctf18∆::natMX6 oriIII-1253∆:: arg3+ ade6:: RTS1-IO-hphMX4 

(12.4 kb from ade6) int::ade6-L469/pUC8/his3+/ade6-
M375/kanMX6 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8765 h+ 
rad51∆::arg3+ oriIII-1253∆::natMX4 ade6:: RTS1-IO-hphMX4 

(12.4 kb from ade6) int::ade6-L469/pUC8/his3+/ade6-
M375/kanMX6 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8766 h+ 
rad51∆::arg3+ oriIII-1253∆::natMX4 ade6:: RTS1-AO-hphMX4 

(12.4 kb from ade6) int::ade6-L469/pUC8/his3+/ade6-
M375/kanMX6 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8788 h+ 
rad51∆::arg3+ ade6-M375 int::pUC8/ his3+/ ade6-L469 int::RTS1-
IO-hphMX4 (0.2 kb from ade6-M375)ura4-D18 leu1-32 his3-D1 

arg3-D4 

This 
study 

MCW 8790 h+ 
rad51∆::arg3+ ade6-M375 int::pUC8/ his3+/ ade6-L469 int::RTS1-
AO-hphMX4 (0.2 kb from ade6-M375)ura4-D18 leu1-32 his3-D1 

arg3-D4 

This 
study 
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MCW 8792 h+ 
rad51∆::arg3+ oriIII-1253∆::natMX4 ade6-M375 int::pUC8/ his3+/ 
ade6-L469 int::RTS1-IO-hphMX4 (0.2 kb from ade6-M375)ura4-

D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8793 h+ 
rad51∆::arg3+ oriIII-1253∆::natMX4 ade6-M375 int::pUC8/ his3+/ 
ade6-L469 int::RTS1-AO-hphMX4 (0.2 kb from ade6-M375)ura4-

D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8822 h+ 
ctf18∆::natMX6 oriIII-1253∆:: arg3+ ade6:: RTS1-IO-hphMX4 

(12.4 kb from ade6) int::ade6-L469/pUC8/his3+/ade6-
M375/kanMX6 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8835 h+ rad51∆::arg3+ oriIII-1253∆::natMX4 ade6-L469/pUC8/his3+/RTS1-
AO/ade6-M375 ura4-D8 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8837 h+ rad51∆::arg3+ oriIII-1253∆::natMX4 ade6-L469/pUC8/his3+/RTS1-
IO/ade6-M375 ura4-D8 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8888 h+ 
oriIII-1253∆::natMX4 ade6:: RTS1-AO-hphMX4 (12.4 kb from 

ade6) int::ade6-L469/pUC8/his3+/ade6-M375/ ura4MX ura4-D18 
leu1-32 his3-D1 arg3-D4 

Lab 
strain 

MCW 8919 h+ wpl1∆::kanR ade6-M375 int::pUC8/his3+/RTS1-IO/ade6-L469 
ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8920 h+ wpl1∆::kanR ade6-M375 int::pUC8/his3+/RTS1-AO/ade6-L469 
ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8921 h- smt0 

elg1∆::natMX6 ade6-M375 int::pUC8/lacO115/his3+/RTS1-
AO/ade6-L469 lys1- ::Pnmt41-NLS-lacI-tdKatushka2-hphMX4 

rad52+::YFP- kanMX6 rad51+::ECFP-rad51+-arg3+ ura4-
D18::rad51+- ura4+ his3-D1 leu1-32 arg3-D4 

This 
study 

MCW 8931 h+ 
rdl1∆::natMX6  ade6∆:: RTS1-IO-hphMX4 (12.4 kb from ade6) 
int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-

32 his3-D1 arg3-D4 

This 
study 

MCW 8941 h+ 
elg1∆::natMX6 ade6-M375 int::pUC8/5000 bp 

spacer/his3+/RTS1-AO/ade6-L469 ura4-D18 his3-D1 leu1-32 
arg3-D4 

This 
study 

MCW 8943 h+ 
rad51∆::arg3+ rad51∆::arg3+ ade6-M375 int::pUC8/5000 bp 

spacer/his3+/RTS1-AO/ade6-L469 ura4-D18 his3-D1 leu1-32 
arg3-D4 

This 
study 

MCW 8946 h- smt0 elg1∆::natMX6 fbh1∆::kanMX  ade6-M375 int::pUC8/his3+/RTS1-
AO/ade6-L469 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8950 h+ elg1∆::natMX6 exo1∆::ura4+ ade6-M375 int::pUC8/his3+/RTS1-
AO/ade6-L469 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8988 
h+ 
 

elg1∆::kanMX6 oriIII-1253∆::natMX4 ade6:: RTS1-IO-hphMX4 
(12.4 kb from ade6) int::ade6-L469/pUC8/his3+/ade6-M375/ 

ura4MX ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8990 h- smt0 
elg1∆::kanMX6 oriIII-1253∆::natMX4 ade6:: RTS1-AO-hphMX4 

(12.4 kb from ade6) int::ade6-L469/pUC8/his3+/ade6-M375/ 
ura4MX ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8992 h+ 
elg1∆::kanMX6 ade6:: RTS1-AO-hphMX4 (12.4 kb from ade6) 

int::ade6-L469/pUC8/his3+/ade6-M375/ ura4MX ura4-D18 leu1-
32 his3-D1 arg3-D4 

This 
study 

MCW 8995 h+ elg1∆::natMX6 wpl1∆::kanR ade6-M375 int::pUC8/his3+/RTS1-
IO/ade6-L469 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 8998 h+ elg1∆::natMX6 wpl1∆::kanR ade6-M375 int::pUC8/his3+/RTS1-
IO/ade6-L469 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 
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MCW 9000 
h+ 
 

rad51∆::arg3+ oriIII-1253∆::natMX4 ade6:: RTS1-IO-hphMX4 
(12.4 kb from ade6) int::ade6-L469/pUC8/his3+/ade6-M375/ 

ura4MX ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 9002 
h+ 
 

rad51∆::arg3+ oriIII-1253∆::natMX4 ade6:: RTS1-AO-hphMX4 
(12.4 kb from ade6) int::ade6-L469/pUC8/his3+/ade6-M375/ 

ura4MX ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 9004 h- smt0 
rad51∆::arg3+ ade6:: RTS1-AO-hphMX4 (12.4 kb from ade6) 

int::ade6-L469/pUC8/his3+/ade6-M375/ ura4MX ura4-D18 leu1-
32 his3-D1 arg3-D4 

This 
study 

MCW 9006 h+ 
rad54-K300A::natMX4 ade6∆:: RTS1-IO-hphMX4 (12.4 kb from 
ade6) int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 

leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 9008 h- smt0 
rad54-K300A::natMX4 ade6∆:: RTS1-AO-hphMX4 (12.4 kb from 
ade6) int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 

leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 9013 h- smt0 
rad54Δ::kanMX ade6∆:: RTS1-AO-hphMX4 (12.4 kb from ade6) 
int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-

32 his3-D1 arg3-D4 

This 
study 

MCW 9026  
elg1∆::kanMX6 ade6:: RTS1-IO-hphMX4 (12.4 kb from ade6) 

int::ade6-L469/pUC8/his3+/ade6-M375/ ura4MX ura4-D18 leu1-
32 his3-D1 arg3-D4 

This 
study 

MCW 9028  
rad51∆::arg3+ ade6:: RTS1-IO-hphMX4 (12.4 kb from ade6) 

int::ade6-L469/pUC8/his3+/ade6-M375/ ura4MX ura4-D18 leu1-
32 his3-D1 arg3-D4 

This 
study 

MCW 9030 
h+ 
 

rad54Δ::kanMX ade6∆:: RTS1-IO-hphMX4 (12.4 kb from ade6) 
int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-

32 his3-D1 arg3-D4 

This 
study 

MCW 9034  
rad51∆::arg3+ exo1∆::ura4+ ade6∆:: RTS1-AO-hphMX4 ade6-
L469/pUC8/his3+/ade6-M375-KanMX-aim1 ura4-D18 leu1-32 

his3-D1 arg3-D4 ade6-D1 

This 
study 

MCW 9036 h- smt0 
ade6:: RTS1-IO-hphMX4 (12.4 kb from ade6) int::ade6-

L469/pUC8/his3+/ade6-M375/ ura4MX ura4-D18 leu1-32 his3-D1 
arg3-D4 

This 
study 

MCW 9039 h+ 
ade6:: RTS1-AO-hphMX4 (12.4 kb from ade6) int::ade6-

L469/pUC8/his3+/ade6-M375/ ura4MX ura4-D18 leu1-32 his3-D1 
arg3-D4 

This 
study 

MCW 9140 h+ 
rdl1∆::natMX6 ade6∆:: RTS1-AO-hphMX4 (12.4 kb from ade6) 
int::ade6-L469/pUC8/his3+/ade6-M375/kanMX6 ura4-D18 leu1-

32 his3-D1 arg3-D4 

This 
study 

MCW 9183  pcn1-D150E-NatMX4 ade6-M375 int::pUC8/his3+/RTS1-IO/ade6-
L469 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 9185  pcn1-D150E-NatMX4 ade6-M375 int::pUC8/his3+/RTS1-
AO/ade6-L469 ura4-D18 leu1-32 his3-D1 arg3-D4 

This 
study 

MCW 9187 
 elg1∆::KanMX6 pcn1-D150E-NatMX4 ade6-M375 

int::pUC8/his3+/RTS1-IO/ade6-L469 ura4-D18 leu1-32 his3-D1 
arg3-D4 

This 
study 

MCW 9189 
 elg1∆::KanMX6 pcn1-D150E-NatMX4 ade6-M375 

int::pUC8/his3+/RTS1-AO/ade6-L469 ura4-D18 leu1-32 his3-D1 
arg3-D4 

This 
study 

 

 



Appendix   S.Tamang 

 

 205 

Table 5: list of plasmids used in this study 

Plasmid Source 

pMW777 Lab stock 

pMW921 Lab stock 

pST1 Mutagenesis 

pST2 Mutagenesis 

pST3 Mutagenesis 

pST4 Mutagenesis 

pFOX2 Lab stock 

pBZ142 Lab stock 

 

Table 6: list of of oligonucleotides used in this study. 

Oligonucleotide  Sequence (5’-3’)  

oMW 284 CTAGGATACAGTTCTCAC 

oMW 633 TTATACATATGCTTGAAGCTAGATTTCAG 

oMW 634 TAGGATCCTACTCCTCATCCTCCTCACC 

oMW 706 AAAGGCCTCGCTTCTCGAG 

oMW 707 AGCAGCATACGCTAAAATC 

oMW 716 ATTTGATGTTTAAGCGATGG 

oMW 717 AGAAGAAAGCGATCGATGAG 

oMW 720 TCACTATACTTCATCCCAC 

oMW 721 AGTTGGTTGCGTTATTCGAG 

oMW 722 AAAACATGTTGACAAACCTG 

oMW 784 AACTGCAGAATTCTTGTTAACGTAACTG 

oMW 787 AAGAGCTCCTGCCATAGTATAT 

oMW 921 TTTAGATGAATTCAAGGTG 

oMW 922 ATTGATATCAGCTGAATAATTTTTCCAACCAAC 

oMW 1625 TATAAAGCTTGGTGGTGAGGTAAACG 

oMW 1783 GAAAGCTGAGAAACCTGTG 
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oMW 1784 TTGGTTTCAACTGGAGGAG 

oMW 1785 ATACGGTTCATTGGAAGC 

oMW 1786 ACGGGTTTACTAGGATTG 

oMW 1882 GGTCTTACGGCGAGCCCAAAACG 

oMW 1883 TTTGATAAGGCGTTCAGATTTATAC 

oMW 1884 CATTACTCGAGAGTTATTAACTTTGAG 

oMW 1885 CGTTGAAATTCGGCAGCA 

oMW 1886 GCCTGCTGCAAATTTCAACGCA 

oMW 1887 ATAGTAATAGTAGCATCGTATTCGATATC 
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