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Summary 

Meiotic recombination in Saccharomyces cerevisiae is initiated by the formation of DNA 

double strand breaks (DSBs), which are created by Spoil protein. Recombination 

preferentially occurs between homologous chromosomes, in order to establish 

interhomologue connections. These connections serve as a platform for genetic 

recombination and to promote accurate homologue disjunction at the first meiotic division 

(MI). Specific mechanisms are in place to ensure that meiotic DSB repair is directed 

towards interchromosomal repair, and genes thought to be involved in these mechanisms 

were examined in a DSB assay, where interchromosomal repair was precluded. Genes 

involved in the formation and processing of Spol1-DSBs were also examined. In meiosis, 

the regulation of resectioning is critical to repair outcome, and this assay was designed to 

measure two different lengths of resection tract. 

In a mekl mutant, there was an increase in the generation of longer resection tracts, 

suggesting that Mekl protein may exert its influence over repair template choice by 

negatively regulating DSB resectioning. An sae2 mutant was found to generate fewer 

shorter resection tracts, and was delayed for DSB repair. This suggested that Sae2 protein 

may have an early role in resectioning, by influencing repair template choice. Mutants of 

the MRX complex were all compromised for DSB repair, while an exol mutant failed to 

generate long resection tracts only. 

Finally, from work on a dmcl mutant, the prospect of protein sequestration at sites of 

excess single stranded DNA was proposed. 
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Chapter 1 

Introduction 

1.1 Saccharomyces cerevisiae 

Saccharonzyces cerevisiae (budding yeast) is a model organism for studying cellular 

processes in higher eukaryotes. S. cerevisiae has several qualities making it well suited for 

molecular genetic experimentation. Most importantly, it represents a simplified version of 

higher eukaryotes, it is unicellular, the genome is fully sequenced, annotated and readily 

manipulated, it is easy to culture and yields large numbers of progeny. 

S. cerevisiae is particularly suited to experiments examining the meiotic cell cycle as 

specific strains have the ability to undergo rapid and synchronous sporulation (Kane and 

Roth, 1974). 

1.2 The Meiotic Cell Cycle 

The eukaryotic nucleus divides in one of two ways, by meiosis or mitosis. While mitosis 

represents asexual cell division, the process of meiosis facilitates sexual reproduction, 

(comprehensively reviewed in (Zickler and Kleckner, 1998)). Meiosis enables two 

important functions in the eukaryotic cell, a haploid stage in the lifecycle and the 

generation of genetic recombinant progeny. Two nuclear divisions occur in meiosis, the 

first reduces chromosome number, and the second is an equational division of the genetic 

material. As meiosis is an essential process for sexual reproduction, it is logical that the 

genes regulating the process show considerable conservation throughout eukaryotes. 

Although the key characteristics of meiosis have been studied and understood for the last 



(a) mitosis one division 
(40P 

N 

5IN 

a0 

'Mom" "Rad' 
S phase equational 

(bý meiosis two divisions 

"Dass" 
" "Mom" 

chiasma 
{= crossover) 

S phase 

ff 

tt 

tt ýý 
reductional equational 

Figure 1.2i: Chromosome Segregation in Mitosis and Meiosis: Prior to the one 
mitotic and two meiotic nuclear division(s), the chromosomes are replicated (S- 
phase) to create identical sister chromatids. (a) During mitosis, sister chromatids 
are intimately associated, through sister chromatid cohesion to ensure bipolar 
orientation on the metaphase plate. Spindle fibres from opposite poles become 
attached to the sister kinetochores, and via poleward forces, the chromosomes 
become appropriately orientated. At anaphase, loss of sister chromatid cohesion 
along the chromatid arms, (then at the centromeric regions), permits sister 
chromatid disjunction to opposite poles (equational segregation). (b) Prior to the 
first meiotic division, homologous chromosomes become aligned and recombine, 
creating interhomologue connections termed chiasmata (prophase I). Pairs of 
connected homologues (bivalents) undergo bipolar orientation on the MI spindle 
(analogous to sister chromatids in mitosis). At anaphase I, loss of sister 
chromatid cohesion along the chromosomal arm regions permits the homologue 
kinetochores to move to opposite poles, while maintenance of sister chromatid 
cohesion at the centromeric regions ensures that the segregation is reductional. 
For the second meiotic division, sister chromatids become aligned, again via 
spindle fibre attachment at the sister kinetochores. Loss of sister chromatid 
cohesion in the centromeric regions marks anaphase If, permitting the disjunction 

of recombinant sister chromatids (equational segregation). (Figure taken from 
Zickler and Kleckner, 1998). 



Figure 1.2ii: Meiotic divisions I and 11 in the rye Secale cereale 
microsporocytes: (A-F) prophase 1, (A) cars /vgotcnc, chro, nosomal 
condensation and earlv pairing. (B-D) carN to late pack; -tcnc; 
continued chromosomal condensation and homologuc pairing, 
follo«-cd by synapsis. (E) diplotcne progressive loss of' sister 
chromatid cohesion. (F) diakinesis homologous chromosomes are 
distinguishable, connected by chiasmata. (G, H) metaphase I; 
homologous chromosomes align on the MI spindle. (I, J) anaphase I; 

reductional segregation of homologues (K) telophasc I. (L) prophase 
II. (M) metaphase Il; sister chromatids align along the MII spindle. (N) 

anaphase II; equational segregation of' sister chromatids. (0) Four 
haploid pollen cells. (Bar = 5µ). (Figure taken from Zickler and 
Kleckner l998) 
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Chapter 1: Introduction 

the last 30 years that have provided an insight into the molecular and ultrastructural aspects 

of meiosis (John, 1990). 

The function of the meiotic cell cycle is to generate genetically diverse offspring with 

exactly half the parental chromosome complement. This occurs by one round of DNA 

replication (S-phase), followed by two rounds of nuclear division (MI/MII) (Figure 1.2i and 

Figure 1.2ii). At MI, replicated homologous chromosomes (maternal and paternal) move to 

opposite poles, in a reductional segregation. At MII, sister chromatids disjoin, in an 

equational segregation. This is in contrast to the mitotic cell cycle, where only one 

(equational) nuclear division follows S-phase, thus maintaining chromosome number 

(Figure 1.2i). 

At the first meiotic division, centromere number is reduced from diploid to haploid, while 

the genetic content reduces from 4x to 2x. In order to achieve this, meiotic cells must 

undergo homologous chromosome alignment, pairing and synapsis, which occur during 

prophase I of the meiotic cell cycle. MI consists of four cytologically distinguishable 

stages: prophase I, metaphase I, anaphase I and telophase I (Figure 1.2iii). Near identical 

stages are found in all organisms. 

1.2.1 Prophase I 

Prior to prophase I, premeiotic cells exist in a G1/GO state, characterised by nuclear 

expansion. Premeiotic S-phase follows, which is a period of DNA replication. Specific 

connections form between sister chromatids (sister chromatid cohesion, Section 1.3.1), and 
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Figure 1.2iä: Stages in Meiosis The top two panels show the extended meiotic 
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prophase homologous chromosomes result in the formation of paired homologues 
(bivalents) and the reciprocal exchange of sister chromatid arms, from crossing-over. 
Homologous chromosomes disjoin at anaphase 1, and sister chromatids in anaphase II, 
(analogous to mitotic division). Virtually identical stages are found in all organisms 
studied (Figure from Pawlowski and Cande, 2005). 
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Chapter 1: Introduction 

S-phase is distinguishable by the presence of diffuse chromatin. Mitotic and meiotic S- 

phases are largely analogous, with the exception that meiotic S-phase is of much longer 

duration. In S. cerevisiae, some argue that premeiotic pairing of homologous chromosomes 

occurs, with these associations being lost during S-phase, to be re-established prior to 

chromosome synapsis (Klein, 1994; Scherthan et al., 1994; Weiner and Kleckner, 1994). 

Early prophase is termed leptonema, once cells enter this stage they are committed to the 

meiotic cell cycle. At preleptotene, chromosomes are compacted, but on entering leptotene, 

they thin out and become discernibly individualised. The array of thread-like chromosomes 

appears as a dense disorganised tangle, however it is likely that a fundamental order is 

already in place. During the next stage, zygotene, the homologous chromosomes become 

aligned and pairing occurs. As homologues move towards each other, the chromosomes 

appear shorter and fatter. At the leptotene/zygotene transition, chromosomes adopt a 

distinctive arrangement, which is formation of the `bouquet'. Bouquet formation represents 

the spatial association of telomeres, through their clustering on the nuclear periphery 

(reviewed in (Scherthan et al., 1994)). Meanwhile the chromosome arms loop out into the 

nucleus in a flower-like array, (hence ̀ bouquet'). The bouquet stage is universally observed 

in meioses, and is lost during pachytene. Around this time, the homologous chromosomes 

become completely synapsed along their length, via the formation of a proteinaceous 

structure, termed the synaptonemal complex (SC, Section 1.3.3). Each set of synapsed 

homologues is termed a bivalent. Each bivalent contains two sets of sister chromatids, one 

pair originating from each parental chromosome. 

3 



Chapter 1: Introduction 

The tight associations between homologues cause pachytene chromosomes to appear at 

their most short and thick. In the next stage, diplotene, the SC is dissembled and individual 

homologues become distinguishable again. When the chromosomes move apart, chiasmata 

can be visualised at the points where the homologues remain connected. The final stages of 

prophase are diakenesis and prometaphase, when in readiness for chromosomal segregation 

at MI, the homologues undergo shortening and compaction. 

13 Meiosis in Detail 

It is during prophase I that the most striking modifications to chromosome organisation in 

the meiotic nucleus occur. Gross conformational changes include chromosome 

condensation, pairing, and synapsis. Recombination alters chromosomal conformation at 

both a nucleotide level, in the generation of gene conversions, and also at a structural level, 

in the formation of chiasmata. 

1.3.1 Sister Chromatid Cohesion 

Sister chromatid cohesion is established during S-phase, where premeiotic DNA replication 

produces sister chromatids that are tightly bound. In mitosis, cohesion between sister 

chromatids prevents their premature disjunction during attachment to the mitotic spindle. 

The cohesin proteins Smcl, Smc3, Sccl and Scc3 make up a multisubunit complex that is 

required for cohesion between mitotic sister chromatids, while in meiosis Sccl is 

substituted for the meiosis-specific homologue, Rec8 (Klein et al., 1999). Sister chromatid 

cohesion occurs along the length of the chromatids, excluding the sites of chiasmata, and is 

present until anaphase I. During the first meiotic division, sister chromatids must remain 
4 



Chapter 1: Introduction 

tightly bound, to ensure disjunction of homologues and not sisters. In order to resolve 

chiasmata, cohesion between sister chromatids is lost only in regions distal to the crossover, 

that is, along the chromosome arms. The cohesin complex is maintained at the centromeric 

region through to anaphase II, thus preventing premature sister chromatid disjunction. 

Moreover, by tying the sisters together until the second meiotic division, promotes their 

correct orientation on the meiotic spindle, and accurate disjunction at MII (reviewed in 

(Nasmyth et al., 2000)). 

1.3.2 Homologous Chromosome Pairing 

Homologous chromosome pairing requires homologues to overcome spatial separation 

within the nucleus, in order to become associated. Once in close proximity, the homologues 

are able to compare sequence homologies (reviewed recently in (Pawlowski and Cande, 

2005)). Fluorescence in situ hybridisation (FISH) of S. cerevisiae has been used to 

demonstrate multiple pairing sites along chromosome lengths (Scherthan et al., 1994; 

Weiner and Kleckner, 1994). Although the mechanism of homologue pairing is not widely 

understood, there appears to exist a strong connection with meiotic recombination. Pairing 

of homologous chromosomes in prophase seemingly occurs independently of chromosome 

condensation and SC formation. However, the correlation between pairing sites and future 

recombination events supports the proposal that these early pairing sites later become 

recombination initiation sites. (Scherthan et al., 1994; Weiner and Kleckner, 1994). 

5 
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133 Synaptonemal Complex 

While pairing is based on homology recognition for homologue interaction, synapsis is the 

process of cementing that association by creation of the synaptonemal complex (SC). The 

SC is a tripartite proteinaeous zip-like structure, which establishes and maintains the close 

association between homologous chromosomes along their entire length during meiotic 

prophase (reviewed in (Heyting, 1996). The SC is thought to influence the number and 

distribution of crossovers, plus convert these crossovers into stable chiasmata, thus 

ensuring accurate disjunction of homologues at MI (reviewed in (Roeder and Bailis, 2000). 

Sister chromatids of each meiotic prophase chromosome develop a single proteinaceous 

axis, termed the axial element (AE). Through meiotic prophase, the AEs of homologous 

chromosomes become connected along their length by multiple transverse filaments, 

forming the SC. Between the axial connections, which are now termed lateral elements 

(LE), a third longitudinal structure, the central element (CE), forms ('the zip'). Hence, the 

tripartite structure of the SC comprises of two lateral and a single central element. The 

tripartite SC structure is universally conserved among organisms, although differences exist 

at an ultrastructural level. Interestingly, meiotic cells of Schizosaccharomyces pombe and 

Aspergillus nidulans do not possess a detectable SC, although LEs are present in S. pombe, 

similar to those contained within the SC. 

In S. cerevisiae there are three meiosis-specific components of the SC, Redl, Hopl and 

Zipl. While the protein products of HOPI and REDI are localised to the AEs, the protein 

product of ZIP] is required for the formation of the CE. 

6 



Chapter 1: Introduction 

The interplay between chromosome synapsis and recombination appears to differ, 

depending on the organism being studied. In S. cerevisiae, mutants blocked for SC 

formation, still create Spol l-double strand breaks (DSBs, Section 1.5), while in spoil 

mutants, where meiotic DSBs are prevented, SC formation is also blocked. This suggests 

that in yeast, Spol l-DSBs are not only initiated before synapsis, but they are also required 

for the formation of the SC. Therefore, synapsis is not required for the initiation of 

recombination. This is in accord with studies of the timing of recombination and synapsis 

in S. cerevisiae, where it was reported that meiotic DSBs were created in early prophase, 

prior to the appearance of the SC (Padmore et al., 1991). Furthermore, in the organisms 

previously mentioned, that don't create SC (that is, A. nidulans and S. pombe), 

recombination still occurs. 

Conversely, in Drosophila melanogaster and Caenorhabditis elegans, it is homologue 

pairing that initiates synapsis, only then are Spol l-DSBs formed. 

Events subsequent to the initiation of recombination also appear to influence the onset of 

synapsis in S. cerevisiae. Mutants that create wildtype (WT) levels of Spol l-DSBs, but are 

blocked from generating recombination intermediates, accumulate unresected breaks, and 

form only partial SC (Alani et al., 1990; McKee and Kleckner, 1997; Prinz et al., 1997). 

Meanwhile, mutants that accumulate Spol1-DSBs with long 3' single-stranded (ss)DNA 

tails, assemble almost wildtype levels of SC, but synapsis is delayed (Bishop et al., 1992; 

Rockmill et al., 1995). 

7 



Chapter 1: Introduction 

1.4 Recombination 

DSB repair is classified into two major categories, homologous recombination (HR) and 

nonhomologous or illegitimate recombination. HR is characterised by broken DNA strands 

base pairing with a homologous partner. While HR typically requires many hundreds of 

bases of homology, nonhomologous repair ligates DNA termini that display 

microhomology, that is, a very limited number of homologous bases pairs. These repair 

pathways are conserved between S. cerevisiae and higher eukaryotes, although their 

relative contributions depend on the organism, cell type and stage of the cell cycle (Pastink 

et al., 2001). HR is the predominant DSB repair method in S. cerevisiae, while it is 

nonhomologous repair in mammalian cells. 

Meiotic recombination is initiated during zygotene, when homologous chromosomes 

become aligned and paired. Interhomologue recombination normally results in a gene 

conversion, which involves the transfer of genetic material from one nonsister chromatid to 

another. Gene conversion events are associated with crossovers at a frequency of 

approximately 50% (Fogel and Hurst, 1967; Jinks-Robertson and Petes, 1986; Orr-Weaver 

and Szostak, 1985). Reciprocal gene conversion events are required for chiasmata 

formation and the accurate disjunction of homologous chromosomes at MI. 

1.4.1 Double Strand Break Repair Model 

DSB repair by homologous recombination can occur by a number of different mechanisms 

(reviewed in (van den Bosch et al., 2002)). A universal feature of homologous 
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recombination is the generation of 3'-ssDNA tails. The canonical model for DSB repair 

was described by Szostak et al, (1983), whereby the linear 3' ssDNA tails which are highly 

recombinogenic, invade an intact homologous DNA duplex generating the characteristic 

four-stranded branch structure, termed a Holliday junction (HJ) (Figure 1.4.1). The 3' ends 

of the invading DNA strands serve as primers for the initiation of novel DNA synthesis. 

Two HJs form a joint molecule, which can be visualised on a two-dimensional gel 

(Schwacha and Kleckner, 1997) (Schwacha and Kleckner, 1994). Strand invasion is 

catalysed by the DNA strand exchange proteins, Dmcl and Rad51 ((Kadyk and Hartwell, 

1992; Symington, 2002) (Bishop et al., 1992). Creation of the double HJ permits the 

generation of recombination crossover products, via the alternative resolution of this joint 

molecule. If both of the HJs are cleaved equally, that is both sets of noncrossed or crossed 

strands, the gene conversion is not associated with crossing over. If there is cleavage of 

noncrossed strands from one HJ, and of crossed strands from the other, this causes the 

crossover of flanking markers. Novel DNA synthesis generates heteroduplex sequence, 

which needs to be fixed. Mismatch repair proteins target these regions of heteroduplex and 

re-establish DNA strand homology. 

The Szostak model for DSB repair predicts that novel DNA is generated in both donor and 

recipient. However it has been widely reported that heteroduplex DNA is only observable 

in the recipient molecule, while donor DNA appears to remain unaltered (Fan et al., 1995; 

Gilbertson and Stahl, 1996; Goyon and Lichten, 1993). Furthermore, if the formation of 

crossovers and noncrossovers derive from the resolution of HJs, both repair products would 

be expected to appear concurrently. However, it has been demonstrated that noncrossovers 

appear with similar timing to joint molecule resolution, while there is a lag of 
9 



Chapter 1: Introduction 

approximately 30 minutes until crossovers are formed (Alters and Lichten, 2001). Thus, 

noncrossovers may be formed through a different pathway, one that is independent of joint 

molecule formation. This has lead to the development of a modified version of the gene 

conversion model, called synthesis-dependant strand annealing (Figure 1.4.2). 

1.4.2 Synthesis-Dependant Strand Annealing 

This DSB repair model predicts that the two DNA termini act independently of each other 

in the homology search, and that stable heteroduplex intermediates between the 3'-ssDNA 

tails and the template regions do not form (Figure 1.4.2). Thus, after strand invasion, the HJ 

does not enlarge but instead migrates into the gap created. Following DNA synthesis, the 

newly synthesised strands are displaced and anneal to the 5' ends of the DSB. Synthesis- 

dependant strand annealing has been suggested to be involved in mating-type switching in 

S. cerevisiae and more recently in meiotic gene conversion (Allers and Lichten, 2001). 

1.4.3 Single Strand Annealing 

Another homologous recombination repair pathway is single strand annealing (SSA), which 

is very efficient when a DSB occurs between two flanking homologous regions (Figure 

1.4.3). SSA was first studied in Xenopus laevis oocytes, and is by some considered to be a 

subpathway of homologous recombination. 

Following DSB formation (Figure 1.4.3a), the SSA pathway requires the 5'-3' resectioning 

of DNA to extend as far as the homologous sequences, in order to uncover them (Figure 

1.4.3b). These complementary regions are used to align the broken DNA strands, before 
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they anneal and become ligated (Figure 1.4.3c and Figure 1.4.3d). SSA requires the 

nucleotide excision repair proteins Radl and Rad10, to remove the nonhomologous 3' 

ssDNA tails. A single copy of the homologous sequence remains, termed deletion product. 

The efficiency of SSA is dependent on the length and sequence identity of the flanking 

complementary regions (Sugawara et al., 2000). SSA is almost 100% efficient when the 

repeated sequences share 400bp of homology, although SSA can still occur with as little as 

60bp of homology, (but efficiency drops to 5%) (Sugawara and Haber, 1992). Furthermore, 

SSA repair of a DSB can even occur if the repeats are separated by up to 15kb of DNA 

(Paques and Haber, 1999). In mitosis, SSA is the predominant DSB repair mechanism in S. 

cerevisiae, and this may be a manifestation of unrestrained DSB resectioning. In meiosis 

however, the 5'-3' DSB resectioning is carefully regulated, and generally shorter resection 

tracts are created (Section 1.6). Thus, a search for homologous sequences in the flanking 

regions may be abandoned, if a homologue, available as a repair template, is encountered 

first (Haber, 2000; Neale et al., 2002). 

1.5 DSB Formation Initiates Meiotic Recombination 

All meiotic recombination pathways are initiated by the induction of meiosis-specific 

DSBs, and these breaks were first observed in genomic regions that recombine at high 

frequencies (Nicolas et al., 1989). Evidence to support the proposal that DSBs are the 

catalyst for meiotic recombination, include the observed increase in recombination 

frequency when DSBs are introduced into wildtype cells (Kolodkin et al., 1986; Malkova et 
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al., 1996), and the correlation shown between DSB formation and recombination kinetics 

(Cao et al., 1990; Goyon and Lichten, 1993; Padmore et al., 1991). 

Meiotic DSBs are not sequence-specific, but have a high prevalence in potential 

transcription promotor regions (Baudat and Nicolas, 1997; Wu and Lichten, 1994). One 

theory is that chromatin structure may determine the sites of meiosis-specific DSBs. 

Alterations to chromatin structure lead to corresponding changes in the occurrence of 

DSBs, and DSB hotspots demonstrate hypersensitivity to deoxyribonuclease I, in both 

meiotic and mitotic cells (Wu and Lichten, 1994). These results indicate that chromatin 

remodelling prior to meiosis may be important for determining break sites. Meiotic DSB 

formation has an absolute requirement for the protein products of at least 11 genes, ME14, 

MERZ, MER2, REC102, REC104, REC114, MRE2 and SPO11, which are all meiosis- 

specific, plus MREI J, RAD50 and XRS2 (MRX) (comprehensively reviewed in (Krogh and 

Symington, 2004)). Null mutations of any of these genes abolish both DSB formation and 

meiotic recombination. 

The catalyst of meiotic DSBs was first discovered in cells carrying a rad5OS mutation, 

where unresected breaks were found to accumulate with a covalently linked protein at the 

5' strand termini (Keeney and Kleckner, 1995; Liu et al., 1995). A short time afterwards the 

protein was identified as Spol I (Keeney et at., 1997). 

12 
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attached to an oligonucleotide with a free 3' -hydroxyl group. (Figure taken 
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Spoil protein creates meiotic DSBs via a reversible transesterase reaction, analogous to 

those catalysed by DNA topoisomerases. Indeed, Spol l protein contains several motifs that 

are common to Type II topoisomerases (Bergerat et al., 1997). Covalently-bound Spol l 

attacks the DNA backbone via a tyrosine side chain, generating a phosphodiester linkage 

between the 5' terminus and Spoil protein. A major step forward has been made recently 

in the elucidation of Spol l protein-release from the sites of DSB formation (Neale et al., 

2005). Spol 1 is released from the break site, attached to an oligonucleotide with a free 3' - 

hydroxyl group, via endonucleolytic cleavage (Figure 1.5). Two distinct Spoll- 

oligonucleotide complexes were identified, differing in nucleotide length. Tantalisingly, 

this may be the result of strand cleavage at different intervals flanking the DSB site, raising 

the possibility of asymmetrical DSB processing (Neale et al., 2005). 

Studies in S. cerevisiae of a null and catalytic mutation of SPD11, (spoll-Y135F, 

substitution of active tyrosine), demonstrated a defect in homologue pairing and SC 

formation (Loidl et al., 1994; Neale et al., 2002; Weiner and Kleckner, 1994). Furthermore, 

Spol l protein has been shown to influence DSB resectioning (Neale et al., 2002). 

1.5.1 The Components of DSB Repair 

A universal feature of meiotic recombination is that after Spol l protein removal, DSBs 

undergo a process of 5'-3' resectioning, generating 3'-ssDNA tails. The resection 

machinery comprises the MRX complex, Sae2, and maybe other, as yet unknown proteins. 

Null mutations of MREII, RAD50 and XRS2 prevent the formation of Spoll-DSBs 
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altogether, while a null mutation of SAE2, causes unresected breaks to accumulate (Alani 

et al., 1990; McKee and Kleckner, 1997; Prinz et al., 1997). 

Sae2 protein was first isolated and characterised in a screen for mutants blocked at 

intermediate stages of meiotic prophase, it is required for the removal of Spoil protein 

from meiotic DSB sites. (McKee and Kleckner, 1997; Prinz et al., 1997). Loss of Sae2 

protein function causes Spoll to remain covalently bound to meiotic DSBs, effectively 

blocking the DNA termini from the resectioning machinery. Sae2 protein functions jointly 

with the MRX complex during meiotic DSB processing and in the DNA damage response 

in mitosis. 

The protein products of the MREII, RADSO and XRS2 genes form a stable complex, which 

appears to have separate and specific roles in meiosis and mitosis (Cao et at., 1990; Ivanov 

et al., 1992; Johzuka and Ogawa, 1995). Unique amongst the genes involved in meiotic 

DSB formation and processing in S. cerevisiae, the MRX complex is involved in certain 

metabolic events, including telomere maintenance, the cell cycle response to DNA damage 

(with Tell, an ATM homologue), intraS-phase checkpoint, alongside more explicable roles 

in mitotic DSB repair, homologous recombination and NHEJ (reviewed in (Haber, 1998)). 

Two Mrell molecules bridge together two Rad5O molecules, with one Xrs2 molecule 

(Hopfner et al., 2002; Johzuka and Ogawa, 1995; Usui et al., 1998). MREII and RAD50 

encode evolutionarily conserved multi-domained proteins homologous to E. coil SbcC and 

SbcD proteins, respectively. SbcC and SbcD interact physically, and possess double- 

stranded (ds)-exonuclease activity and single-stranded (ss)- endonuclease in vivo (Paull and 
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Gellert, 1998). The homology shared between the proteins added weight to the proposal 

that the MRX complex formed the resectioning machinery that was required in meiotic 

DSB processing (Sharpies and Leach, 1995). 

The MRX complex possesses DNA binding, end recognition and nuclease activities, and as 

a physical complex, it stabilises sister chromatid and homologous chromosome 

interactions, thus fulfilling a structural role in homologous recombination (Bressan et al., 

1999). Null mutations of MREI1, RAD50 and XRS2 fail to create Spol1-DSBs, thus 

meiotic recombination cannot be initiated, and meiotic lethality ensues. 

Through various studies, including the discovery of a number of separation of function 

mutations, the many roles of the MRX complex have been delineated, with a primary 

function being described in the 5'-3' resectioning of DSBs. For example, a rad5OS mutant 

was found to create Spol 1-DSBs, but these breaks accumulate unresected, analogous to the 

sae2 phenotype (Alani et al., 1990). It was observed that HO-DSBs at the MAT locus 

experience delayed, and reduced levels of 5'-3' resectioning in MRX null mutants (Ivanov 

et al., 1994; Llorente and Symington, 2004; Tsubouchi and Ogawa, 1998), while nuclease- 

defective alleles, mrell -H125N and mrel l -D56N, convey sensitivity to IR and methyl 

methanesulfonate (MMS), but to a less severe degree than a null MREI 1 mutation (Moreau 

et al., 1999). 

Given the amount of evidence that has accumulated, the exact role of the MRX complex in 

Spol 1-DSB processing remains unclear, due to a significant anomaly. The 3'-5' polarity of 

the exonuclease activity displayed by the MRX complex in vitro, is opposite to that 

observed in meiotic DSB resectioning (Furuse et al., 1998; Trujillo et a!., 1998; Usui et al., 
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1998). However, the polarity of the endonuclease activity of MRX is in the appropriate 

direction. An attractive prospect therefore, is that the ssDNA endonuclease activity of 

MRX, in concert with a helicase, degrades the 5' ssDNA termini at Spol1-DSB sites 

(Moreau et al., 1999). Alternatively, the MRX complex may have a more indirect role in 

DSB resectioning, by recruiting other 5'-3' polarised exonucleases to the sites of Spol l- 

DSBs. 

Exol (exonuclease I) protein was first isolated in S. pombe cells induced to undergo 

meiosis (Szankasi and Smith, 1992). Subsequently, the transcription of Exol protein was 

found to be meiotically induced in S. cerevisiae, suggesting a role for Exot in meiotic DNA 

metabolism (Tsubouchi and Ogawa, 2000). Exol protein has the apposite polarity for 5'-3' 

DSB resectioning, and in high-copy number EXOI suppresses the MMS sensitivity of 

mrell, rad5O and xrs2 strains (Lewis et al., 2002; Tsubouchi and Ogawa, 2000). A null 

exol mutation increases MMS sensitivity in mrell and rad50 mutants, while mrell exol 

double mutants are more delayed for HO-DSB resectioning than the single well mutant. 

Despite this seemingly compelling evidence , because Spol l-DSBs are still created and 

processed in an exol mutant, the Exol protein discounts itself as the primary activity of the 

DSB resectioning machinery. 

Interestingly, another potential role for Exol protein has been described in meiosis, that of 

promoting crossing over, to ensure accurate homologue disjunction at MI (Khazanehdari 

and Borts, 2000; Kirkpatrick et al., 2000). Strains mutant for EXOJ display reduced levels 

of crossing over, causing a reduction in spore viability, which is associated with 

homologous chromosome nondisjunction (reviewed in (Tran et al., 2004)). 
16 
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1.5.2 The MRX Complex and Genome Stability 

While Mrel I and Rad50 are highly conserved proteins, the Xrs2 sequence has diverged 

more rapidly, with Xrs2 substituted for human (h)Nbsl protein in the mammalian complex 

(Petrini, 1999; Tauchi et al., 2002). The metabolic defects observed in yeast null MRX 

mutants are also observed in mammalian cells. Chromosomal instability syndromes are 

caused by mutations in the mammalian MRX complex; Nijmegan breakage syndrome is 

caused by truncations in hNBSI, and Ataxia-telangiectasia-like disorder is caused by 

hypomorphic mutations of hMREI 1 (Stewart et al., 1999; Varon et al., 1998). Cells derived 

from sufferers of these disorders are characterised by common DNA damage response 

defects, that is hypersensitivity to ionising radiation and defective checkpoint responses. 

Thus both of these disorders cause genome instability, predisposing affected individuals to 

cancer (D'Amours and Jackson, 2002) (Petrini, 1999). 

1.6 Regulation of DSB Resectioning 

The 5'-3' DSB resectioning step, common to all homologous recombination pathways 

requires stringent control. The degree to which DNA is resected during DSB processing is 

critical to repair outcome. The generation of longer resection tracts can lead to the exposure 

of intramolecular flanking homologies, causing DSB repair to be directed along an 

intrachromosomal repair route, for example nonhomologous end joining (NHEJ) or SSA 

(SSA, Section 1.4.3). This may be advantageous to the cell, especially if a homologous 

chromosome is not available as a repair template. However intrachromosomal 

recombination does not fulfil the essential requirements of meiosis, that is, the generation 
17 
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of interhomologue crossovers. The risk of loss of heterozygosity, which would be increased 

in these deleterious repair processes, further highlights how critical the process of 

regulating DSB resectioning is. 

1.7 Repair Template Choice 

Mitotic recombination, which is required for DNA repair caused by replication problems or 

by exogenous factors (such as ionising radiation or genotoxins), is mediated by using sister 

chromatids as repair templates, by the RecA homologue Rad51 (Kadyk and Hartwell, 1992; 

Symington, 2002). However in meiosis, cells must respond to the programmed action of 

meiotic DSBs differently, by mediating DSB repair between nonsister chromatids. Thus, 

the preferential direction of DSB repair in meiosis is towards the homologous chromosome, 

which also requires the meiosis-specific RecA homologue, Dmcl protein (Bishop et al., 

1992; Schwacha and Kleckner, 1997). The bias shown by the meiotic cell is purposeful; 

permitting crossover formation exclusively between homologous chromosomes, not only 

maintains their tight association until reductional segregation, but also allows for the 

reciprocal exchange of genetic material between homologues. 

Still under investigation is whether the interhomologue bias displayed by meiotic cells is a 

manifestation of active promotion of interhomologue recombination, or active suppression 

of intersister recombination. Alternatively, a combination of both processes may be at 

work. 

Dmcl protein has a pivotal role in establishing and facilitating meiotic interhomolog 

exchange, along with Redl, Mekl, Rad5l, Rad55 and Rad57 (Schwacha and Kleckner, 
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1997; Wan et al., 2004). The loss of strand exchange function causes dmcl cells to 

accumulate Spoll-DSBs, with the broken DNA termini undergoing additional 5' to 3' 

resectioning (Bishop et al., 1992). However, whether Dmcl protein is a component that 

provides specificity for nonsister strand exchange is doubtful. It has been demonstrated that 

overexpression of Rad51 protein largely suppresses the recombination defect of a dmcl 

mutant (Tsubouchi and Roeder, 2003). While in other organisms that undergo Spo11-DSB 

mediated meiotic recombination, such as C. elegans and D. melanogaster, no Dmcl 

orthologue exists at all (Villeneuve and Hillers, 2001). 

As meiotic DNA strand exchange preferentially occurs between homologous chromosomes, 

even in the absence of Dmcl protein, the possibility of a block to intersistcr repair appears 

to be a feasible alternative to explain the observed repair bias. Recently, a separate 

mechanism for ensuring that crossovers occur between homologues only, has been 

described (Wan et al., 2004). This involves three meiosis-specific chromosomal core 

proteins, Mekl, Redl and Hopl. Activation of Mekl kinase, (which coincides with the 

formation of Spol1-DSBs), is thought to mediate inhibition of the proteins required for 

repair between sister chromatids, such as Rad54 (Wan et al., 2004). Thus, during Spol l- 

DSB processing, Mekl protein effectively creates a barrier to intersister repair, thus 

pushing repair towards the homologous chromosome (Wan et at., 2004). Further work on 

the Mekl protein complex has demonstrated that it is Hopi. activation of Mekl protein, 

through dimerisation, that enables Mekl to target proteins involved in intersister repair 

(Niu et al., 2005). 
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1.8 Origins of the Assay in this Study 

Repair of a meiosis-specific DSB has been previously studied in a different reporter assay 

(Neale et al., 2002). In that assay, a DSB created by VDE endonuclease was flanked by WT 

and mutant URA3 alleles (Figure 1.8a). Following formation of the VDE-DSB (Figure 

1.8b), four repair outcomes were possible: a gene conversion event using the arg4-bgl 

allele as repair template, yielding ARG4 (Figure 1.8c) or arg4-bgl alleles (Figure 1.8d), or a 

SSA event between the flanking URA3 homologous sequences, yielding deletion products 

ura3:: Ty (Figure 1.8e) or URA3 alleles (Figure 1.8f). Therefore, the assay was designed to 

distinguish between, and report on both interchromosomal and intrachromosomal DSB 

repair. 

1.9 Initial Aims 

To create a novel DSB repair assay for studying meiotic recombination; that does not 

require Spol l protein as the DSB catalyst, and is designed to report on intrachromosomal 

DSB repair only. 

Characterise a number of mutants for DSB repair and DNA resection tract length. 

Screen for novel mutants that affect regulation of DSB resectioning. 
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Materials and Methods 

Table 2.1 Escherichia coli Strains 
Name Genotype Source 
DH5a supE44 AlacU169(¢80 lacZZM15) hsdR17 recAl endAl 

rA96 thi-I relA1 
Laboratory 
Resource 

Table 2.2 Plasmids 
Name Description Source 
pAG72 kanMX4 cassette in pBS423 M. Lichten 
pAG73 XRS2 expression vector driven by PMJ704, V. Borde 

HOPI pro hphMX4 cassette 
pAG126 natMX4 cassette in pFA6 (Goldstein and McCusker, 1999) 
AG 157 hphMX4 cassette in pFA6 (Goldstein and McCusker, 1999) 

pAG304 xrs2-1 1 fragment in TA vector This Study 
(Invitrogen) (hAG 1161, primers xrs2- 
11 F/R, Table 2.4) 

pAG406 Precursor cassette, containing Dade2 PMJ113_115Aura3, M. 
ura3A arg4-nsp URA3 (clockwise Ramachandran and A. Goldman, 
orientation) Un ub. 

pAG407 pAG405 with arg4-VDE insert at BamHl PMJ113_115Aura3+URA3Rev, 
site (BamH! fragment from pAG404), This Study 
making Aade2 ura3A arg4-VDE URA3 
(anticlockwise orientation 

pAG408 pAG406 with arg4-VDE insert at BamHl PMJ 1 13_1 15Aura3+URA3, 
site (BamHI fragment from pAG404), This Study 
making Dade2 ura3A arg4-VDE URA3 
(clockwise orientation 

2.3 Saccharomyces cerevisiae Strains 

Table 2.3.1 Haploid Strains 

All haploid strains are derivatives of SKI (Kane and Roth, 1974), unless stated otherwise. 

All haploid strains are ura3 lys2 ho:: LYS2, unless stated otherwise. Only mutant alleles 

shown. 

Name Genotype Source 

hAG2 MATa t l:: hisG S55, M. Lichten 
hAG3 MATa trpl:: hisG S56, M. Lichten 
hAG55 MATa ura2 (URA3) S317, M. Lichten 
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hAG56 MATa ura2 (URA3) 5318, M. Lichten 
hAG287 MATa arg4-nsp, bgl leu2-K sae2:: kanMX 51195, V. Borde 
hAG320 MATa arg4-nsp dmclt\:: ARG4 DKB195, D. Bishop 
hAG416 MATa ade2A(EcoRV-Stul) arg4-nsp, bgl leu2-R 

nuclA:: LEU2 TFPI:: VDE 
(Neale et al., 2002) 

hAG417 MATa ade2A(EcoRV-Stul) arg4-nsp, bgl leu2-R 
nuc10:: LEU2 TFPI:: VDE 

(Neale et al., 2002) 

hAG418 MATa ade2A(EcoRV-Stu! ) arg4-nsp, bgl leu2-R 
nuc1A:: LEU2 

M. J. N and A. S. H. G 
(Unpub. ). 

hAG419 MATa ade2A(EcoRV-Stul) arg4-nsp, bgl leu2-R 
nuc1h:: LEU2 s oll Y135F -HA3His6:: kanMX 

(Neale et al., 2002) 

hAG678 MATa arg4-bglleu2:: hisG his4B:: LEU2 trp1 mre11- 
58s 

51359, H. Ogawa 

hAG684 hAG3 transformed with AG408 This Study 
hAG690 MATa cyh2-z rad50A:: hisG ORT4603, V. Borde 
hAG692 MATa arg4-nsp, bglleu2-Kxrs2A:: kanMX ORT4620, V. Borde 
hAG693 MATa arg4-nsp, bgl leu2 mre110:: kanMX ORT4700, V. Borde 
hAG695 hAG2 transformed with AG407 This Study 
hAG1161 
(W303) 

MATa-inc ADH4cs:: HIS2 adel his2leu2 trp1 ura3 
xrs2-11:: KANMX 

KSC1621, (Nakada et 
al., 2003 

Table 2.3.2 Diploid Strains 

All diploid strains are SKI, MATa/a and homozygous for ura3 lys2 ho:: LYS2, unless stated 

otherwise. Only mutant alleles shown. 

Name Genotype Source 
dAG630 ade2:: URA3 -(arg4-VDE. ura3) trpl:: hisG ARG4 This Study 

Aade2(EcoRV-Stuf) TRP1 arg4-nsp, bgl 
LEU2 TFPI 
leu2-R nuc1z:: LEU2 TFPI:: VDE 

dAG646 ade2:: URA3 -(arg4-VDE, ura3) trpl:: hisG ARG4 This Study 
Aade2(EcoRV-Stuf) TRP1 arg4-nsp, bgl 
LEU2 
leu2-R nuc10:: LEU2 

dAG649 ade2:: URA3 -(arq4-VDE, ura3) trpl:: hisG ARG4 This Study 
Aade2(EcoRV-Stu! ) TRP1 arg4-nsp, bgl 
LEU2 TFPI 
leu2-R nuc1&:: LEU2 TFPI:: VDE 

dAG720 ade2:: URA3 -(arg4-VDE, ura3) trpl:: hisG ARG4 This Study 
Aade2(EcoRV-Stu! ) TRP1 arg4-nsp, bgl 
LEU2 TFPI:: VDE 
leu2-R nuc10:: LEU2 TFPI:: VDE 

dAG732 ade2:: URA3 -(arg4-VDE, ura3) trpl:: hisG leu2 This Study 
Aade2(EcoRV-Stul) TRP1 1eu2 nucl:: LEU2 
ARG4 TFPI mek1A:: LEU2 

ade2:: URA3' denotes opposite orientation of URAS in Inverted Cassette strain, dAG649 
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ar 4-ns TFPI:: VDE meklA:: LEU2 
dAG759 ade2:: URAS-(arg4-VDE, ura3) leu2-R This Study 

Aade2(EcoRV-Stuf) leu2-R nuci. 1:: LEU2 
arg4-nsp, bgl TFPI spo 11(Y135F)-HA3His6:: kanMX 
a 4-ns ,bl TFPI:: VDE s o11 Y135F -HA3His6:: kanMX 

dAG946 ade2:: URA3-(arg4-VDE, ura3) trpl:: hisG ARG4 This Study 
Aade2(EcoRV-Stuf) TRPI arg4-nsp, bgl 
LEU2 TPFI xrs2:: kanMX 
leu2-R TFPI:: VDExrs2:: kanMX 

dAG951 ade2:: URA3-(arg4-VDE, ura3) ARG4 LEU2 This Study 
Aade2(EcoRV-Stul) arg4-nsp, bglleu2:: hisG 
TFPI rad50A: hisG 
TFPI:: VDE rad50A: hisG 

dAG975 ade2:: URA3-(arg4-VDE, ura3) trpl:: hisG arg4-bgl This Study 
Aade2(EcoRV-Stu! ) TRPI arg4-bgl 
LEU2 TFP1 mre11-58s 
his4:: LEU2 TFP I:: VDE mre ll -58s 

dAG 1000 ade2:: URA3-(arg4-VDE, ura3) leu2-K ARG4 This Study 
Aade2(EcoRV-Stuf) leu2-R arg4-nsp, bgl 
TFPI NDT80 xrs2:: kanMX 
TFPI:: VDE ndt80:: NATMX xrs2:: kanMX 

dAG1010 ade2:: URA3-(arg4-VDE, ura3) LEU2 arq4-nsp, bql This Study 
Aade2(EcoRV-Stu! ) leu2-R arg4-nsp, bgl 
TFPI mreIIA:: kanMX 
TFPI:: VDE mre 1lA:: kanMX 

dAG1093 ade2:: URA3-(arq4-VDE, ura3) ) LEU2 ARG4 This Study 
Aade2(EcoRV-Stuf) jeu2-K arg4-nsp, bgl 
TFPI ndt80:: NATMX xrs2:: kanMX 
TFPI:: VDE ndt80:: NATMX xrs2:: kanMX 

dAG1200 ade2:: URA3-(arg4-VDE, ura3) LEU2 This Study 
Aade2(EcoRV-Stuf) leu2-R nuc10:: LEU2 
ARG4 TFPI sae2:: kanMX 
ar 4-ns ,bl TFPI:: VDE sae2:: kanMX 

dAG1215 ade2:: URA3-(arg4-VDE, ura3) trpl:: hisG 1eu2 This Study 
Aade2(EcoRV-Stul) TRPI leu2 nucl:: LEU2 
ar0-nsp, bgl TFPI meklA:: LEU2 sae2:: KanMX 
a 4-ns TFPI:: VDE meklA:: LEU2 sae2:: KanMX 

dAG1236 ade2:: URA3-(arq4-VDE, ura3) LEU2 ARG4 HIS4 This Study 
Aade2(EcoRV-Stul) leu2-R arg4-bgl his4B 
TFPI rad54A 
TFPI:: VDE rad54A 

dAG1265 ade2:: URA3-(arq4-VDE, ura3) LEU2 arg4-nsp TFP1 This Study 
Aade2(EcoRV-Stuf) leu2-R arg4-nsp TFPI:: VDE 
dmclA:: ARG4 
dmc1L:: ARG4 

dAG1271 ade2:: URA3-(arq4-VDE, ura3) LEU2 This Study 
Aade2(EcoRV-Stuf) leu2-R nuc10:: LEU2 
ARG4 trp1:: hisG TFP1 xrs2-11:: kanMX 
a 4-ns ,bl TRP1 TFPI:: VDE xrs2-11:: kanMX 

dAG1284 ade2:: URA3-(arg4-VDE, ura3) leu2-R arg4-nsp This Study 
Aade2(EcoRV-Stuf) leu2-R nuclA:: LEU2 arg4-nsp 
TFP1 dmclA:: ARG4 s oll Y135F -HA3His6.: kanMX 
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TFPI:: VDE dmclA:: ARG4 s o11 Y135F -HA3His6:: kanMX 
dAG1300 HO TRP1 1eu2 VMAI-201 exolA:: kanMX YOC3121 

ho:: hisG trill leu2 LEU2:: VMAI:: URA3 exo1E:: kanMX (Fukuda et 
al., 2003) 

dAG1305 ade2:: URA3-(arg4-VDE, ura3) trpl:: hisG LEU2 ARG4 This Study 
Aade2(EcoRV-Stul) TRP1 leu2-R arg4-nsp, bgl 
TFPI exolA:: kanMX 
TFPI:: VDE exolh:: kanMX 

2.4 PCR Primers 

Synthesised by MWG-Biotech, with high-purity salt free purification 
Name DNA Sequence Description 
MN03 GGTACAATCACTTGGATTGCTCC TFPI locus 
MN04 AAGCTTCTCTGGCTGCAACCGGC TFPI locus 
xrs2-11 F TGAGGGACAGTCATAGCGG XRS2 locus 
xrs2-11 R AGAGGCTACGTTGTTCTGGC XRS2 locus 
XRS2-F AACGTGGGTACAGACGGG XRS2 locus 
XRS2-R CAAGAGTTGCCAAAGACGGG XRS2 locus 
drugpromotor CCTTGACAGTCTTGACGTGC TEF promoter 
drugterminator CAGATGCGAAGTTAAGTGCG TEF terminator 
Leftconstruct F GCCCAATGTGTCCATCTGAC ADE2 locus, (upstream) 
Leftconstruct R GCCTGTTTGCTGCCTCAAC ADE2 locus, (upstream) 
ABO1 CTTGTTGCATGGCTACGAACCG 5' ADE2 locus 
AB02 CCCAATGCGTCTCCCTTGTC 5' URA3 locus 
AB03 TAGGCGTATCACGAGGCCC pBR322 specific 
AB04 ATCCTCGGTTCTGCATTGAGCC ADE2 locus, (downstream) 
se P1 F CCCTGAGCTGCGCACGTCAAG XRS2 ORF 
se P2 F CGGATCTGAAACACAGTAGC XRS2 ORF 
se P3 F GGCTGAATAATATCAGAGTG XRS2 ORF 
se P4 F CCCAACATTGCAGAGGCAG XRS2 ORF 
se P5 F CGCACGCATTTGTTGAAGC XRS2 ORF 
se P6 F GGGCACAGAAGAAAACGAAG XRS2 ORF 

2.5 Growth Media and Stock Solutions 

All media and stock solutions were made in dH2O and autoclaved at 15lbs/in2 for 15min at 

121°C, or filter sterilised through 0.45um filters. UP-H2O used in DNA reactions, was 

distilled water passed through a Millipore system and autoclaved to make it ultra pure. 

Reagents were mainly from the companies Sigma-Aldrich, Difco and BDH. Percentage 

concentrations given throughout the study are w/v for solid and v/v for liquid chemicals. 
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