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The repair of a site-specific DNA double-strand break 

during meiosis 

Rebecca Anna Johnson 

Meiotic recombination is initiated by DNA double strand breaks (DSBs), catalysed 
by the protein Spol I (Spol lp-DSBs). In meiotic cells, repair of the Spol lp-DSBs 
is directed towards the homologous chromosome, establishing physical 
connections between homologous chromosome pairs. It is these physical 
connections, visualised genetically as chiasmata that facilitate appropriate 
segregation of chromosomes during the first meiotic division, and thus prevent 
aneuploid progeny. 
A reporter cassette that suffers a Spollp-independent DSB, VDE-DSB, was 
utilised through out this study. This reporter cassette can be used to examine 
many facets of meiotic DSB repair; including template choice, repair kinetics and 
the genetic regulation of 5' to 3' resectioning of DNA. 
In cells mutant for DMCI repair of the VDE-DSB was prevented; this was not 
dependent upon cell cycle. The dmc]A block was relieved when made doubly 

mutant with certain recombination genes, leading to the development of a Dmclp- 
dependent pathway for repair. 
A correlation was identified between the prevention of VDE-DSB repair and the 
amount of ssDNA within a cell, leading to the hypothesis that sequestration of 
repair machinery was responsible for the block of repair in dmc]A cells. 
Chromatin immunopreciptation (ChIP) was utilised to identify that Rfa-1, a 
subunit of RPA, was in limited supply at the VDE-DSB when compared to a 
Spol lp hotspot, in dincIA cells. This data suggests that sequestration of ssDNA 
binding proteins is be responsible for the block of repair found in dmc]A cells. 
Mrellp and Exolp function during VDE-DSB repair was also assayed. Mrellp 
was found to have a direct role in regulation of resectioning at VDE-DSB -a role 
downstream of its accepted involvement in removal of Spol lp from the break site. 
exo1A cells were found to have a very severe phenotype with an almost total lack 

of repair. This study has implicated Exolp in the initiation and processivity of 
resectioning at the VDE-DSB. 
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ADE adenine 

AE axial element 
Ade+ adenine prototrophic 

amp ampicillin 

ampR ampicillin resistance 

BLM Bloom SYndrome 

BSA bovine serum albumin 

C. elegans Caenorhabditis elegans 
0C degrees Celsius - 

CE central element 
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C-terminal carboxy-terminal 
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dAG diploid strain number 
DAPI 4', 6-diamidino-2-phenylindoline 

dH20 deionised. water 
DNA deoxyribonucleic acid 
dNTP deoxynucleotide triphosphate 
DSB(s) double strand break(s) 

ds double stranded 
E. coli Escherichia coli 
EDTA ethylene-diaminetetraacetic acid 
FISH fluorescence in situ hybridisation 

5-FOA 5-fluoroorotic acid 
G418 G418 Disulphate 
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hAG haploid strain number 
HO hornothallic 

HR homologous recombination 
hr hour 

IR ionising radiation 
KAc potassium acetate 
kb kilobases 

I litre 

LE lateral element 

IL9 microgram 

[d microlitre 
M mole 

mm millimolar 

mbar millibar 

mg milligram 

min minute 

MI. millilitre 
MI/Il first/second meiotic division 

MMS methyl methanesulphonate 

MNase micrococcal nuclease 

MRX Mrel lp/Rad50p/Xrs2p complex 

ODx optical density.., 

ORF open reading frame 

pAG plasmid strain number 

PAGE Polyacrylamide Gel Electrophoresis 

PCR polymerase chain reaction 

PEG3500 polyethylene glYCO13500 

rpm revolutions per minute 

RT Room Temperature 

S. cerevisiae Saccharomyces cerevisiae 
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S. pombe Schizosaccharomyces pombe 

Sc synthetic complete (medium) 

SC synaptonemal complex 

SDSA synthesis dependent strand annealing 

sec seconds 

ss single stranded 

SSA single strand annealing 

SPB spindle pole body (microtubule organising centre) 

2TY 2x tryptone, yeast extract 

Unpub. unpublished 

URA uracil 

UV ultraviolet 

UP-H20 ultra pure water 

VDE VMA1-derived endonuclease 

v/V volume by* volume 

w/o without 

W/V weight by volume 

W/w weight by weight 

VV7 wildtype 

YEPD Yeast extract peptone D-glucose 
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Nomenclature 

Wildtype genes are referred to in italicised capitals, e. g. SPOII 

Mutant genes are referred to in lowercase italics, e. g. spoll 

A indicates that a gene has been deleted from a strain 

Proteins are referred to in non-italic, with first letter capitalised, e. g. Spol 1 

For emphasis, the suffix, p, is added to proteins, e. g. Spol lp 

Full Latin names of organisms are italicised, e. g. Saccharomyces cerevisiae 

TFPIITFPI indicates homozygosity at the TFPI allele 

TFPI:: VDEITFPI indicates heterozygosity at the TFPI allele 

spollf represents the spoII-YI35F-HA3His6:: KanMX allele 

Aproduct refers to the deletion product in figure legends 
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Chapter One - Introduction 

Chapter One 

Introduction 

1.1 Saccharomyces cerevistae 

Saccharomyces cerevisiae (S. cerevisiae), known also as baker's yeast, is a single 

celled eukaryote that has been established as an organism of immense importance 

in the understanding of eukaryotic molecular genetics. S. cerevisiae organises its 

small 14 Mb genome into 16 linear chromosomes. This genome has been fully 

sequenced and annotated, greatly assisting the advance of molecular biology 

techniques and the subsequent understanding of higher eukaryotic organisms. 

S. cerevisiae is an ideal model organism for the study of meiosis, as changes in the 

environment, e. g. the deprivation of glucose and nitrogen, and the presence of a 

non-fermentable carbon source (e. g. potassium acetate) can activate meiosis. The 

production of spores following meiosis greatly facilitates the examination of 

meiotic products, as they remain tightly associated thanks to the spore coat. 

I 

1.2 Meiosis - An introduction 

Mciosis is the process of cell division that results in the halving of chromosome 

number. It is the mechanism by which gametes are formed; hence it is essential 
for sexual reproduction. In a manner analogous to that of mitosis, initially the 

chromosomes are replicated, resulting in the production of two identical sister 

chromatids. The meiotic cell then undergoes two successive rounds of division, in 

stark contrast to mitosis in which only one divisional event occurs. The first of the 
I meiotic divisions (MI) separates the homologous chromosomes, referred to as 

reductional division. This is followed by a second round of division (MII) that 

serves to separate the sister chromatids, which is termed equational division. It is 

the tightly regulated control of the segregation events that prevents aneuploid 

1 



Chapter One - Introduction 

progeny. The process of meiosis results in the production of genetically distinct 

daughter cells, all four of which have a haploid genotype containing one copy of 

each sister chromatid. Figure 1.1 is a comparison of divisional events during the 

mitotic and meiotic cell cycles. 
Meiosis is a highly controlled and ordered event, which if allowed to proceed 

without the necessary tight regulation, can result in the production of aberrani 

chromosome numbers. Aneuploid meiotic progeny, as a result of meiosis I non- 
disjunction, is a rare event in unicellular organisms. Only approximately I in 

10,000 meioses result in aneuploid spores (e. g. monosomic diploid or disomic 

haploid). In S. cerevisiae disomy is tolerated (Sears et al., 1992), but inviable S. 

cerevisiae cells occur when a haploid lacks one of the 16 chromosomes, as all 16 

chromosomes encode essential genes. Conversely, in multicellular organisms the 

frequency of meiosis I non-disjunction is widely varied. Studies using murine 

models have shown a much higher frequency with I%-2% of all fertilisations 

containing an aneuploidy (Hassold and Hunt, 2001). In humans, aneuploidy is the 

most commonly identified chromosomal abnormality, with an estimated 10 - 25 % 

of all fertilisations containing an aberrant chromosome number. Among liveborns, 

the most common forms of aneuploidy is trisomy chromosome 21 (Down's 

Syndrome), trisomy chromosome 13 (Patau Syndrome), and a number of sex 

chromosome disorders (XXX syndrome in females; XXY - Klinefelter's 

Syndrome, and XYY syndrome in males) (Hassold et al., 1995). 

1.2.1 Meiotic prophase 

The process of meiosis I is a far lengthier event than that of meiosis II or mitosis. 

This is thought to be due to the increased complexity of the event and the 
formation of the Synaptonemal Complex (Synaptonemal Complex; SQ, a 

meiosis I specific structure. Throughout the first stage of prophase I: leptotene, 

the chromosomes are observed as thread-like' structures in which no single 

chromosome is perceptible to be separate from the others. As of yet, no 

2 
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Figure LI: Comparison of Mitosis and Meiosis. Prior to the one mitotic and two 

meiotic nuclear division(s), the chromosomes are replicated to create sister chromatids. 
(a) During mitosis, sister chromatids are associated through sister chromatid cohesion to 

ensure bipolar orientation on the inctaphase plate. Spindle fibers from opposite poles 
become attached to the sister kinetochores, and via pole-ward forces, the chromosomes 
become appropriately orientated. At anaphase, loss of sister chromatid cohesion along the 

chromatid arms, permits sister chromatid disjunction to opposite poles (b) Prior to the 
first meiotic division, homologous chromosomes become aligned and recombine, creating 

crossovers. Connected homologues 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. Loss of sister chromatid cohesion in the 

centromeric regions marks anaphase II, permitting the disjunction of sister chromatids 
(figure adapted from Zickler and Kleckner, 1998). 
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underlying organisation or structure has been identified (Zickler and Kleckner, 

1999). During zygotene the chromosomes can then be seen to pair with their 

homologue and synapse along their length. The homologues themselves are 
brought together in separate processes. Firstly, the chromosomes colocalise to the 

same physical space. After co-localisation the chromosomes co-align, this results 
in the structural axis. During the first meiotic division, it is the homologues and 

not the sister chromatids that are separated. At the onset of zygotene, the 

chromosomes begin to condense and can be visualised individually. As this 

condensation event takes place, the chromatin structure of the chromosomes is 

simultaneously altered, resulting in a highly ordered array of loops. It is the 

underside of these loops that go on to form the chromosomal axes (Zickler and 

Kleckner, 1999). Figure 1.2 shows the MI and M11 events and divisions in Secale 

cereale microsporocytes. 

1.3 Prophase in detail 

During prophase I striking modifications to chromosome organisation in the 

meiotic nucleus occur. Gross conformational changes occur including: 

chromosome condensation, pairing, and synapsis. Recombination occurs 

preferentially between homologous chromosomes and alters chromosomal 

conformation at the nucleotide level, in the generation of gene conversions, and at 

the structural level, in the formation of chiasmata. 

1.3.1 Sister chromatid cohesion 

Sister chromatid cohesion is established during S-phase as shown through in situ 
hybridisation experiments (Guacci et al., 1994). Sister chromatid cohesion 

prevents the precocious separation of sister chromatids during attachment on the 

mitotic spindle. In mitotic cells a multisubunit complex ii required for cohesion 
between sister chromatids, comprising of cohesion proteins: SmClp, Smc3p, Scclp 

3 
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Figure 1.2: Meiotic divisions I and 11 in the rye Secale cereale microsporocytes. (a-f) 

Prophase 1, (a) early zygotene; chromosomal condensation and early pairing. (b-d) early to 
late pachytene; continued chromosomal condensation and homologue pairing, followed by 

synapsis. (e) Diplotene; progressive loss of sister chromatid cohesion. (f) Diakinesis; 

homologous chromosomes are distinguishable, connected by chiasmata. (g, h) Metaphase 

1; homologous chromosomes align on the MI spindle. (i, j) Anaphase 1; reductional 

segregation of homologues. (k) Telophase 1. (1) Prophase 11. (m) Metaphase II; sister 

chromatids align along the MII spindle. (n) Anaphase II; equational segregation of sister 

chromatids. (o) Four haploid pollen cells (Bar = 514m) (Figure taken from Zickler and 
Kleckner, 1998). 
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and Ssc3p. In meiotic cells, this sister chromatid cohesion is mediated through the 

Scclp orthologue Rec8p (Klein et al., 1999) (Miyazaki and Orrweaver, 1994), 

although Scclp cannot substitute for Rec8p in meiosis, probably due to Rec8p's 

additional involvement in recombination and SC formation (Yokobayashi et al., 

2003). At the first meiotic division the sister chromatids remain tightly associated 

with cohesion only lost distal to the crossover (Reviewed in (Nasmyth et al., 

2000)). Sgolp (shugoshin), from S. cerevisiae, has recently been shown to have 

sequence similarity to MEI-S332p of Drosophila melanogaster, a protein required 

for the persistence of cohesion at the centromeres at meiosis I CLee and Orr- 

Weaver, 2001). Studies have. shown that Sgolp is required for maintenance of 

Rec8p at centromere locations during meiosis I (Katis et al., 2004). 

1.3.2 Genetic control of homologous chromosome alignment 

The bringing together of homologous pairs is achieved by three concurrent 

processes: pairing, recombination and synapsis. It has been recently proposed that 

these three processes are mechanistically related, as discussed by Agarwal and 

Roeder (Agarwal and Roeder, 2000; Tsubouchi and Roeder, 2003; Henderson and 

Keeney, 2004; Petukhova et al., 2005). This hypothesis has been forwarded as 

proteins functioning in all three processes are shared, which would explain how 

the three processes could be so intimately linked (Agarwal and Roeder, 2000; 

Chen et al., 2004). Furthermore, if proteins were shared amongst these processes, 

once pairing is initiated, synapsis and recombination would be automatically 

activated. 

Although the mechanism of homologue pairing is not fully understood, there 

appears to be a link with recombination. FISH (Fluorescent in situ hybridisation; 

FISH) studies in S. cerevisiae have shown that the number of pairing sites is 

similar to the number of recombination events. An observation that supports the 

hypothesis that early pairing events later serve as initiation of recombination sites 

(Weiner and Kleckner, 1994). 
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In yeast both Hop2p and Mndlp are known to be involved in homologue pairing; 

it has recently been suggested that they are specifically involved in facilitating 

homologue recognition. hop2A cells fail to pair and possess an inability to repair 

DSBs; this persistence of unrepaired DSBs triggers the pachytene checkpoint and 

the cells arrest. hop2A cells are found to have a complement of SCs that have 

formed between non-homologous chromosomes (Leu et al., 1998). mnd]A cells 

also arrest at the pachytene stage, with arresting cells lacking a mature SC 

complement. Interestingly, Hop2p and Mndlp are known to act in concert as they 

form a heterodimer termed H2M,, (Tsubouchi and Roeder, 2002). A putative role 

of the heterodimer is in that of homologue pairing (Chen et al., 2004; Petukhova et 

al., 2005). 

1.3.3 Formation of the bouquet 

The term 'bouquet' is given to the structure formed during the organisation of the 

telomeres to a distinct nuclear lamina location, occurring at the leptotene/zygotene 

transition, concurrent with the formation of DNA Double Strand Breaks (Double 

Strand Breaks; DSBs). The formation of a bouquet results in the anchoring of 

chromosome ends to the inner membrane of the nuclear membrane, close to the 
Spindle Pole Body (Spindle Pole Body; SPB) (Zickler and Kleckner, 1999). The 

bouquet is a meiosis specific structure, however, its precise role is still unknown. 
It has been suggested that the bouquet may have a role in chromosome pairing, as 

ndjl mutant cells, which do not form the bouquet, have been shown to exhibit a 
two hour delay in alignment, suggesting that Ndjlp promotes homologue pairing 
but is not essential (Trelles-Sticken etaL, 2000). Ndjlp (Tamlpin mammals) is a 

meiosis specific protein, which localises to the teIomeres (Conrad et aL, 1997; 

Trelles-Sticken et aL, 2000). An increase in ectopic recombination (recombination 

between homologous inserts on non-homologous chromosomes) is also seen in 

ndjl cells (Goldman and Lichten, 2000). This suggests that Ndjlp and by 
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inference the bouquet, functions to restrict deleterious homologous recombination 
between repeated sequences (Goldman and Lichten, 2000). 

Currently, how the bouquet formation facilitates pairing is not fully known. In a 

number of organisms including Silkworms and Mouse, the first chromosome 

regions to undergo synapsis are the telomeres (Rasmussen, 1986; Scherthan et al., 
1996). However, detailed examination in human spermatocytes reveals that 

telomeric synapsis may precede bouquet formation (Rasmussen, 1986). If the 
hypothesis that pairing initiates in the telomeres is correct, (present in, or prior to 

the bouquet), as these studies suggest, zippering up of paired contacts in a 

telomere to interstitial direction would increase the likelihood of producing 
interlocks between heterologous chromosomes (A possibility discussed in Zickler 

and Kleckner, 1998). Even though interlocks are rare during the late stages of 

prophase I (discussed in Zickler and Kleckner 1998), there is evidence that they 

occur frequently during zygotene, suggesting that synapsis does indeed proceed in 

a telomere to interstitial direction (Rasmussen, 1986). However, as interlocks are 

rare in pachytene, some authors suggest that the formation of the bouquet, or entry 
into and out of the bouquet facilitates only the juxtaposition of telomeric regions, 

which would otherwise associate poorly (Zickler and Kleckner, 1998) 

Additional chromosome movements take place during the meiotic cell cycle; 

rotational chromosome movements during prophase have been detected in the 

fission yeast Schizosaccharomyces pombe (S. pombe) -a period of dramatic 

nuclear movement occurs during meiotic prophase. For two to three hr, the 

telomeres move back and forth between the cell poles (Svoboda et al., 1995; 

Hiraoka et aL, 2000). These chromosome movements have been shown to be 

sensitive to microtubule inhibitors, suggesting the reorganisation is dependent 

upon microtubule polymerisation and depolymerisation (Svoboda et aL, 1995). It 

has been suggested that these chromosome movements may serve to increase the 

probability (per specified unit of time) that homologous sequences are in contact, 

and thus benefit the pairing of homologous sequences (Zickler and Kleckner, 

1998) 
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In essence, the role of the bouquet is thought to be in the facilitation of the 

reorganisation of the chromosomes, thus assisting in the juxtaposition of the 

homologues. After the bouquet structure breaks down, movements of the 

chromosomes appears to cease. As the cells enter pachytene the SC links the 

homologues to one another. 

1.3.4 The synaptorlemal complex 

The synaptonernal complex is a meiosis-specific, tripartite proteinaceous structure 

that functions to assist the exchange of genetic material between homologues 

(reviewed in (Heyting, 1996)). The SC is an important feature of the meiotic 

chromosome, perhaps illustrated by its presence in a wide range of unrelated 

organisms from S. cerevisiae to D. melanogaster, though there may be subtle 

differences at the ultra-structure level. In S. pombe and Aspergillus nidulans there 

is no SC formation, although in S. pombe Lateral Elements, components of mature 

SCs similar to those formed in S. cerevisiae, are found. 

1.3.5 The structure of the SC 

The detailed knowledge of the SC has been possible due to the identification of 

several protein subunits form purified SCs. Formation of the SC begins as the 

chromosomes condense in early leptotene. The establishment of the SC is 

progressive and initiates with the production of the Axial Elements (Axial 

elements; AEs) - an assembly of rod like structures, which extend down the length 

of the chromosomes and go on to form the Lateral Elements (Lateral Elements; 

LEs). So far, three proteins have been identified as components of the LEs: 

Hoplp, Redlp and Ziplp, with Hoplp and Redlp both localising to the AEs, and 
Ziplp localising to the Central Element (Central element; CE) (Smith and Roeder, 

1997). The CE is the name given to the structure that runs down the length of the 
SC, at an equal distance from the LEs. The LEs are then connected to the CE via 
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an additional component termed the transverse filament (the 'zip') (Zickler and 

Kleckner, 1999). The assembly of the SC was determined by Electron Microscopy 

of meiotic spreads and sectioning techniques (Moses and Solari, 1976) and more 

recently, the 3-D structure of the SC was revealed by Electron Tomography 

(Schmekel et al., 1993). Figure 1.3 shows a proposed model for the structure of 

the SC, and its relative position on the chromatin of the homologous 

chromosomes. 
The relationship between chromosome synapsis and recombination- appears to 

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

for SC formation, still create Spollp-DSBs, whilst in cells mutant for SPO11, 

where meiotic DSBs are prevented, SC formation is also blocked. This implies that 

in yeast, Spoll-DSBs are not only initiated before synapsis, but they are also a 

necessity for the formation of the SC. Hence, synapsis is not required for the 

initiation of recombination. This is in unity with studies of the timing of 

recombination and synapsis in S. cerevisiae, where it was described that meiotic 

DSBs were initiated in early prophase, prior to the appearance of the SC (Padmore 

et al., 1991). However, this is not true for Caenorhabditis elegans or 

D. melanogaster females where full SCs form in cells lacking SPO11 orthologues 

(Dernburg et al., 1998; McKim and Hayashi-Hagihara, 1998). Converseiy, in A. 

nidulans and S. pombe, organisms that do not form SCs, recombination still 

occurs. In Coprinus comatus cells lacking functional Spollp, synapsis can be 

restored if artificial DSBs are introduced (Celerin et al., 2000). 

Events downstream of the initiation of recombination can also be influenced by the 

start of synapsis in S. cerevisiae. Mutants that form WT levels of Spol lp-DSBs 

but are defective in DSB repair, e. g. dmc]A and therefore accumulate 

recombination intermediates, form only partial SCs (Prinz et al., 1997). 

The breakdown of the SC leads to homologue separation over much of the length 

of the previously synapsed. bivalent. It is at this stage, diplotene that the only 

remaining homologue contacts are at a few points known as a chiasma. Chiasmata 

are visible cytologically because they mark the site of non-sister chromatid 
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Figure 1.3: Proposed model of the structure of the synaptonernal complex. A 

model in cross section taken through the synaptonernal complex, and its relative 

position on the chromatin of homologous chromosomes. The position of the Lateral 

Elements (LE), the Transverse Filaments, the Central Element (CE), the 

cohesin/condensin complexes (blue) and the additional proteins of the Lateral 

Elements (green) (figure taken from Page and Hawley, 2004. ) 
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exchange between the homologues of a bivalent. In organisms with large, well- 

defined chromosomes (e. g. Grasshopper, Chorthippus parallelus) the four sister 

chromatids become visible at diplotene. This permits the visualisation of 

chromatid exchange at the point of each chiasma. Figure 1.4 shows a diplotene 

bivalent taken from C. parallelus, four crossovers, visualisedý as chiasmata, are 

seen between the maternal and paternal homologues. 

1.4. Recombination 

In yeast meiosis, recombination is initiated by approximately 200 DSBs, catalysed 

by the protein Spollp (Keeney and Kleckner, 1995; Keeney et aL, 1997). All 

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

DSBs; 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, includes the observed increase in 

recombination frequency when DSBs are introduced into WT cells (Kolodkin et 

al., 1986; Malkova et al., 1996) and the correlation shown between DSB formation 

and recombination kinetics (Cao et al., 1990; Padmore et al., 1991; Goyon and 

Lichten, 1993). 

1.4.1 Formation of the Spollp double strand break 

Meiotic DSB formation in S. cerevisiae has an absolute requirement for the protein 

products of at least 11 genes, MER, MERI, MER2, RECI02, RECI04, RECI14, 

MRE2 and SPOH, which are all meiosis-specific, plus MREII, RAD50 and XRS2. 

Null mutations of any of these genes abolish both DSB formation and meiotic 

recombination (comprehensively reviewed Krogh and Symington, 2004). 

Spollp shares homology with TOP6A, the catalytic subunit of archeal type II 

topoisomerase from Sultalobus shibatare (Bergerat et al., 1 997). In S. cerevisiae, 

DSBs, Holliday Junctions (Holliday Junctions; HJ) - recombination intermediates, 
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Figure IA: A homologous chromosome pair. This is a diplotene bivalent taken from 

Chorthippus parallelus. Four crossovers have formed between the maternal and paternal 

homologues. Crossovers, which are sites of recombination, are visualised as chiasmata, 

iind iirc indicated by the four arrows (figure taken from John et al., 1990). 
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and mature recombination products, do not form in the absence of Spo IIp (Cao et 

al., 1990; Schwacha and Kleckner, 1994). Homologous chromosomes also fail to 

synapse, as is also true for mouse cells (Baudat et al., 2000). 

In mammalian cells, meiotic DSB formation has been inferred from Spollp- 

dependent phosphorylation of H2AX (Mahadevaiah et al., 2001); a hallmark of 
DNA damage in mitotic cells (Rogakou et al., 1998; Rogakou et al., 1999; Downs 

et al., 2000). Furthermore, Spollp orthologues have been identified in many 

species, where, like in S. cerevisiae, they are essential for meiotic recombination 
(S. pombe, (Lin and Zakian, 1994); C. comatus, (Celerin et al., 2000), (McKim 

and Hayashi-Hagihara, 1998); C. elegans, (Dernburg et al., 1998); mice, (Keeney 

et al. 'l 1999; Baudat et al., 2000); Arabidopsis thaliana, (Hartung and Puchta, 

2000)). All identified Spol I/Top6A orthologues contain a tyrosine residue within 

one of five conserved motifs (Keeney, 2001). Type VI-topoisomerases (a sub 

class of type Il topoisomerases), catalyse DNA cleavage by attacking a 

phosphodiester linkage with a tyrosine residue. During catalysis, the tyrosine 

residue becomes the site of covalent linkage between protein and 5' end of the 

DNA substrate (Champoux, 2001). Site-directed mutagenesis of this conserved 

tyrosine residue (Y135) in S. cerevisiae prevents meiotic DSB formation, 

consistent with a topoisomerase II-like mechanism of catalysis (Bergerat et al., 

1997). 

1.4.2 Location of the DSB 

The location and quantity of DSBs are influenced by chromatin structure. This 

can be demonstrated by the positive correlation between sites of DSBs and in vitro 

nuclease hypersensitivity, indicative of open regions of chromatin. These areas of 

hypersensitivity also undergo a meiosis specific structural change within the 

chromatin (Keeney and Kleckner, 1995). Little is known with certainty about the 

determining factors for the location of Spol lp-DSBs, though work carried out by 

Gerton et al., (2000). It has been shown that DSBs are located preferentially in 
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chromosomal regions that are at least three percent more GC-rich than the 

chromosome average. One promising rationalisation for hotspot activity in GC 

rich regions could be indirect, and due to absence of cohesion complexes, which 
bind AT rich regions (Blat and Kleckner, 1999); this could facilitate recombination 

machinery gaining access to the hotspot (Gerton et al., 2000). DSB hotspots may 

also be related to chromatin loop structure, with DSBs only forming in axis- 

associated sequences. However, in the S. cerevisiae study carried out by Gerton et 

al., (2000), the average distance between hotspots (54 kb) is greater than the 

average chromatin loop size 20 kb; (Moens et al., 1998) indicating that not all 
loops are DSB hotspots. 

Even though Spo 11 p-DSB s do not appear to be sequence specific, they do occur 

with a high prevalence in potential transcription promoter regions (Baudat and 

Nicolas, 1997). This again supports the hypothesis that chromatin structure 

influences DSB location. 

A hallmark of DSB formation is the phosphorylation of histone H2A. This 

modification spreads up to 40 kb each side of the DSB. Tsukuda and colleagues 

have shown that in close proximity to a DSB there is a phosphorylation event of 

H2A, followed by loss of the histones H2B and H3. After this histone 

modification the chromatin shows an increased sensitivity to micrococcal nuclease 

(Usui et al., 200 1). 

1.4.3 Removal of the covalently bound Spollp 

For many years, it was unknown how the Spo II protein was released form the 

break site. There were two theoretical models proposed for the release of Spol lp, 

firstly by a single stranded nucleolytic cleavage reaction downstream of the 

cleavage site, releasing a Spollp monomer bound to an oligonucleotide, and a 

resected DSB. The second model involves the hydrolysis of a tyrosine residue; this 

would then release Spo IIp monomers with a5 ý-phosphate terminus on the cleaved 

strand of the DNA (Keeney et al., 1997; Neale et al., 2005). Figure 1.5 illustrates 
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Figure 1.5: Alternative Mechanisms for Spollp Protein Release. Spoil protein 

creates rneiotic DSBs via a reversible transesterase reaction. Covalently-botind Spot lp 

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

between the 5' terminus and Spot I protein. Previously, Spot lp was thought to be 

released from the break site by either direct hydrolysis of the protein-I)NA linkage via a 

phosphodiesterase, or single-stranded endonuclealytic cleavage. It has recently been 

confirmed that the Spo II protein is released via a nuclease action, covalently attached to 

an oligonuclcotide with a free 3' -hydroxyl group (figure adapted from Neale et at., 2005). 
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the two theoretical models for the removal of Spollp from the break site, as 
described above. 

Recently, a major step forward in the elucidation of Spo IIp release from the sites 

of DSB formation was made (Neale et al., 2005). Spollp is released from the 
break site, attached to an oligonucleotide with a free Y-hydroxyl group, via 

endonucleolytic cleavage. Two distinct Spollp-oligonucleotide complexes were 
identified, differing in nucleotide length. Interestingly, 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). 

It has been proposed by the authors that Mrellp may be utilising its 

endonucleolytic activity and catalysing the removal of the covalently attached 
Spol 1p, though this has yet to be formally proven. The MRX complex is the most 
likely candidate for producing the Spollp bound oligonucleotides as certain 

mutants of MRE11 and RAD50 have blocked Spollp-DSBs with the protein 

remaining covalently attached to the break site (Cao et al., 1990; McKee and 

Kleckner, 1997; Prinz et al., 1997). Neale et al., have proposed that Mre IIp is 

creating single strand breaks in close proximity to the Spollp catalysed DSB, 

which results in the release of the Spol lp-oligonucleotide (Neale et al., 2005). 
The DSBs are then rapidly resected at the 5' end to reveal 3' single stranded tails. 
If certain mutations occur in the genes RAD50, MRE11 or SAE2, this resectioning 

step is blocked (McKee and Kleckner, 1997; Prinz et al., 1997). 

1.4.4 Repair of the DSB in meiotic cells 

As a result of the danger a DSB poses to a cell, there have evolved several 

sophisticated mechanisms with which to combat this threat. There are two main 

categories of DBS repair: homologous and non-homologous repair, of which there 

are several different forms within each category. Homologous recombination, HR, 

is characterised by utilising a homologous sequence as the repair template, and 
typically requires many hundred bases of homology, in contrast to non- 
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homologous repair, which can be efficient with as little as a couple of bases. The 

mechanisms of DSB repair are well conserved between S. cerevisiae and higher 

eukaryotes, though there is some variation depending upon organism and stage of 
the cell cycle. In S. cerevisiae, HR is the principal mechanism of break repair 

whilst non-homologous recombination is the predominant mechanism in 

mammalian cells (Pastink et al., 2001). 

1.4.5 Homologous recombination 

Studies with recombination deficient and radiation sensitive strains have led to the 

elucidation of many genes involved in DSB repair, including the RAD52 epistasi§ 

group, members of which are: MREII, XRS2, RAD51, RAD52, RAD54, RAD55, 

RAD57 and RAD59. There are several different forms of homologous 

recombination, single-strand annealing (single-strand annealing; SSA), gene 

conversion (gene conversion; GQ and break-induced replication (break-induced 

replication; BIR). All of which are initiated in the same manner - resectioning of 

the DNA in a 5' to 3' direction, to reveal 3' ended ssDNA tails (Haber, 2000). 

1.4.6 Canonical DSB repair model 

Figure 1.6 illustrates the DSB repair model forwarded by Szostak in 1983; a 

general over-view of this mechanism is as follows; 5' to 3' rescctioning of the 

DSB results in 3' ssDNA tails. These 3' tails are highly recombinogenic and go 

on to invade the repair template, be it a homologous chromosome, sister chromatid 

or at an alternative ectopic location, which serves as a primer for initiation of 

novel DNA synthesis. The invasion of the repair template generates a 

characteristic four-stranded branch structure, an HJ. Subject to how the two 

ensuing double HJs are resolved, a crossover could or could not be associated with 

a gene conversion event. If there is cleavage of non-crossed strands from one HJ, 

and of crossed strands 
1from 

the other, this causes the crossover of flanking 
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Figure 1.6: Szostak DSB Repair Model: (a) DSB formation is followed by (b) 5-3' 

resection of the DNA termini. (c) The resulting 3' ssDNA tails are highly 

recombinogenic and can invade a homologous template, (d) to initiate novel DNA 

synthesis. (e) A double Hol I iday-J unction forms and is resolved via the alternative 

cleavage of (f) crossed (open arrowhead) or non-crosscd (closed arrowhead) strands 

(figure adapted from Paques and Haber, 1999). 
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markers. Novel DNA synthesis generates heteroduplex sequence, which needs to 

be repaired. Mismatch repair proteins target these regions of heteroduplex and re- 

establishes DNA strand homology. As this mechanism results in the conversion of 
information present at and around the break site to that residing on the repair 

template, it is termed a gene conversion event. Figure 1.6 is an illustration of the 

successive steps in the DSB repair model proposed by Szostak, as outlined above. 
The Szostak DSB repair model predicts that novel DNA is generated in both donor 

and recipient. However, contrary to this model, it has been widely reported that 

heteroduplex DNA is only observed in the recipient molecule, while donor DNA 

appears to remain unaltered (Goyon and Lichten, 1993; Fan et al., 1995; 

Gilbertson and Stahl, 1996). Furthermore, if the formation of crossovers and non- 

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

expected to appear concurrently. However, it has been demonstrated that non- 

crossovers appear with similar timing to joint molecule resolution, while there is a 
lag of approximately 30 min until crossovers are formed (Allers and Lichten, 

2001). Thus, non-crossovers may be formed through a different pathway, one that 

is independent of joint molecules Ooint molecules; JM) formation. This has lead to 

the development of a modified version of the gene conversion model, called 

synthesis-dependent strand. annealing (synthesis-dependent strand annealing; 
SDSA). 

1.4.7 Synthesis-dependent strand anne "in 

SDSA predicts that the two DNA termini of a DSB 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. Following strand invasion, 

the HJ does not enlarge, but instead migrates into the gap created. After DNA 

synthesis, the newly synthesised strands are displaced and anneal to the 5' ends of 

the DSB. SDSA has been shown to be involved in mating-type switching in S. 
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cerevisiae and more recently in meiotic gene conversion (Allers and Lichten, 

2001b). Figure 1.7 illustrates the successive steps during SDSA. 

1.4.8 Single-strand annealing 

SSA is one of the possible repair mechanisms employed by the cell when repeated 

regions of homologous sequence flank the site of the DSB, and was first identified 

following studies in Xenopus laevis oocytes. As figure 1.8 demonstrates, the 

homologous sequences are revealed when 5' to 3' resectioning of the DNA takes 

place. The homologous sequences are then ligated, resulting in a deletion of the 

intervening DNA. SSA requires the nucleotide excision repair proteins Radlp and 
RadlOp to remove the non-homologous 3' ssDNA tails. 

Studies -in S. cereviside of mitotic cells, utilising the HO-endonuclease, have 

revealed that repair practically always takes place between the most proximal of 

the homologous repeats. This guarantees that the minimum amount of DNA is lost 

(Sugawara and Haber, 1992b). The efficiency of SSA is dependent upon both the 

length and the sequence identity of the flanking repeat sequences (Sugawara et aL, 
2000). The process is approximately 100 % efficient with around 400 bp of 
homology, but can be initiated with as little 30 bp (however efficiency drops to 

5 %) (Sugawara and Haber, 1992a) (Reviewed in (Haber, 2000). 

1.4.9 Break-induced replication 

In this mechanism of DSB repair, the Yended single stranded tail invades the 

homologous duplex, and following strand invasion it is this 3' end that is extended 

by DNA synthesis, resulting in a unidirectional replication fork. This fork is able 

to extend the entire length of a chromosome, or until it encounters a second 

replication fork. If the 3' end of the other side of the DSB is captured, termed 

second end capture, a double Holliday junction is formed, the resolution of which 
is described above (Haber, 2000a; Signon et aL, 200 1). 

15 



DSB 

5'-3' DNA rescction 

Strand invasion 

New DNA synthesis 

(e) 

........................ 

........................ 
Non-crossover 

Figure 1.7: Synthesis- Dependent Strand Annealing Model: (a) Following DS13 

creation, there is (b) 5'-3' DNA resection, (c) one DNA terminal end invades the donor 

and (d) novel DNA synthesis occurs. The newly synthesised strand is displaced until it 

meets the other end, (e) which is then used as a primer for the replicated second strand. 

(f) The repaired DNA represents a non-crossover (figure adapted from Haber, 2000). 
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1.5 The genetic reguIation of DNA resectioning 
1.5.1 SAE2 

SAE2 encodes a 345 amino acid protein, originally discovered in two independent 

screens that identified mutants that were lethal if DSB were formed, but viable if 

there were no DSBs within the genome (McKee and Kleckner, 1997; Prinz et al., 
1997). sae2A mutapts are functional for the formation of DSB; however, the 

covalently bound Spollp remains attached to the 5' end of the DSB, hence the 
DNA termini are, effectively blocked from resectioning machinery. As the DSB 

cannot be appropriately processed, sae2A mutants are inviable on sporulation 

media (Prinz et al., 1997). 

Baroni et al. have shown that Sae2p is required for recovery of checkpoint- 

mediated cell cycle arrest following DNA damage. In their 2004 paper, Baroni et 

al. also demonstrated that Sae2p of budding yeast is phosphorylated periodically 

through out the cell cycle, and in response to DNA damage. This phosphorylation 

of Sae2p is dependent upon the checkpoint kinase Meclp and its associated 

upstream effectors, and an additional phosphorylation pathway involving Tellp 

and the MRX complex. If both MECI and TELI are simultaneously deleted, 

phosphorylation of Sae2p cannot be detected and meiotic DSBs accumulate 
(Cartagena-Lirola et al., 2006). This phosphorylation is a periodic event during 

the cell cycle, with initiation concurrent with the onset of S phase, reaching a 
maximum concomitant with Spol lp-DSB formation and Meklp phosphorylation, 
decreasing as the DSBs are repaired. If the Spollp-DSBs are unrepaired, 

phosphorylated Sae2p accumulates (Cartagena-Lirola et al., 2006). Continued 

activation of meiotic recombination checkpoint, as seen in dmc]A, prevents Sae2p 

dephosphorylation, implying that its phosphorylation is associated with activation 

of the checkpoint. Further evidence for this is that site directed mutagenesis of the 
five canonical ATWATR phosphorylation sites of Sae2p results in an increase in 

sensitivity to the mutagen MMS, a synthetic lethality with RAD27 and 
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accumulation of unresectcd DSBs - all of which arc indicative of a role for Sac2p 

in recombination and DNA repair (Baroni et al., 2004; Cartagcna-Lirola et al., 
2006). Clerici et aL have recently shown that sae2A cells do not turn off the 

Meclp and Tellp mediated checkpoints, which are activated by an unrepairable 
DSB, and also demonstrate a delay in the disassembly of Mrellp foci at DSB 

sites. This suggests that Sae2p may negatively regulate checkpoint signalling via 
MRX and DSB association (Clerici et aL, 2006). 

1.5.2 Mrellp-Rad50p-Xrs2p complex 

Several genes. control the resectioning of the DNA, in all mechanisms of repair. 
The genes of the budding yeast S. cerevisiae RAD50 and MREII are orthologues 

of the E. coli genes sbcC and sbcD. Rad. 50p and Mre IIp are known to form a 

complex with Xrs2p, Nsblp in mammals, collectively termed the MRX complex, 

when mutated cells exhibit defects in mitotic DSB repair (Cao et al., 1990). 

Chromosomal instability syndromes are caused by mutations in the mammalian 

MRX complex; Nijmegen breakage syndrome is the result of truncations in 

hNBSI, and Ataxia-telangiectasia-like disorder is caused by hypomorphic 

mutations of hMREII (Varon et al., 1998; Stewart et al., 1999). Cells derived 

from sufferers of these disorders are characterised by common DNA damage 

response defects: hypersensitivity to ionising radiation and defective checkpoint 

responses. Both of these disorders cause genome instability, predisposing affected 
individuals to cancer (Petrini, 1999; D'Amours and Jackson, 2002). 

The MRX complex is of paramount importance for the maintenance of 

chromosome stability, teIomere integrity, sister chromatid interactions and 

homologous recombination. There have been three distinct functions of Mre IIp so 

far elucidated: DNA hairpin opening, ssDNA endonuclease activity and dsDNA 

exonuclease activity with 3' to 5' polarity. All of these activities require the 

presence of Mn"* ions, with the latter two requiring ATP and Rad50p (Furuse et 

al., 1998; Trujillo and Sung, 200 1; Yu et al., 2004) 
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Structural analysis of (Mrell)2/(Rad5O)2 has revealed two Rad5Op a-helical 

coiled-coil domains projecting from the globular head of each heterotetramer. A 

conserved sequence Cys-X-X-Cys, is found at the apex of the coiled coil forming a 

molecular zinc-hook that allows two heterotetramers to dimerise. As Mre IIp 

localises to DSB hotspots prior to DSB formation, it has been proposed M2R2 

bridging has a role in sister chromatid interactions (Hopfner et al., 2002). 

Additionally, M2R2 bridging may allow DSB ends to physically interact and 

prepare them for joining. Xrs2p is required to target Rad5Op and Mre IIp to DNA 

ends and for the DSB end-bridging function of the MRX complex (Trujillo et al., 

2003). 

After the formation of the DSB, the MRX complex remains on the chromosome 

where it forms foci, and is then termed the post DSB complex. There are discrete 

roles for the pre and post DSB complexes, even though they share the same 

components. The different functions of the complex have been established as a 

result of different binding positions of Mrellp and associations with different 

proteins. The complex that participates in the formation of the break does not 

require the Mrellp protein to act as a binding core, whereas the formation 

complex does (Usui et aL, 1998; Usui et aL, 2001 a). 
The processing of a DSB occurs rapidly after it has been formed. The implication 

of this is that the pre-DSB complex must be rapidly converted into the post-DSB 

complex. The post-DSB complex cannot be formed without the prior formation of 

the pre-DSB complex (Usui et aL, 1998). 

The processing of the DSB requires the functions of a nuclease, demonstrated by 

the observation that cells harbouring mutation mrell-58S, which has lost the 

nuclease activity, are deficient in the processing of DSBs (Tsubouchi and Ogawa, 

1998). 

Notwithstanding the amount of evidence that has accumulated, the exact role of 

the MRX complex in Spollp-DSB processing remains unclear, due to a 

significant anomaly. The 3' to 5' polarity of the exonuclease activity displayed by 

the MRX complex in vitro, is opposite to that observed in mciotic DSB 

18 



Chapter One - Introduction 

resectioning in vivo (Furuse el aL, 1998; Trujillo et aL, 1998). An attractive 
prospect therefore, is that the ssDNA endonuclease activity of MRX. in concert 
with a helicase, degrades the 5' ssDNA termini at Spo II p-DSB sites (Moreau et 
aL, 1999). Alternatively, the MRX complex may have a more indirect role in DSB 

resectioning, by recruiting other 5' to 3' polarised exonucleases to the sites of 
Spol lp-DSBs, possibly Exolp. 

1.5.3 Tellp activates the MRX complex 

Tellp is a member of the ATM family of protein kinases. This protein is known to 
have a role in telomere maintenance and DSB repair, in concert with the MRX 

complex (Ritchie and Petes, 2000). During the meiotic cycle of S. cereviside, 
Mrellp and Xrs2p are both phosphorylated in a Tellp-dependent manner, more 

specifically, in response to DNA damage as shown in cells exposed to MMS (Usui 

et al., 2001b). Furthermore, both Tellp and Mrellp are essential for cell cycle 
delay of a rad5OS cell in which the repair of Spollp-DSBs is blocked due to a 
failure to remove the covalently bound Spollp dimer. The checkpoint that is 

triggered in rad5OS cells is termed the TM checkpoint (Usui et al., 2001b). The 

triggering of this TM checkpoint in response to a blocked DSB, and the 

requirement for the MRX complex at the break site, implicates the MRX complex 
in Spollp-DSB repair that is some manner positively regulated by TellP, most 

probably through phosphorylation. ' In essence, the Spol lp-DSB is proposed to act 

as a signal to initiate Tellp-dependent phosphorylation of the MRX complex, 

which when activated, then proceeds to remove the covalently bound Spollp 

dimer and initiate resectioning of the DNA. There are several observations that 

have been made that support this hypothesis: Tellp has been shown to physically 

interact with DSBs in an Xrs2p-dependent manner (Nakada et al., 2003). In vivo, 
Tellp directly interacts with the C-terminus of Xrs2p; it is the C-tcrminus of 
Xrs2p that is not required for formation of the MRX complex. These observations 

were further confirmed when Nakada et al., showed that Tel Ip can be identified at 
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an artificial DSB site in an Xrs2p dependent manner. Nakada and colleagues 
detected the presence of Tellp at DSB sites through a method called Chromatin 

Immunoprecipitation (ChIP) - an immunoprecipitation technique coupled with 
PCR, so the specific DNA site where the protein is bound can be identified 

(Nakada et aL, 2003). Usui and co-workers have also shown that Tellp is not 

required for Dmclp arrest that is triggered due to hyper-resected DSB, but is 

required for Rad5Op induced arrest, triggered by Spollp remaining covalently 
bound to the break site (Usui et aL, 200 1). 

1.5.4 EXOI 

Exolp is a member of the Rad2p family of structure-specific endonucleases, 

possessing 5' to 3' exonuclease and 5' flap endonuclease activities in vitro 
(Fiorentini et al., 1997). In S. cerevisiae cells, the exolA mutation has been shown 

to be synthetically lethal with top1A and exhibits a synthetic growth defect with 

members of the RAD27 family, suggesting an important role within the cell (Tong 

et al., 2004). This importance extends to mammalian orthologues, as exo1A mice 
have been shown to have increased cancer susceptibility and male, female sterility 
(Wei et al., 2003). 

Exolp is known to be involved in many different cellular functions including: UV 

resistance, Okazaki fragment processing, telomere maintenance and homologous 

recombination. Exolp was first isolated and purified from Schizosaccharomyces 

pombe, by Szankasi and Smith (1995). When cells were made to enter meiosis 

Exolp activity was found to increase 5-fold, with the transcript increasing by 

approximately 10-fold. Supportive of a role in DNA maintenance, the EX01 

transcript is induced on exposure to UV, and further evidence has come from 

Fiorentini et al. (2002) who have shown that recombination between direct ade2 

repeats was decreased 6-fold in exo1A. In S. cerevisiae, the exolA mutation 

reduces spore viability to around 80 %, believed to be due to reduced intergenic 

crossing over, resulting in increased Meiosis I non-disjunction, suggesting that 
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Exolp may act to promote crossing over (Wang et al., 1999; Tsubouchi and 
Ogawa, 2000; Khazanehdari and Borts, 2000)). 
As mentioned earlier, it is thought that the MRX complex functions in the removal 
of SPollp from the 5' end of a DSB, possibly catalyzed by the endonuclease 
activity of Mrellp. Whilst this activity of Mrellp maybe enough to produce long 
3' single stranded tails, an attractivý model suggests that Mre IIp removes Spo IIp, 
leaving the ends to be resected by an alternative nuclease, possibly Exolp. 
Supportive of this hypothesis is that exo1A cells of S. cereviside are found to have 

DSBs that are processed to form a heterogeneous population of molecules, 
indicative of active resectioning. However in mutants that accumulate DSBs e. g. 
dmc]A, the excessive degradation of breaks is reduced by exo1A mutation, 

suggesting that Exolp does function in DNA resectioning in vivo (Tsubouchi and 
Ogawa, 2000). 

Mutants of MRE11, XRS2 or R, 4D50, as mentioned earlier, suffer form high 

sensitivity to ionizing radiation and radiomimetic chemicals. This phenotype can 
be suppressed by overexpression of EX01 (Chamankhah et al., 2000). The exo1A 

mutant itself does show weak MMS sensitivity, which is greatly exaggerated when 
combined with an mre]]A mutation, suggesting that Mrellp and Exolp have 

overlapping functions in DNA damage repair (Tsubouchi and Ogawa, 2000). 
If Exolp is involved in active resectioning of mciotic DSBs it would be expected 
that exo1A mutants would show a decrease in gene conversion at distant markers. 
Although this has been shown at several loci, it has not been observed at all 
(Khazanehdari and Borts, 2000). 

The Mrellp complex acts in concert with Exolp to activate the Meclp signalling 

pathway in response to replication block or following DNA damage. This is 

thought to be achieved through the production of long ssDNA tails at the DSB 

break site, produced by both Mrellp and Exolp, which in turn promotes the 

association of Mec Ip with the break siti (Nakada et al., 2004). 
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Exolp has also been specifically implicated in SSA; Exolp was isolated form 

mitotic S. cereviside as a result of its ability to process DNA duplex to substrates 
for the SSA pathway of repair (Fiorentini et aL, 1997). 

In essence, Exolp is understood to have many varying and subtle roles within the 

cell, including DNA end processing and mitotic recombination. Exolp also 
appears to have a redundant role with one or more other nucleases, possibly 

regulated by the MRX complex. A homology search of the sequenced and 

annotated genome of S. cereviside has revealed that there are four proteins 

predicted to share sequence similarity with EXOP RAD2, RAD27, DIN7 and 
YEN]. This raises the possibility that there could be functional redundancy 

amongst these proteins (Tishkoff et aL, 1997). Din7p functions specifically in 

mitochondria, so it is unlikely that it would share any functional redundancy with 
Exolp (Fikus et aL, 2000). Rad27p is a better candidate for redundancy, as an 

exo]Arad27A mutant exhibits synthetic lethality (Tishkoff et aL, 1997). Tran and 

colleagues have postulated that the synthetic lethality of exo]Arad27A mutants is 

due to Exo1p flap endonuclease activity and not its dsDNA 5' to 3' exonuclease 
activity, shown by work with mutants with deficiencies in both activities (Tran et 
al., 2002). 

1.6 Repair template choice 

When a DSB is repaired by HR, a homologous template is required. If the repair 
takes place in a diploid cell, there are two options for the homologous template: 
homologous chromosome or sister chromatid. Rather than a decision based on 

chance, the choice between inter- or intra-homologue repair is believed to be a 
highly regulated selection. The preferential direction of DSB repair towards the 

homologous chromosome in a meiotic cell is purposeful, allowing crossover 
formation exclusively between homologous chromosomes, ensuring their tight 

association until the reductional division at MI. 
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In certain circumstances, when a DSB occurs, it is desirable for no recombination 

to take place during its repair, for example in mitotic cells. In such situations, the 

decision as to which template should be used is pushed to the direction of the sister 

chromatid. 

There are several proteins known to regulate the choice of template partner in 

S. cerevisiae, including Dmclp and Rad5lp, orthologues of the bacterial strand 

invasion protein RecAp. These genes are believed to have arisen due to an ancient 

gene duplication event, prior to the divergence of eukaryotes. The amino acid 

sequences of both Rad5lp and Dmclp are strongly conserved with RecAp at C- 

terminal regions, however there is substantial difference along the N-terminus. 

Orthologues of S. cerevisiae RAD51 have been elucidated in many organisms 

ranging from X. Idevis to A. thaliana, however, there are no DMC1 orthologues in 

certain organisms including C. elegans and D. melanogaster (Villeneuve, 2001). 

1.6.1 RAD51 

During yeast meiosis, rad5IA mutants accumulate DSBs that are unable to convert 

to JMs. There are additional phenotypes in rad5IA mutants, typical of a defect in 

a recombination gene, including reduced pairing and synapsis of homologues, and 

a decreased spore viability (Nag et al., 1995; Rockmill et al., 1995). 

Immunofluorescence studies of Rad5lp have shown that it localises to specific 
foci with other recombination proteins during mciotic prophase - the stage of the 

cell cycle at which the interacti6ns between homologues are occurring. 
The protein product of RAD51 is not limited to use within meiotic recombination, 

it is also involved in the repair of DSBs in vegetative cells. Vegetative cells are 

programmed to use the RAD51 dependent pathway in which the sister chromatid is 

the repair partner of choice (Paques and Haber, 1999). 

Accessory factors of Rad5lp have been well characterised. RPAp, a single strand 

DNA binding protein, is necessary for effective strand exchange catalysed by 

Rad5lp (Sung et al., 2003). RPAp is believed to minimise secondary structures 
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within the DNA, thus encouraging, Rad5lp filament formation. Additionally, 
Rdh54p has also been implicated assisting Rad5lp. RDH54 is an orthologue of 
RAD54 and it has been shown to be necessary for the transformation of DSB 
lesions into mature recombination products, specifically by promoting D-loop 
formation by Rad5lp, in vitro at least (Shinohara et aL, 1997; Petukhova et aL, 
2000). One possible role of Rad54p, which gives an insight into abundance of 
proteins being a limiting factor in reaction kinetics, is in promoting disassembly of 
Rad5 I p-dsDNA complexes. 

1.6.2 DAICI 

In the SKI strain background of S. cerevisiae, a dmc]A mutation results in 

accumulation of processed DSBs, reduction in homologue synapsis and 

abnormalities in reciprocal recombination (Bishop et aL, 1992). The primary role 

of Dmc Ip is thought to be when the search for homology is occur-ring - in dmc]A 

mutants, the search for homology ceases and inappropriate interactions occur. The 

importance of the role Dmclp plays within the meiotic cell is illustrated in the 

murine model, in which mutants are sterile and show characteristics of poorly 
repaired DSBs (Di Giacomo et aL, 2005). 

rad51A mutants are unable to produce JMs between sister chromatids, whilst 
dmc]A mutants are unable to form JMs between homologues (reviewed in (Haber, 

2000)). Dmclp and Rad5lp have both been implicated in operating in 

recombination pathways that, to some extent at least, overlap as overexpression in 

S. cereviside of Rad5lp or Rad54p can suppress the dmc]A phenotype (Bishop et 

al., 1999; Tsubouchi and Roeder, 2003). 

An additional role of Dmclp is thought to be in crossover interference. In most 

organisms, crossovers are not randomly distributed along a chromosome, instead, 

the bias for a crossover is dependent upon the number of crossovers present 
locally. 7"his bias is such that if there is a crossover situated in close proximity, 
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that crossover makes it less probable that a crossover will form at the position in 

question. 

Until recently, little has been known about the accessory factors of Dmclp, 

however more is known about those of the strand exchange protein Rad5lp (as 

outlined in section 1.6.1). One can therefore postulate whether the same factors 

have a similar effect on the activity of Dmclp. Recent studies have suggested that 

Mei5p and Sae3p form a complex that in some way assists Dmclp during meiotic 

recombination. Cells singularly and doubly mutant for meO, sae3 and dmcl have 

been identified as having identical phenotypes, including defects in meiotic DSB 

repair and formation of the SC. Further evidence for a real interaction between the 

proteins has come from Chromatin Immunoprecipitation experiments, which have 

demonstrated that Mei5p, Sae3p and Dmclp colocalise with one another at DSB 

sites and that there is a mutual interdependence for this localisation (Hayase et al., 

2004; Tsubouchi and Roeder, 2004). 

One important observation that has ramifications identifying how Rad5lp and 

Dmclp carry out their specific roles in meiosis, is that whilst Mei5p and Sae3p are 

required for the formation of Dmc Ip complexes at DSB sites, they are not required 

for Rad5lp complexes. Whilst it is not known conclusively what the function of 

the Mei5p-Sae3p complex is, one current thought is that the complex may promote 

Dmclp filament formation on ssDNA, as Dmclp is known to poorly form these 

filaments in the absence of Mei5p or Sae3p. This is not the only hypothesis: 

Shinohara and colleagues have implicated the Mei5p-Sae3p-Dmclp complex in 

increasing the formation of helical filaments over ring structures. Reviewed in 

(Neale and Keeney, 2006). 

Hop2p and Mndlp have been shown to form a chromosome-associated, 

heterodimeric complex. If either MNDl or HOP2 are deleted, chromosomes 

synapsis occurs in a non-homologous manner and DSBs fail to repair (Gerton and 

DeRisi, 2002; Tsubouchi and Roeder, 2002; Petukhova et al., 2005). Zierhut et al., 

(2004) has hypothesised that the Hop2p-Mndlp complex functions by indircctly 

promoting Dmclp by influencing the chromatin structure (reviewed in Neale et 
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al., 2006). The human Dmclp requires ATP and is strongly dependent upon RPA 

for its function in strand exchange (Sehorn et al., 2004). 

Whilst some detail is known about the functions of Rad5 Ip and Dmc I p, and their 

associated accessory factors, still unknown is whether inter-homologue bias 

displayed by meiotic cells is the result of active promotion of inter-homologue 

recombination or active suppression of inter-sister recombination. 

1.6.3 Meklp-Redlp-Hoplp complex 

In addition to the bias to homologous repair directed through Dmc I p, a second 

mechanism has also been identified. Mcklp, Redlp and Hoplp, all meiosis- 

specific chromosomal core proteins, are involved in establishing inter-homologue 

bias. Meklp is a kinase and its activation and subsequent phosphorylation of 
downstream targets is believed to mediate inhibition of proteins required for inter- 

sister repair, e. g. Rad54p (Wan et al., 2004). The mechanism of inter-homologue 

bias for budding yeast, proposed by Niu et al., (2005) appears to be evolutionarily 

conserved. Chromosome core components analogous to Hop Ip have been found in 

organisms ranging from plants to nematodes (Zetka et al., 1999). Comparison of 
hoplA mutants in other organisms suggests that the mechanism is present in higher 

eukaryotes. 

1.7 Crossover formation 

The repair of a break by homologous recombination does, or doesn't result in a 

crossover event. For correct segregation to occur, a crossover event between 

homologues must occur. Therefore, to ensure correct segregation, not only does 

the repair pathway have to be pushed down the inter-homologue route, it also has 

to result in a crossover. 
The preference for crossovers in meiotic cells is strong; between 30 - 50 % of 

recombination events in meiotic cells are associated with a crossover, as opposed 
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to 5- 20 % in vegetative cells of budding yeast (Paques and Haber, 1999). This 

striking difference suggests that meiotic cells may positively regulate crossovers. 
The number of crossovers per chromosome is of critical importance, as many will 
result in chromosome entanglement, and none will result in increased incidences 

of non-disjunction. A recently forwarded model has resulted from a collection of 
work and proposes that crossovers and non-crossovers of DSB repair are products 

of different pathways of repair. In 1999, Paques and Haber proposed that ssDNA 

each side of the DSB invades the template in an independent rather than a 

simultaneous manner. This hypothesis was further strengthened by work of 
Hunter and Kleckner (2001), who identified the presence of strand exchange 
intermediates that only contain one of the DSB ends. 
It has been also demonstrated by Allers and Lichten, that the canonical double 

Holliday junction intermediates mainly result in crossover products (Allers and 
Lichten, 2001), suggesting that non-crossover products result from an alternative 

pathway, which diverges prior to double Holliday junction formation. According 

to this revised model, the majority of non-crossovers are believed to result from 

SDSA (Villeneuve and Hillers, 2001). 

Data from Beth Rockmill and colleagues has suggested that the protein Sgs Ip may 

play a significant role in the control of crossovers (Rockmill et al., 2003). This 

protein is a member of the RECQ family of DNA helicases that includes the 

human orthologues associated with Bloom's Syndrome (BLM), symptoms of 

which include: predisposition to cancer, spontaneous mutations and an increase in 

the frequency of sister-sister recombination (Enomoto, 2001). sgs]A mutants 

undergo full chromosome synapsis, which occurs at a rate faster than WT. In 

addition, the amount of crossing over is increased, as shown by tetrad dissection - 
the only mutant isolated so far to do this (Rockmill et al., 2003). Rockmill et aL 
have proposed that Sgslp may act on recombination intermediates that have not 

yet been committed to a crossover or non-crossover fate, more specifically they 

have speculated that the Sgslp helicase may act on a strand invasion intermediate. 

Taken together, Rockmill and colleagues' data has led to the suggestion that Sgs Ip 

27 



Chapter One - Introduction 

acts as a negative regulator of inter-chromosomal interactions, and thus is an 
important determinant of the number of crossovers present in a meiotic cell 
(Rockmill et al., 2003). 

Crossover control is the term coined to describe the decision a cell makes as to 

whether a DSB is repaired to a crossover or a non-crossover. Martini et al. have 

recently been working with Spollp hypomorphs in an attempt to understand this 

phenomenon. They have discovered that the level of crossovers present within a 

cell is generally maintained to a certain threshold, to the detriment of non- 

crossover events. Their results have shown that a reduction in the number of 
DSBs does not have a concomitant reduction in the number of crossovers, which 
they have termed a 'buffering' mechanism. The work of Martini further supports 

previous findings of the Keeney lab, who observed that a decrease in the activity 

of Spollp in S. cereviside (through a combination of mutant alleles with and 

without HA tags) does not show a linked decrease in the abundance of Zip3p 

complexes, a mark of a crossover site (Fung et al., 2004; Henderson and Keeney, 

2004; Martini et al., 2006). 

1.8 Cell cycle monitoring of recombination events 

Meiotic recombination and progression through the first nuclear division are 
directly linked with one another; many recombination deficient mutants, for 

example dmc]A, arrest at the pachytene stage of meiosis (Bishop et aL, 1992). It 

is the pachytene checkpoint that serves to prevent the segregation of homologues 

that have failed to undergo successful recombination, thus preventing aneuploid 

progeny. Pachytene is an appropriate stage for a checkpoint as beyond this point, 

the cell is committed to undergo reductional division of chromosomes (Leu et al., 

1998). 

A cyclin-dependent kinase, Cdc28p, is believed to control the cell cycle at 

pachytene, as loss of this kinase results in arrest of the cell at this stage (Shuster 

and Byers, 1989). Specifically, it is believed that pachytene cell cycle arrest is the 
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result of accumulation of hyper-phosphorylated Swelp, which is thought to 

inactivate Cdc28p (Leu and Roeder, 1999). 

The transcription factor Ndt80p is also essential for the completion of meiosis. 
Many essential genes required for sporulation after pachytene are dependent upon 
NDT80 for transcription, including CLBI, which encodes the major cyclin of MI, 

essential for exit from pachytene (Hepworth et al., 1998). When the pachytene 

checkpoint is activated, the target genes of Ndt8Op are not transcribed, however, if 

the checkpoint is rendered in an inactive state, the genes are once again transcribed 

(Chu et al., 1998). 

The detection of recombination intermediates is most likely mediated through 

some or all of the DNA damage proteins, e. g. Meclp, Tellp, Rad24p, Radl7, 

Ddclp and Mec3p (Lydall et al.,. 1996; Roeder and Bailis, 2000). In mitotic cells, 

when damaged DNA is sensed, these proteins are involved in the activation of 

downstream targets such as Rad9p and Rad53p. These activated proteins then 

impose cell--cycle arrest, orchestrated perhaps through the repression of cyclin 

transcription (Longhese et al., 1998). Several protein complexes are formed by 

the DNA damage proteins; Rad24p complexes with Rfc2p, Rfc3p, Rfc4p, and 

Rfc5p (Shimomura et al., 1998), and thus resembles the pentameric replication 
factor C (RFC), required to load PCNA (proliferating cell nuclear antigen) onto 

primer templates during replication (Waga and Stillman, 1998). Recently, the 

equivalent human checkpoint proteins (Radl7p-Rfc2-5p, and Radlp-Rad9p- 

Huslp, respectively) have been shown to form complexes that are very similar to 

RFC and PCNA (Shiomi et al., 2002), supporting such a loading mechanism. 

Mutations in genes from the RAD24 group show decreased levels of 

recombination, erroneous chromosome synapsis and low spore viability - 

phenotypes that cannot be attributed to defects in checkpoint functions alone 

(Lydall et al., 1996), suggesting that checkpoint genes also play roles in 

recombination (Hong and Roeder, 2002). 

There are a number of S. cerevisiae mutants that either delay or arrest at the 

pachytene checkpoint, including ziplA, zip2A, hop2A and dmc]A. It is believed 
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that these mutants arrest at pachytene as a result of a build up of recombination 
intermediates; dmc]A cells process their DSB to produce extended tracts of 

ssDNA, zip1A cells arrest with a large number of delayed Holliday junctions and 

around 10 % unrepaired DSBs whilst hop2A cells have an accumulation of single 

stranded tails (Leu et al., 1998). Several mutants, which prevent the initiation of 

recombination, e. g. spollf cells, in which no Spollp-DSBs are formed, can 

alleviate this arrest (Bishop et al., 1992b; Leu et al., 1998). 

The pachytene checkpoint also requires Meklp, Redlp and Hoplp. Deletion of 

MEKI, RED] or HOPI restores WT, levels of meiotic nuclear division in mutants 

that are subjected to an arrest at pachytene e. g. zip1A or dmc]A. In these arresting 

mutants Meklp is found to be active, whilst Redlp remains in a phosphorylated 

state. It was speculated by Bailis and Roeder (2000) that phosphorylation of 

Redlp inhibits exit from pachytene, and that in a WT cell, the completion of 

recombination sets off dephosphorylation of Redlp in a Glc7p-dependent manner. 

The arrest at pachytene in a zip1A mutant can be bypassed by deletion of RED] or 

MEKI leading to the suggestion that both Redlp and Meklp are necessary for the 

production of a recombination structure that is subject to monitoring by the 

pachytene checkpoint machinery (Xu et al., 1997). Figure 1.9 is an illustration of 

the genetic pathway of the pachytene checkpoint. 

Pch2p is a mciosis-specific protein that has a nuclear ribosomal DNA localisation, 

dependent upon silencing factor Sir2p. In S. cerevisiae, there are three nuclear 

regions that are caused to undergo silencing, areas of repressed chromatin structure 

that is both gene-independent and position-dependent. The three regions are: the 

telomeres, the mating type loci and the rDNA. Whilst telomcre and mating loci 

silencing is due to Sir2p and Sir3p, the rDNA silencing is only dependent upon 

Sir2p (Lustig, 1998). In a WT state, both Sir2p and Pch2p are found mostly in the 

nuclcolus in addition to foci on meiotic chromosomes (San-Segundo and Roeder, 

1999). Pch2p is only present in the nucleolus in ziplA cells, in which the 

checkpoint is successfully operating, where as Pch2p is not present in the 

nucleolus in sir2A mutants where the checkpoint is non-functional. This 
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Figure IS: Model for the Pachytene Checkpoint Pathway. The Pachytene checkpoint 
is not triggered by the absence of recombination, but by the absence of an inhibitory signal 

that must be eliminated in order to exit from Pachytcne. It would appear that this signal is 

generated by the initiation of recombination. Mcklp and Rcdlp both become 

phosphorylated and remain so until recombination is complete. In mutants that fail to 

undergo recombination, for example spoll; Meklp and Redip do not become 

phosphorylated, therefore this signal is not produced. Bailis and Reodcr (2000) have 

postulated that Meklp and Redlp become phosphorylated in response to DSBs and remain 

so until recombination is completed. The successful completion triggers the 
dephosphorylation of Redlp and exit from Pachytene. The phosphorylation of Redlp is 

believed to act as a signal that coordinates meiotic recombination with cell cycle 

progression (figure adapted from Roeder and Bailis, 2000). 
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observation has led to the suggestion that the localisation of Pch2p is central in 

checkpoint function. One interesting finding of San-Segundo et aL (2000) has 

shown that in certain circumstances Sir-dependent localisation of Pch2p to 

telomeres can impart checkpoint function, thus connecting the nucleolus and 

chromatin silencing with the pachytene checkpoint. A model forwarded by San- 

Segundo (2000) implicated chromatin silencing in the pachytene checkpoint, 

however, the precise mechanism of this involvement remains unclear. An 

important consideration for this model would be that the nucleolar and non- 

nucleolar forms of Pch2p differ form one another by a yet unknown modification. 

There are several other checkpoints that operate during the meiotic cycle at 

pachytene. One such checkpoint is the RAD9-dependent arrest, induced in cells 

that have been subjected to chromosome damage early in meiosis. Specifically, 

this checkpoint arrests cells after replication of DNA, but before recombination. 

Correct orientation of chromosome pairs on the metaphase spindle is a further 

meiotic checkpoint. Tension across the spindle is created when homologues, 

joined via chiasmata, are pulled to opposite spindle poles. This tension is sensed 

by a checkpoint, and impaired chromosomes trigger a delay in the meiotic cycle 

(reviewed in (Roeder, 1997)). 

1.8.1 TELIIMECI -mediated checkpoint pathway 

DNA damage checkpoint pathways are mediated by highly conserved protein 
kinases; ataxia-telangiectasia mutated (ATM) and ATM-Rad3-related (ATR) of 
higher eukaryotes. In budding yeast, TELI and MECI encode the homologues of 

these kinases, respectively. 
Meelp physically interacts with Ddc2p to form a complex that localises to sites of 

replication block and DNA damage (Rouse and Jackson, 2002). A recently 

proposed model suggests that Ddc2p identifies DNA damage by interacting with 
RPAp-associated ssDNA, facilitating the association of the Meclp-Ddc2p 

complex with sites of DNA damage (Zou and Elledge, 2003). It is not yet known 
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whether Tellp localisation requires RPAp association. Meclp and Tellp have 

effects downstream of their DNA association; after the production of DNA DSBs 

or damage, Meclp and Tellp are known to phosphorylate and activate Rad53p, a 

yeast homologue of the mammalian Chk2p. Rad53p has been shown to play an 
important role in DNA damage checkpoints - its activation results in cell cycle 

arrest and the transcription of genes required for the repair of the DNA damage 

(Longhese et al., 1998). 

The Rad. 53p checkpoint activity appears approximately I hr after DSB induction 

and fades shortly after repair of the damage. Cells mutant for the helicase Sgslp 

do not recover, even though they appear to have successfully finished DNA repair, 

with Rad53p kinase remaining activated. This mutant phenotype is abolished in 

mec1A strains that lack the checkpoint, or when the repair of the break is 

completed before checkpoint activation. Taken together, this suggests that Sgslp 

is required to turn off the DNA damage checkpoint (Vaze et al., 2002). 

1.9 Origins of the assay in this study 

Repair of a meiosis-specific DSB has been previously studied using a Spollp- 

independent reporter assay (Neale et al., 2002). In that study, a DSB created by 

VDE endonuclease was flanked by WT and mutant URA3 alleles. VDE; JýAml 

derived homing endonuclease is a meiosis specific endonuclease that cleaves at a 

specific recognition site with timing approximately equal to that of Spollp. 

Following formation of the VDE-DSB, four repair outcomes were possible: a gene 

conversion event using the arg4-bgl allele as repair template, yielding ARG4 or 

arg4-bgl alleles or a SSA event between the flanking URA3 homologous 

sequences, yielding deletion products ura3:: Ty or URA3 alleles. This reporter 

cassette used by Neale et al., (2002) is the same as the reporter cassette used in this 

study. Neale et al., (2002) reported that WT levels of Spo II p-DSBs are required 
for normal regulation of resectioning, even at a DSB created by another protein. 
The authors postulated that WT control over resectioning could be important for 

32 



Chapter One - Introduction 

directing repair to be inter-chromosomal, increasing the chance of creating inter- 

homologue connections essential to meiotic segregation. 

1.10 Initial aims of this study 

Characterise the genetic requirements for VDE-DSB repair 

Examine repair of the VDE-DSB in the context of Spo II p-DSB formation 

Examine whether repair machinery abundance is a limiting step in VDE-DSB 

repair 

Characterise the genetic regulation of resectioning at Spo II p-independent VDE- 
DSB 
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Chapter Two 

Materials and Methods 

Table 2.1 E. coli strains 

Name Genotype Source 
DH5a supE44, AlacU169 (0801acZAM15), hsdR17, recAl, 

endA 1, gyrA96, thi- 1, relA I 

Laboratory 

Source 

TabIe 2.2 Plasmids 

Name Description Source 

pAG326 Based on pUCl8.1.5kbBamHl-Accl fragment of pSS50 B. Rockmill 

containing most of PCH2 ORF replaced with BamHl- 

Cal of R1333 containing URA3 

pAG336 pUG34 CEN6AmpRME7"25-PyEGFP3 CYCI-THIS3 D. Hegemann 

627bps Yeast expression vector for MET25 induced 

expression of GFP fusion proteins 

pAG337 pUG34 vector has been digested with Xbal and re- S. Milson 

ligated to remove GFP section. 

pAG338 pUG34 AmpR CEIV6 HIS3 ME725-P Exol-&HIS This study 

yEGFP3 sequence was excised with an Xbal-Xhol 

digest. Ligated in was EXOI ORF- 6xHIS with Xba I 

and Xho I ends respectively. 

2.3 S. 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 Iys2 ho:: LYS2 Ieu2 nucl:. LEU2, unless 

stated otherwise. Only mutant alleles are shown. 
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Name Genotype Source 

hAG2 AM Th trpl:: hisG S55, M. 
Lichten 

hAG3 AMTa trpl:. hisG S56, M. 
Lichten 

hAG7 AMTa ura3 IYs2 ho:: LYS2 Ieu2-R arg4-nsp, bgl S105, 

M. Lichten 

hAG55 AMTa ura2 H317, 

M. Lichten 

hAG56 AMTa ura2 H317, 

M. Lichten 

hAG251 ura3:. URA3-[arg4-bglj spoII(YI35F)- 

HA3His6:: KanAM ade2 dmcl:. ADE2 TFPI:: VDE 

(Neale et al., 

2002) 

hAG354 ura3:: URA3-[arg4-VDE] TFPI:: TFPI M. J. Neale 

(Unpub. ) 

hAG408 AMTa Ieu2-R arg4-nsp, bgl trpl:: hisG -ade2 his3:: TRPI 

K. Jac 

M. J. Neale 

(Unpub. ) 

hAG1301 hAG354 transformed with pAG326 This study 
hAG1387 hAG251 transformed with Exolp-6xHIS This study 

hAG1389 hAG408 transformed with pAG338 This study 

hAG1307 hAG3 transformed wiffi pAG326 nis study 

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

arg4-nsp, bgl Ieu2 nucl:: LEU2 unless stated otherwise. Only mutant alleles shown. 

Name Genotype Source 

dAG205 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglj (Neale et al., 

spol](Y]35F)-HA3His6:: KanMXlspol](Y]35F)- 2002) 

HA3His6:. KanAMTFPI:: VDEITFPI:: TFPI 

dAG206 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglI (Neale et al., 

spol](Y]35F)-HA3His6:: KanMXISpolI 2002) 

TFPI:: VD, ETFPI:: TFPI 
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dAG277 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglj (Neale et al., 

spol](Y]35F)-HA3His6:: KanMXISpolI sae2:: Kanmxl 2002) 

sae2:: KanAff TFPI:: VDE(TFPI:: TFPI 

dAG287 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglj M. J. N 

spol](Y]35F)-HA3His6:: KanMX(spol](Y]35F)- (Unpub. ). 

HA3His6:: KanAff dmcl:. ADE21dmcl:. -ADE2 

TFPI:: VDEITFPI:: TFPI 

dAG288 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglj M. J. N 

spol](Y]35F)-HA3His6:: KanMXJSpolI dmcl:.. -ADE21 (Unpub. ). 

dmcl:. ADE2 TFPI:: VDFITFPI:: TFPI 

dAG291 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglj (Neale et al., 

spol](Y]35F)-HA3His6:: KanMXlspol](Y]35F)- 2002) 

HA3His6:: KanAff ndt8O:. ADE21 

ndt8O:. ADE2TFPI:: VDEITFPI:: TFPI 

dAG292 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglj (Neale et al., 

spol](Y]35F)-HA3His6:: KanMXISpolI ndt8O:. ADE21 2002) 

ndt8O:. ADE2 TFPI:: VDEITFPI:: TFPI 

dAG484 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglj M. J. N 

spol](Y]35F)-HA3His6:: KanMXISpollhopl:: LEU21 (Unpub. ). 

hop P. LEU2 dmcl:.. -ADE21 dmcl:. ADE2 

TFPI:: VDETFPI:: TFPI 

dAG534 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglI M. J. N 

spol](Y]35F)-HA3His6:: KanMXlspol](Y]35F)- (Unpub. ). 

HA3His6:: KanMX dmcl:. ADE21 dmcl:. ADE2 

TFPI:: VDEITFPI:: TFPI 

dAG702 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglI M. J. N 

spo II (Y] 35F)-HA3His6:: KanMXISpo II (Unpub. ). 

mekl:: LEU21mekl:. LEU2 TFPI:: VDEITFPI:: TFPI 

dAG744 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bgl] M. J. N 

spol](Y]35F)-HA3His6:: KanMXISpolI tell:. ADE21 (Unpub. ). 

tell:. ADE2 TFPI:: VDEITFPI:: TFPI 
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dAG806 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglj M. J. N 

spol](Y]35F)-HA3His6:: KanMXISpolI dmcl:. ADE21 (Unpub. ). 

dmcl:. ADE2 ndt8O:., -ADE21ndt8O:., -ADE2 

TFPI:: VDEITFPI:: TFPI 

dAG835 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglI mrell- M. 

58slmrell-58s TFPI:: VDEITFPI:: TFPI Ramachandran 

(Unpub. ). 

dAGIIIO ura3:: URA3-[arg4- VDE]Iura3:. URA3[arg4-bglj mrel I- M. 

HI 25NImre II -H] 25N TFP h: VDEITFPI:: TFP I Ramachandran 

(Unpub. ). 

dAG1235 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglI This study 

mre]]A:: KanAIXImre]]A:: KanAff 

TFPI:: VDEITFPI:: TFPI 

dAG1237 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglI Spoll This study 

ISpoll dmcl:. ADE2 Idmcl:. ADE2 mekl:. LEU21 

mekl:: LEU2 TFPI:: VDEITFPI:: TFPI 

dAG 1309 ura3:: URA3-farg4-VDE]Iura3:: URA3[arg4-bglj This study 

SpolllSpoll mekl:. LEU2 ade2-bgl:: GST-(meki- 

K199R)-ADE21mekl:. LEU2 ade2-bgL: GST-(mekl- 

K]99R)-ADE2 dmcl:. ADE2 / dmcl:. ADE2 

TFPI:: VDEITFPI:: TFPI 

dAG1371 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglj This study 

spol I(YI35F)-HA3His6:: KanMXlspol I(Y]35F)- 

HA3His6:: KanAff sae2:: KanMXlsae2:: KanAIX 

TFPI:: VDEITFPI:. TFPI 

dAG1384 ura3:: URA3-[arg4-VDE]Iura3:: URA3[arg4-bglI Spoll This study 

ISpoll dmcl:. ADE21dmcl:. -ADE2 

pch2:: URA31pch2:: URA3 TFPI:: VDEITFPI:. TFPJ 

dAG 1432 leu2-Rlleu2-R arg4-nsp, bgllarg4-nsp, bgl This study 

lrpJ:: hisG1trpl:: hisG ade2 his3:: TRP]Ihis3:: TRPI 

ME7'25-EXOI-6xHIS:., -HISIME7'25-EXOI-6xHIS:. -HIS 

Relevant mutation strains containing either the ura3:: arg4-vde cassette were made 

by mating and dissection with relevant congenic haploids. 
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2.4 Primers 

Oligonucleotides used in primer extension and PCR were synthesised by 

MWGBiotech with the high-purity salt free (HPSF) purification method. 

Name Sequence Description 

ExolF ctagtctagaATGGGTATCCAAGGTCTTCTT To 6xHIS tag Exolp 

ExoIR ccgctcgagCTAATGATGATGATGATGATGACCT 

TTACCTTTATAAACAAATTGGGAAAGCAA 

To 6xHIS tag Exo Ip 

MN03 GGTACAATCACTTGGATTGCTCC TFPI locus 

MN04 AAGCTTCTCTGGCTGCAACCGGC TFPJ locus 

MN11 AAAGGAACTATCCAATACCTCGCC Downstream of 

URA3 locus 

MN12 AAGGATCCCCACCTATGGGC Downstream of 

URA3 locus 

VDEOI CCATACTGCGAATGAAAGACGTCTTGG ARG4 locus 

VDE02 ATGACCAGCAAGAGCGCCTGCACCC ARG4 locus 

VDE03 GAGTTGTTAAGAGGTAAATCCGG ARG4 locus 

VDE04 GATCTTGTCCGAATCTCGAATCG ARG4 locus 

VDE05 GCCCTGCACCATTATGTTCCGG pBR322 specific 

VDE06 AGCTGCGGTAAAGCTCATCAGCG pBR322 specific 

- 2.5 Media and stock solutions 

2.5.1 Media 

YPD: I% (w/v) yeast extract (Difco); 2% (w/v) peptone (Difco); 2% (w/v) D- 

glucose (BDH); 40 pg/ ml. adenine; solid media included 2% (w/v) agar (Oxoid). 

Minimal: 0.67 % (w/v) yeast nitrogen base free of amino acids (Difco); 2% (w/v) 

D-glucose (BDH); 2% (w/v) agar (Oxoid). 
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SC: Made up as minimal plates above, but with 0.85 g/ I of dropout mastermix, 

and I yl/ ml. of 2M NaOH. Complete SC mastermix contained: 0.8 g adenine; 0.8 

g arginine; 4.0 g aspartic acid; 0.8 g histidine; 2.4 g leucine; 1.2 g lysine; 0.8 g 

methionine; 2.0 g phenylalanine; 8.0 g threonine; 0.8 g tryptophan; 1.2 g tyrosine; 

0.8 g uracil. Dropout mastermix was as complete mastermix with the exclusion of 

one or more supplements. 

PSP2: 0.67 % (w/v) yeast nitrogen base free from amino acids (Difco); 0.1 % 

(w/v) yeast extract (Difco); I% (w/v) potassium acetate; 50 mM K-biphthalate 

(Sigma); pH 5.0 

Potassium acetate: 1% (w/v) potassium acetate; supplemented with 10 ygl ml 

adenine, plus appropriate amino acid supplements (e. g. adenine, arginine) at 10 

pg/ ral for the auxotrophies of the strain under study. Solid media included 2% 

(w/v) agar (Difco); 0.05 % (w/v) yeast extract (Difco) and 0.1 % (w/v) D-glucose 

(BDH). 

5FOA: 1.4 % (w/v) nitrogen base without amino acids; 4% (w/v) Bacto agar, 4% 

(w/v) glucose; 0.01 % (w/v) uracil; 0.006 % (w/v) argnine; 0.018 % (w/v) leucine; 

0.006 % (w/v) adenine (and any other amino acids that the S. cerevisiae strains are 

mutant for) in 500 ml of water is autoclaved. 0.2 (w/v) % 5-FOA dissolved in 500 

ml. water filter sterilised in the autoclaved media. 

2TY: 1% (w/v) tryptone; 1% (w/v) yeast extract; 0.5 % (w/v) sodium chloride; 

1.5 % (w/v) Bacto agar (in solid media); pH 7.4 

2.5.2 Stock Solutions 

20 X SSPE: 3.6 M NaCl; 200 mM NaH2po4; 20 mM EDTA; pH 7.4 

50 X TAE: 2M Tris. acetate; 50 mM EDTA, pH 8.0 
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10 X TE: 100 mM Tris. HCI; 10 niM EDTA, pH 8.0 

10 X TNE: 100 mM Tris. HCI; 2M NaCl; 10 mM EDTA, pH 7.4 

5X Neutral loading buffer: 0.25 % (w/v) bromophenol blue; 0.25 % (w/v) 

xylene cyanol; 20 % (w/v) ficoll 400 

6X Alkaline loading buffer: 300 mM NaOH; 6 mM EDTA; 0.15 % (w/v) 

bromocresol green; 0.25 % (w/v) xylene cyanol; 18 % (w/v) ficoll 400 

4X TCA Loading dye: 250 mM Tris (6.8); 8% (w/v) SDS; 20 % (w/v) glycerol; 

20 % (v/v) P-mercaptoethanol; 0.4 % (w/v) bromophenol blue 

RNase: 10 mg/ ml RNaseA in 10 mM Tris. HCI (pH7.5); 22.5 mM NaCl. Heated 

to 100 *C for 15 min, and slowly cooled to RT. Storage at -20 *C 

Proteinase K: 20 mg/ ml proteinase K, in 10 mM Tris. HCI; 2 mM CaCl2,50 0/0 

(v/v) glycerol. Filter sterilise before addition of proteinase K. Storage at -20 *C 

Genomic TENS: 2% (w/v) Triton-xlOO; 1% (w/v) SDS; 100 mM NaCl; 10 mM 

Tris. HCI pH 8; 1 mM EDTA 

Spheroplasting solution (with or without glycerol): IM sorbitol; 50 mM KPO, 

pH 7.5; 10 mM EDTA pH 7.5 (20 % (v/v) glycerol). 

CTAB Extraction solution: 100 mM Tris. HCI pH7.5; 25 mM EDTA; 2M NaCl; 

2% (w/v) PVP40.10 % (w/v) solutions of PVP40 and 10 % (w/v) CTAB were 

made and dissolved in a 55 *C water bath before addition to the other chemicals in 

solution. 
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CTAB Dilution solution: 20 ml 10 % (w/v) CTAB; 10 ml IM Tris. HCI pH 7.5; 4 

ml 0.5 M EDTA pH 8 in 200 ml 

2.6 Growth, culture and storage of S. cereviside and E. coli 
All strains of S. cerevisiae used for experimental work in this study are SKI 

background. Diploid SKI strains sporulate rapidly following nitrogen starvation 

when placed in the presence of the non-fermentable carbon source: Potassium 

acetate (Kane and Roth, 1974). 

2.6.1 S. cereviside growth conditions 
All S. cerevisiae strains were grown on for 48 hr at 30 *C on YPD plates. Yeast 

cultures were grown in 5 ml of YPD broth in sterile glass culture tubes for 24 hr at 

30 *C with constant agitation on a rotor wheel. 

2.6.2 S. cereviside storage conditions 

S. cerevisiae strains were stored in 50 % (v/v) glycerol at -80 'T 

2.6.3 E. coli growth conditions 
All E. coli strains were grown on 2TY plates containing plasmid selection drug, 

mostly ampicillin (50 ttg/ ml), for 24 hr at 37 *C. E. coli cultures were grown in 

2TY broth with 50 [tgl ml of ampicillin for 24 hr at 37 *C with constant agitation. 

2.6.4 E. coli storage conditions 
E. coli containing plasmids were stored in 50 % (v/v) glycerol at -80 *C 

2.7 E. coli techniques 

2.7.1 Transformation of chemically competent DH5a cells 

I jil of DNA is mixed by gentle pipetting with 50 td chemically competent cells 

(DH5a). Cells were incubated on ice for 15 min, followed by a heat shock of 90 
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seconds at 37 OC. 450 IAI of 2TY broth (with 25 ng of ampicillin) was added to the 

cells and incubated at 37 'C. 220 [d of cells were plated out on 2TY solid media 

containing the plasmid selection drug, predominantly ampicillin (30 [tg/ ml), and 
incubated at 37 "C overnight. 

2.7.2 Small-scale isolation of plasmid DNA (Minipreps) 

All minipreps were carried out using the QlAprep Miniprep Kit (Qiagen) 

according to manufacturer's guidelines. 

2.7.3 Large-scale isolation of plasmid DNA (Midipreps) 

All midipreps were carried out using the Wizard Plus Midipreps DNA Purification 

System kit (Promega) according to manufacturer's guidelines. 

2.8 S. cereviside techniques 

2.8.1 Production of single colonies 

S. cerevisiae strains were streaked onto YPD plates from -80 *C stock using a 
10jul loop. After one day at 30 *C single colonies could be seen, after two they 
could be used. 

2.8.2 Mating haploid strains 
Single colonies of opposite mating type (a or ot) were patched together onto YPD 

plates. After 24 hr growth at 30 *C, it was possible to streak these patches for 

single colonies. After a further 24 hr at 30 *C these single colonies could be tested 

to check they were diploid by mating type testing (see below) and for sporulation 

on KAc plates (see below). 

2.8.3 Mating type testing I 
Single colonies (all strains used are URA3) were mated with both tester strains 
(hAG 55, Mat a and hAG 56, Mat (x), which have a mutation in ura3. After 24 hr 

at 30 *C the YPD plates were replica plated onto minimal media plates and 
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incubated at 30 *C for an additional 24 hr. When a diploid strain is created, all 

nutritional requirements of the cell are satisfied and the cell is able to grow on 

minimal media. A cell, which is able to grow when mated with hAG 55, is of the 

a mating type, and one that grows when mated with hAG 56 is of the a mating 

type. 

2.8.4 Diploid strain sporulation (Solid media) 
Single diploid colonies were patched onto YPD plates. Following 24 hr at 30 *C, 

they were replica plated onto I% (w/v) KAc plates and left for a further 24 hr at 
30 T. After 24 - 48 hr incubation, almost 100 % sporulation is observed (For 

sporulation competent cells). 

2.8.5 Tetrad dissection 

Diploid cells were grown on I% (w/v) KAc plates for 24 hr at 30 *C. Cells were 
incubated in 20 yl P-glucooronidase for 20 min at 30 *C on a rotor wheel. This 

process breaks down the spore wall, allowing the tetrads to be isolated. 20 tetrads 

were dissected per plate of YPD by a micromanipulator. Plates were incubated at 
30'C for 48 hr. 

2.8.6 S. cereviside transformation (Lithium acetate) 

Haploid yeast were transformed with plasmids or linear DNA fragments using the 

lithium acetate (LiAc) procedure. A5 ml overnight culture of cells were diluted 

in fresh YPD to an OD600 of 0.2, and grown for 3 hr -5 hr, to an OD of 0.8 - 1.0, 

to allow time for at least two divisions to'take place. Following this growth, cells 

were harvested, washed in I ml 100 m. M LiAc, and resuspended in 160 PI 100 MM 

LiAc. Cells were then vortexed and 50 [d of cells per transformation aliquoted 

into fresh 1.5 ml tubes. The aliquoted cells were then centrifuged at 14000 xg for 

15 seconds and the excess LiAc removed. Following this, 240 [d of 50 % (w/v) 

filter sterilised PEG3500,36 til IM LiAc, 100 [tg of salmon testis ssDNA that has 

been boiled and cooled on ice, 0.1 - 10 ýtg of DNA, and sterile water to make 
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volume up to 360 RI, was added to the cells. Chemicals were added in this order so 

the cells were shielded from the detrimental effects of the LiAc by the PEG35,01 

thus reducing potential cellular damage. 

Cells were incubated at 30 *C for 30 min, then heated to 42 *C in a water bath for 

30 min (heat-shock). Transformants were selected for by plating on appropriate 

selective plates and incubated for 2-3 days at 30 *C. 

2.8.7 S. cerevisiae transformation (Electroporation) 

5 ml YEPD cultures were incubated overnight at 30 *C and then pelleted at 3000 x 

g for 2 min. The pellets were washed three times in 5 ml 1.2 M ice-cold sorbitol, 

centrifuged as before, and then resuspended in a minimum volume (less than 20 

[d). 5- 10 Rg of transforming DNA was ethanol precipitated with 5 td heat 

denatured salmon testis ssDNA (10 mg/ ml), and resuspended in 5 [d of Ix TE. 

40 RI of washed cells was mixed with the DNA and gently pipetted into a Gene 

Pulser cuvette (BioRad) and placed inside an EasyjecT+ electroporator, where the 

cells were exposed to an electrical pulse of 1.5 W, 25 yF and 200 Q. 400 td of 

ice-cold 1.2 M sorbitol was added to the electroporated cells to buffer the cells. 
The cells were plated out onto selective media containing 1.2 M sorbitol, and 
incubated at 30 *C for 72 hr. Sizeable colonies were streaked out onto selective 

media and incubated at 30 *C for a further 48 hr to select for true transformants. 

2.8.8 Synchronous meiotic time course 
The yeast strains of desired phenotype were streaked onto YPD plates from -80 *C 

glycerol stock. The plates were then incubated at 30 *C for 48 hr. 5 ml of YPD 

broth was then inoculated with a single colony and kept at 30 *C on a rotor wheel 

overnight. The OD,, O of the overnight culture was taken after 16 hr is an OD6. of 

between 16 and 20 was achieved, the culture was used to inoculate 300 ml of PSP2 

with dilutions ranging from I in 100 to I in 500 depending upon the OD600 of the 

overnight culture. The PSP2 is inoculated into 21 conical flasks. After 24 hr at 30 

. C' the OD6. of the PSP2 cultures is taken. An OD6. reading of between 1.6 and 
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2.0 can be used in a time course. The PSP2 cultures are centrifuged at 4500 xg 
for 2 min. The subsequent pellet was then washed in I% (w/v) KAc and 

centrifuged at 4500 xg for 2 min. Finally, the pellet is resuspended in 300 ml I% 

(w/v) KAc, supplemented with 3 mg adenine, 3 mg arginine and 300 [LI I% (w/v) 

PPG. The KAc cultures were left in a31 baffled flasks, shaking at 300 rpm. The 

first time point was taken immediately; subsequent time points were taken hourly. 

2.8.9 Cell harvesting following meiotic time course 

At each time point, 40 ml of synchronously sporulating cells were taken for DNA 

extraction. 400 yl of 10 % (w/v) sodium azide and 8 ml of 50 % (v/v) glycerol 

(ice-cold) were added to the cells. The cells were placed in an ice slurry for 5 min. 
Following this, cells were pelleted at 3000 xg for 3 min then washed in 5 ml of 

spheroplasting solution with glycerol and transferred into round-bottomed glass 

tubes. The spheroplasting solution was removed after a further pelleting. Cells 

were then snap frozen in liquid N2 for 5 min and transferred to -80 'C for storage. 

2.8.10 Cell harvesting following meiotic time course for chromatin 

immunoprecipitation (ChIP) 

At each time point, 25 ml of synchronously sporulating cells were taken for 

immunoprecipitation. Formaldehyde was added to a final concentration of I% 

(v/v). Samples were incubated for 20 min at RT. Glycine was then added to a 

final concentration of 125 mM and samples were incubated for a further five min 

at RT. Samples were then centrifuged at 14000 rpm for 5 min, the pellets were 

then washed in 10 ml Ix TBS. Samples were again centrifuged at 14000 rpm for 

5 min and resuspended in I ml of Ix TBS. Finally, the samples were transferred 

to screw capped micro-centrifuge tubes and the supernatant removed. Samples 

could then be stored at -80 OC. 
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2.8.11 DAPI staining 
500 RI of culture is added to 500 [tl of 100 % (v/v) ethanol and stored at -20 'C for 

staining with 4', 6-Diamidino-2-phenylindole (DAPI, to 0.5 Pl/ml). This enables 

the nuclei to be visualised. Stained cells were visualised. on a Leica DMLB 

Epifluorescence Microscope at magnification of x 40. The number of cells with 1, 

2,3 or 4 nuclei was recorded for each time_point. More than 200 cells per time 

point were counted. 

2.9 Molecular biology techniques 

2.9.1 Ethanol precipitation of DNA 

One-tenth volume of 3M sodium acetate pH 5.2 was added to the DNA (in 

solution), and then mixed by gentle vortexing. Following this; 2 volumes of 100 

% ethanol were added. The DNA precipitated following storage at -20 *C for 

approximately 16 hr, or 30 min at -70 'C. A DNA pellet formed following 

centrifugation at 14000 rpm for 30 min. Finally, the DNA pellet was washed in 1 

ml of 70 % ethanol, twice and air-dried. The DNA was then resuspended in Ix 

TE. 

2.9.2 DNA digests 

DNA was digested with restriction enzymes under the conditions recommended by 

the manufacturer. Analytical digests were carried out for 1 hr in a water bath at 

temperature specified. Digests for Southerns were carried out for 3 hr. All digests 

were made up to final volume with dHO. 

2.9.3 DNA ligations 

Plasmid-insert ligations were performed with a 5-fold molar excess of insert 

molecule relative to linearised plasmid. Plasmids linearised with a single enzyme 

were treated with shrimp alkaline phosphatase (USB) for 30 min at 37 *C, heated 

to 65 *C for 20 min, then concentrated by precipitation prior to use in the ligation. 

This treatment minimised recircularisation of the plasmid molecule. Typical 
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ligation reactions were 50 - 100 ng plasmid, 5-fold molar excess of insert 

molecules, Ix reaction buffer (40 mM Tris. HCI, lOMM MgC'2, lOmM DTT, 5 

mM ATP, pH 7.8), 1 pl T4 DNA ligase (MBIFermentas). Ligations were made up 

with UP-H20 in the minimum volume possible (usually 10 - 20 pl), and incubated 

at RT for 2 hr. 

2.9.4 Polymerase chain reaction (PCR) 

For amplification of regions less than 3.5 Kb, 2x PCR Master Mix (ABgene) was 

used with 100 pM each of the forward and reverse primers. Yeast genomic DNA 

(300 - 500 ng) or plasmid DNA (300 - 500 ng) was used as template. Typical 

PCR cycling was 96 *C for I min, followed by 30 cycles of: 94 *C for 30 sec, x *C 

for 30 sec, and 72 *C for y-sec, where x is the primer-specific annealing 

temperature and y is proportional to the length of DNA product to be obtained (I 

min per Kb). Reactions were terminated with a final extension of 72 *C for 2 min. 

2.9.5 Long range PCR 

For amplification of regions greater than 3.5 Kb or when high fidelity polymerase 

was required, 2x concentration of Extensor Master Mix (ABge. ne) was used. The 

same concentrations of primers as standard PCR were used. For long range PCR, 

all amplification steps were carried out at 68 *C not 72 'C as for standard. 

2.9.6 Yeast colony PCR 

A single colony of yeast was added to 20 pl of 20 T zymolyase (5 mg/ ml, ICN) 

and incubated at 37 *C for 30 min. The zymolyase mix was then incubated at 100 

*C for 5 min to inactivate any nucleases. I pl of this zymolyase mix was then 

added to the PCR reaction. 

2.9.7 E. coli colony PCR 

A single colony of E. coli was added to 50 141 of dH20 and incubated at 100 *C, for 

5 min. The waster/colony mix was then centrifuged at maximum speed for one 1 
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min then resuspended in 20 RI of dH20. I [LI of this mix was then added to the 

PCR reaction.. 

2.9.8 Glass beads method of DNA extraction 
An overnight YPD culture of 1.5 ml was centrifuged in a sterile micro-centrifuge 

tube at 14000 xg for 2 min. Following this, the cell pellet was resuspended in 200 

yl of genomic TENS. Sterile glass beads were then added to the mix, up to the 

level of the meniscus, with vigorous vortexing for 2 min. After vortexing, 100 PI 

of isoamyl: phenol: chloroform (1: 25: 24) was added with an additional 2 min 

vortexing. The micro-centrifuge tube was then centrifuged for 2 min at 14000 x. g 

and the top layer was transferred to a fresh sterile micro-centrifuge tube. To this 

new micro-centrifuge tube, 200 pI of phenol was added and vortexed for an 

additional 2 min, then centrifuged for 2 min at 14000 x g. Again, the top layer was 

transferred into a fresh sterile micro-centrifuge tube and the DNA was precipitated 

using standard ethanol precipitation. 

2.9.9 CTAB method of DNA extraction 

40 ml of meiotic cells from a time course was pelleted and transferred into a sterile 

micro-centrifuge tube. The cells were then washed in I ml of spheroplasting 

solution and again pelleted. The cell pellet was then resuspended in 100 PI of 

spheroplasting solution, 0.25 mg of 100 T zymolyase (ICN) and 5 PI of P- 

mercaptoenthanol. The mix was then incubated at 37 'C for 5-7 min, inverted 

once during incubation. After incubation, cells were then pelleted once again at 

4000 xg for 5 min (well-zymolyased cells can be hard to pellet) and resuspended 

in 200 jil CTAB extraction solution, 2 pl proteinase K and 0.5 PI RNaseA and 

gently vortexed. The mix was then incubated at 37 *C for 15 min, inverted twice. 

Following this incubation, 50 pl of chloroform: isoamylalcohol (1: 24) was added to 

the cell mix, vortexed for 20 seconds, rested for 2 min, then vortexed for an 

additional 20 sees. After vortexing, cells were centrifuged at 14000 xg for 5 min. 

The top layer was then transferred to a fresh micro-centrifuge tube, with 900 pl of 
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CTAB dilution solution layered very gently on top, precipitating the DNA away 
from the CrAB complex. Gentle mixing of the micro-centrifuge tube precipitated 

the DNA as white solids. The CTAB dilution solution was then carefully removed 
from the micro-centrifuge tube and the DNA washed twice in 1 ml of ice cold 0.4 

M NaCl in Ix TE then resuspended in 300jul ice cold 1.4 M NaCI in Ix TE. The 

DNA was then precipitated by adding 600 pl 100 % ethanol and left at RT for 15 - 
20 min. Following precipitation of the DNA, the DNA was then washed twice 

with 70 % (v/v) ethanol. All traces of ethanol were then removed and the DNA 

was resuspended in 30 - 100jul of Ix TE, depending upon size of DNA pellet. 

2.9.10 Liquid DNA concentration - Fluorometer 

DNA concentration was determined by flourometry using a Hoefer DyNA Quant 

200 Fluorometer. 1.5 ml of Ix TNE buffer was filtered sterilised into the glass 2 

ml cuvette. To this Ix TE, 2 [d of 0.5 mg/ ml DAPI was added and mixed 

thoroughly with a pipette. The machine was zeroed and then calibrated using 50 

ng/ ttl XBSTEII as a concentration standard. Each DNA sample was measured 

twice to obtain an average reading. 

2.9.11 Gel purification of DNA fragments 

DNA bands were separated by gel electrophoresis and the band of interest was 

excised from the agarose. DNA was extracted from the agarose using a DNA gel 

extraction kit (Qiagen) following the manufacturers instructions. This was 
followed by ethanol precipitation of the DNA. 

2.9.12 Native DNA electrophoresis 

For standard analysis, DNA was fractionated in I% (w/v) agarose gels' (made up 

to volume with Ix TAE) in Ix TAE, run at 70 v for the desired length of time. 

Ethidium bromide (200 yg/ 1) was added to the Ix TAE running buffer prior to 

running the gel. For Southern blotting, DNA is fractionated in 250 ml 0.5 % (w/v) 
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agarose gels in 1x TAE in a 25 cm x 15 cm tray. Electrophoresis was carried out 

at 70 v for 11 - 13 hr with constant buffer circulation. 

2.9.13 Alkaline DNA electrophoresis 

For analysis of single stranded DNA, DNA was fractionated in 0.7 % (w/v) 

alkaline agarose gels (50 mM NaOH, I mM EDTA, made up to volume with 
degassed water). Gels were run with alkaline running buffer (50 mM NaOH, I 

mM EDTA'made up to volume with degassed water, chilled in an ice bath). After 

digestion with appropriate enzyme, 100 mM EDTA was added to a final 

concentration of 10 mM and mixed. Prior to loading the appropriate amount of 6x 

Alkaline loading dye was added to the samples. 

Restriction-site-loss assays make use of the fact that type-11 restriction 

endonucleases only cleave double stranded DNA. Thus restriction enzyme 
digestion will occur at sites flanking an in vivo DSB onlY if the DNA has not 

undergone resectioning of the 5-ending strand. Increased length of single-strand 

resectioning will lead to the restriction enzyme cleaving the DNA at sites further 

away from the DSB. The longer restriction fragments that are produced can be 

detected using Southern blotting techniques, following electrophoresis. For this 

analysis, the type 11 restriction endonuclease used is HaeIl. HaeII cleaves DNA at 

sites closely flanking the VDE-DSB site and at a further seven locations within 10 

kb downstream of the arg4-VDE allele. VDE-DSB formation at arg4-VDE 

creates a unique 358 bp-long, truncated form of the parental molecule. 
Subsequent 5' to 3' resectioning will render HaeII restriction sites single-stranded, 

and thus prevent their cleavage. If a VDE-DSB molecule becomes resected 
beyond the site of the closest HaeII site (+358 bp), cleavage will occur at the next 

nearest HaeII site, - 1.8 kb downstream. Similarly, resectioning beyond 1.8 kb but 

less than - 2.2 kb will lead to cleavage at the HaeII site + 2.2 kb downstream. In 

the same way, products of increasing molecular weight will be liberated as 
resectioning becomes more extensive. 
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2.9.14 Southern Blot 

After electrophoresis, the agarose gels were washed three times in dH20 for 5 min 

removing any running buffer or Ethidiurn bromide. Following the washes in dH20, 

the gels were then depurinated in II of 0.25 M HCI for 20 min, then soaked in 11 

0.4 M NaOH for a further 20 min, denaturing the DNA. Following the washes, the 

DNA was transferred onto a nylon membrane, Zetaprobe (BioRad) using a blotting 

system, VacugeneXL (Pharmacia), at 50 mbar for 2 hr in 110.4 M NaOH. After 

the blotting, the membrane was washed in 2x SSPE for 15 min to remove any 

remaining agarose and to neutralise the NaOH. Finally, the DNA was cross-linked 

to the membrane using a UV lamp. 

2.9.15 Southern analysis to assess VDE cleavage 

Standard Southern analysis can assess the rate of VDE cutting by using an 
EcoRV/Bglll-double digest that separates the parental arg4-VDE allele from the 

other molecules (Neale et aL,, 2002). DNA, isolated from synchronously 

sporulating (synchrony of cells and entry into the meiotic divisions was monitored 
by recording nuclear divisions through DNA staining with DAPI) cells at hourly 

intervals, was restriction digested with EcoRV and BgIII, and fractionated on 0.5 

% agarose gels. The DNA was transfeffed to nylon membrane and hybridised 

with a 386 bp ARG4-specific probe (made by PCR using primers VDE 03 and 
VDE 04) identical to the region directly downstream of the EcoRV site (or VDE- 

cutsite in arg4-VDE). This restriction digest makes it possible to separate arg4- 
VDE parental molecules from all other species (see figure 3.4 for details). This 

digest is a useful way of measuring the rate of VDE-induced cleavage as the 

amount of DNA present in the arg4-VDE band will reduce relative to a loading 

control, as more cleavage occurs. All effor bars presented in quantification of 
Southern blots are the standard deviations from the mean data values. 
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2.9.16 Southern analysis to visualise VDE-DSB and deletion product 
formation 

When meiotic DNA is extracted and digested with SpeI and then probed on a 
Southern blot with chromosome V-specific probe made from PCR using primers 
MNII and MN12, the VDE-DSB is visible as a truncated form of the parental 
band, with a molecular weight of - 7.8 kb. In a WT cell, the VDE-DSB peaks at 

time point 5 hr, and then decreases as the VDE-DSB is repaired. 
To determine the level of VDE-DSB and the proportion of the deletion product 
formed in the strains, the quantity of probe hybridising to the VDE-DSB and the 

deletion bands was calculated as the proportion of total DNA in the lane. The total 

DNA that is probed in each lane consists of two arg4-VDE chromatids, and two 

arg4-bgl chromatids. Therefore, values, as the proportion of total DNA, were 
doubled to express data as the percentage of arg4-VDE chromatids (see figure 

3.9). All error bars presented in quantification of Southern blots are the standard 

deviations from the mean data values. . 

2.9.17 Slot blot 

Meiotic DNA isolated at hourly time points was blotted with and without heat 

denaturation onto a nylon membrane using a slot-blot apparatus. Blots were 
hybridised with "P-labelled single-stranded DNA probes complementary to the 

unresected strand (3 kb downstream of the VDE-DSB). Single-stranded probes 

were made by primer extension using gel purified PCR products as templates 

(primers for PCR: VDE 05 and VDE 06). Scanning densitometry was used to 

determine the amount of probe hybridising to each of the DNA samples. The 

single-stranded probe is able to hybridise to the denatured. DNA samples 
independently of there being any single-stranded resectioning. By contrast, the 

probe is only able to hybridise to the native DNA samples if resectioning has 

passed the site of the probe (see Figure 4.4). The quantity of hybridisation signal 

to native DNA was normalised to the denatured DNA hybridisation signal from 
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the same time point. This allows an estimate to be made of the extent of single- 

strandedness at the site of the probe at each hour in meiosis. 

2.9.18 Generation of double stranded 32p probes 
Probe DNA templates were produced by PCR using genomic DNA -as a template. 

The subsequent PCR products were then gel purified to remove any genomic 

DNA, then used as a template in a second round of PCR. The PCR products were 

then ethanol precipitated and resuspended in Ix TE to a final concentration of 50 

ng/ jil. Labelling reactions included 50 ng of probe, 0.1 ng of %BstEll digested 

DNA, 9 yl dH20 and 4 yl HighPrime (Roche) random primer. This mix was then 

incubated at 100 "C for 2 min than put onto ice for 5 min. To this 5 RI of IIP 

labelled dCTP was added incubated at 37 *C for 20 min. BioRad chromatography 

columns were used to remove any unincorporated nucleotides from the probe mix. 

The labelled probe was added to a spin column and centrifuged at 4000 xg for 4 

min. 250 ttl of salmon sperm ssDNA (10 mg/ ml) was added and placed at 100 *C 

for 2-3 min. 

2.9.19 Pre-hybridisation, hybridisation and washes 

DNA cross-linked membranes were prehybridised for 4 hr - 24 hr at 65 *C in 

prehybridisation solution (2 x SSPE, 1% SDS, 0.5 % non-fat dry milk, 5 [tg/ ml 

boiled salmon sperm ssDNA). Hybridisation took place at 65 *C for 16 hr in 

hybridisation solution (2 x SSPE, I% SDS, 0.5 % non-fat dry milk, 5% dextran 

sulphatq (Sigma-Aldrich)), with the 32 P-incorporated probe. After incubation, 

membranes were washed at RT with agitation in 250 ml of the following solutions: 

2x SSPE, I% SDS; 0.5 x SSPE, I% SDS. Each wash took 15 min. Membranes 

were wrapped in watertight plastic wrap, and exposed to a blanked phosphor 

screen (Kodak), with a screen guard between the two (BioRad). 
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2.9.20 Generation of single stranded 32p probes 
Gel purified PCR products were used as a DNA template in a linear PCR reaction. 
A typical PCR reaction would include 10 ng DNA template, 40 yM dATP, 40, UM 
dGTP, 40 pM dTTP, I pM dCTP and 100 pM of primer. This reaction mix was 
denatured at 100 *C for 2 min followed by ice chilling for 5 min. Following this, I 

jul 
Taq polymerase (5 U/ pl, buffer B, Promega), I yl 10 x Mg" free Buffer, I jil 

MgC12 and 5 PI 32p_labelled dCTP (ICN, 300OCio/mmol, frozen) was added. The 

PCR cycle was as follows; 94 *C for 30 sec, 57 *C for 30 sec, 72 *C for 45 sec (15 

cycles). Labelled probes were purified from unincorporated 3'P-labelled 

nucleotides using a chromatography spin column (BioRad). 

2.9.21 Scanning densitometry 

A Personal FX phosphorimager (BioRad) was used to scan the screen to determine 

the density of radiation emitted from the hybridised filter. Quantification of the 
hybridisation signal released was assayed using the quantification software, 
Quantity One. (BioRad). In essence, borders were placed around the upper and 
lower limits of each band to be measured in each lane of the gel; the removal of 
lane background was also used so that background signals were not incorporated 

into the quantification of the bands. The quantity of signal within each band was 
determined by calculating the signal form the area under each peak minus the 

background signal. 

2.9.22 Chromatin immunoprecipitation (ChIP) 

Meiotic time courses were carried out and samples were taken for DNA extraction 

and DNA-protein cross-linking. Southern analysis was carried out on the meiotic 

time courses to ensure that the VDE allele had undergone efficient cutting. 
Cleavage at arg4-VDE was found to be as WT (data not shown). 

Chromatin Immunoprecipitation time courses were performed that cross-linked all 

proteins bound to DNA. Protein cross-linked time course samples were sent to 

V. Borde who carried out all ChIP experiments. Immunoprecipitation using anti 

54 



Chapter Two - Materials and Methods 

Rfa-1 antibody was used to pull down all DNA sequences with Rfa-1 bound. 

Quantitative multiplex PCR was used using primers specific to Spollp coldspot 
YCROBC, Spollp hotspot YCR048W and the URA3 repeat region of the VDE 

construct. 

Primers VDE E and VDE F anneal to the URA3 region of the reporter cassette on 

chromosome VIII (see figure 5.8). Primers 13C F and R anneal to the region 
YCRO13C of chromosome III, with a product size of 220 bp, which is a dubious 

ORF, unlikely to encode a protein. This region is used as a Spol lp coldspot. The 

primers 48W F and R anneal to the region YCR048W on chromosome III (see 

figure 5.8), with a product size of 164 bp, and encoding an endoplasmic reticulum 

enzyme that contributes to the major sterol esterification activity in the absence of 

oxygen. This region is used as a Spollp hotspot, with 9% of all chromosomes 

receiving a break. 

PCR reactions were run on polyacrylaminde gels and quantified using the BioRad 

QuantityOne package. Output PCR samples (PCR reactions using DNA from 

immunoprecipitation reactions as a template) were calculated relative to input PCR 

samples (PCR reactions not associated with an immunoprecipitatio. n reaction). 
The Output/Input ratios at the Spo II p-hotspot were calculated as fold enrichment 

over the Output/Input ratio at the Spol lp-coldspot (Borde et al., 2004). The use 

of a ratio between input and output figures allows the background PCR product to 
be subtracted from the PCR product coupled with the immunoprecipitation. 

2.9.23 Generation of 6xHIS tagged Exo1p and promoter replacement 
EX01 was amplified using primers ExolF and ExolR. The amplified EX01 ORF 

contained an XbaI restriction site 5' of the START codon. At the 3' end of the 
ORF, the STOP codon was removed and cloned in was a glycine linker followed 

by six histidine residues. Following on from the histidine residues, an Xhol- 

restriction site was cloned into frame (see figure 6.12). pAG336 was digested with 
Xbal and XhoI, which excised the yEGFP3 fragment (see figure 6.11). The 

amplified EX01-6xHIS ORF was ligated in between the XbaI and XhoI-restriction 
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sites. The EXOI-6xHIS ORF was under control of the highly expressed and 

regulatable promoter, MET25. The new plasmid was designated pAG338. 

pAG338 was transformed into competent DH5cc E. coli cells and transformants 

were screened by colony PCR. Correct transformants were selected and the 

plasmid was isolated. hAG407 was transformed with pAG336 and transformants 

were again screened by PCR. A correct transformant was selected and designated 

hAG1389. 

2.10 Biochemistry techniques 

2.10.1 Method of soluble protein extraction 

Cells were grown to mid log phase (I x W). Cultures were then centrifuged at 
3000 rpm for 5 min. The pellet was then resuspended in I ml 20 % TCA (w/v) 

and transferred to a screw capped micro-centrifuge tube. Cells were then again 

centrifuged at 14000 rpm for I min. This pellet was then resuspended intd 200 [d 

20 % TCA. Glass beads were then added up to the meniscus and the samples were 

then Ribolysed at speed 6 for 25 secs, a total of three times. It was then checked to 

see how well the cells had lysed under the light microscope. If sufficient, an 

additional 200 R1 of 5% TCA was added to the sample. The sample was then 

centrifuged at 3000 rpm for 5 min to remove the glass beads. The supernatant was 

then transferred to a fresh micro-centrifuge tube and centrifuged for an additional 
5 min at 14000 rpm. Finally, the pellet was then resuspended in 1 ml of TCA 

loading dye and stored at -80 `C if necessary. 

2.10.2 Method of total protein extraction 

200 ml of synchronous meiotic culture was harvested at each time point by 

centrifugation at 3000 rpm for 5 min, washed in sterile water and transferred to a2 

ml screw capped micro-centrifuge tube. Cells were pelleted by brief 

centrifugation and the supernatant was removed. To the cell pellet was added an 

approximately equal volume of acid washed beads (Sigma, 425 - 600 microns) and 

enough protein lysis buffer to cover the beads was added. Cells were disrupted by 
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agitation using a Mini Beadbeater for 30 sec, followed by 30 sec on ice, then a 
final 30 sec of agitation. Beads and cellular debris were removed by 

centrifugation at 11,000 rpm for 5 min at 4 'C. 

2.10.3 Determination of protein concentration 

Protein concentrations were determined using Bio-Rad protein determination kit 

and bovine serum albumin as standard. Both standard and unknown protein 
concentrations were assayed under manufacturers conditions. 

2.10.4 Immuno-precipitation of 6xHIS tagged protein 

20 gg of protein lysate was incubated with I [d of aI in 10 dilution of the 

secondary antibody (DakoCytomation, polyclonal goat anti-mouse HRP) and 20 111 

of IgG agarose (Santa Cruz) beads at 4"C for 30 min, with constant agitation. 

Following incubation, samples were centrifuged at 11,000 rpm for 5 min and the 

supernatant removed. To the supernatant, 5 [tl of primary antibody (tetra-His a- 

mouse HRP, Sigma) was added and incubated at 4 'C for I hr. Following 

incubation, 20 [LI of IgG agarose beads was added and incubated at 4 CC for 2 hr. 

Following incubation, samples were centrifuged at 11,000 rpm for 5 rnin and the 

supernatant was discarded. The agarose beads were then washed twice in Ix PBS 

pH 7.4. 

2.10.5 Phosphatase treatment of protein lysate 

20 [tg of protein lysate was incubated at 37 T for 45 min with 2 units of Calf 

Intestinal Phosphatase (CIP, I U/ Rm, Roche) and an appropriate amount of 10 x 

buffer with and without the presence of phosphatase inhibitors (0.1 M Sodium 

Phosphate, 0.2 mM Sodium Orthovanadate, I mM Sodium Floride) before diluting 

with 4x protein sample buffer and boiling for 10 min. 
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2.10.6 Protein lysate buffer 

50 mM Tris (pH 7.5), 50 mM NaF, 5 mM EDTA, 25 mM NaCl, 0.1 mM Na3VO4. 

17.28 mg/ ml P-glycerophosphate, 6.92 mg/ ml p-nitrophenylphosphate, 0.4 mM 

DTr, I jil/ ml IGPALCA-630,1.6 [d/ ml PMSF (10 mg/ ml in isopropanol) 4 

ýtl/ ml complete EDTA free protease inhibitor cocktail tablet (Roche, made up 

according to manufacturers instructions. ) 

2.10.7 SDS-Polyacrylamide gel electrophoresis 

Proteins were separated by SDS-PAGE in a Mini-Protean H system (BioRad). 

The appropriate percentage of SDS-PAGE separating gel was determined by 

calculation of the molecular weight of the protein of interest. Proteins of high 

molecular weight (>150 kD) were usually run on 6% (v/v) gels, whilst lower 

molecular weight proteins (<40 kD) were run on 14 % (v/v) gels. Prior to loading, 

protein samples were boiled for 4 min in sample buffer. These samples were 
loaded into wells formed within the stacking gel, and electrophoresis proceeded at 

a constant current of 300 mA until the appropriate level of protein separation had 

occurred. Molecular standard markers (New England BioLabs) were run beside 

the samples to indicate protein size. 

2.10.8 SDS-PAGE solutions 

30 % (v/v) Acrylamide stock (BDH): 29.2 % (v/v) acrylamide and 0.8 % (v/v) 

Bis-acrylamide 

Ammonium p'ersulphate: 10 % (w/v) solution made fresh 

Stacking gel: 125 mM Tris pH 6.8; 0.1 % SDS, 4% (v/v) polyacrylamide 

Resolving gel: 500 mM Tris pH 8.8; 0.1% SDS, (x%) polyacrylamide 
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Running buffer pH 8.3: 0.025 M Tris ; 0.192 M glycine and 0.1 % (w/v) SDS 

Transfer buffer: 25 mM Tris; 192 mM glycine; 20 % methanol 
4x protein sample buffer: 0.125 M Tris. HCI (pH 6.8); 10 % (v/v) glycerol; 5% 

(v/v) p-mereaptoenthanol; 2% (w/v) SDS; 0.015 % (w/v) bromophenol blue 

Block: 5% (w/v) non-fat dried milk powder in Ix TBS 

lxTBS: 24 gl I Tris; 80 g/ I NaCl 

2.10.9 Western blotting 

SDS-PAGE separated proteins can be blotted onto a nitrocellulose membranes by 

means of electrophoretic transfer. The electrophoresed gel, transfer membrane, 6 

pieces of Whatmann filter paper were pre-equilibrated in transfer buffer (25 mM 
Tris and 192 mM glycine with 20 % (v/v) methanol). A gel-blot sandwich was 

constructed of 3 pieces of filter paper, the gel, the membrane and the remaining 

sheets of paper. The sandwich was immersed within a buffer-filled Western 

blotting tank, with gel towards the cathode and membrane towards the anode. The 

electrophoretic transfer proceeded at 300 mA, for I hr. Efficiency of protein 

transfer was verified by staining the membrane with Ponceau-S (Sigma). The 

transient stain was water-soluble and did not affect further analysis of blotted 

proteins. 

2.10.10 Immuno7detection of proteins on blotted membranes 
All immuno-detection steps were carried out at RT with constant agitation. 
Ix TBS-T20 (I x TBS, 0.1 % (v/v) Tween 20) was used as both a base for 

blocking agent (5 % (w/v) non-fat dried milk powder dissolved in TBS-T20, and 

as between-step washes. After Ponceau-S staining, the remaining protein-binding 

sites on the blot were blocked by incubation in blocking agent for I hr. Primary 

antibody was diluted in blocking agent at a final volume of 0.1 ml/ cm of 
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membrane and used to probe the blot for 1 hr. The blot was washed 3 times with 
TBS-T20, following this, the secondary antibody was diluted in blocking agent 

and applied to the membrane for a further hour. Again surplus antibody was 

removed by washing 3 times with TBS-T20. Antibody binding was visualised by 

means of enhance chemiluminessence (ECL), (Amersham). Appropriate volume of 

reagents A and B were mixed and applied to the blot for 1 min, and then excess 

was removes. 

2.10.11 Development of membranes 
The fluorescence was detected by exposure to Kodak X-ray film and developed 

using Compact X4 Developer (Xograph Imaging Systems Ltd). 

2.11 Description of S. cereviside strains used 
2.11.1 Strain nomenclature 
In diploid strains spollf indicates homozygosity of the spoll-Y]35F- 

H43His6:: KanMX allele. In diploid strains SPOIJ indicates SP0111spoll- 

Y]35F-HA3His6:: KanMX heterozygosity. For all other genes, all of the 

experimental diploid strains were homozygous for the defined mutation, for 

example dmc]A indicates homozygous dmc]A:. ADE2 alleles. TFP11TFPI 

indicates homozygosity at the TFPI allele. TFPI:: VDEITFPI indicates 

heterozygosity at the TFPI allele. 

2.11.2 Inclusion of strain information 

The haploid strain list (Table 2.3.1) contains only the yeast strains from which 

specific alleles originate, rather than the manifold intermediate strains used to 

create the experimental diploids. The diploid strain list (2.3.2) contains all of the 

experimental diploids used in this study. 

2.11.3 General methods for creating yeast strains of the desired genotype 
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Where a deletion or disruption cassette was available, appropriate haploid strains 

were directly transformed via the lithium acetate method or electroporation 

method, to achieve the desired genotype. To create the experimental diploids, 

intermediate strains were routinely made by mating haploids with appropriate 

genotypes, followed by sporulation and tetrad dissection. The haploid genotype of 

spores was determined largely by identifying mutant alleles marked with amino 

acid biosynthetic genes, or antibiotic resistance genes. 

The requisite and non-requisite phenotypes of each mating cross were scored to 

confirm the expected marker segregation. To ensure haploid ploidy, colonies were 

selected from four spore viable tetrads only. When alleles disrupted by the same 

marker were required in a haploid strain, diploids heterozygous for the markers 

were. made and dissected. Only marker+ haploids from 2 +: 2- segregations were 

selected, thus ensuring the presence of both alleles in the haploid. When no 

protrophic or antibiotic resistance markers were available, (e. g. VDE insertion at 

the TFPI locus, creating TFPI:: VDE), locus-specific primers were used to 

amplify the appropriate region via PCR. The size of the PCR product, and/or the 

presence or absence of restriction sites (relative to a reference PCR), was 

indicative of the genotype. 
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Chapter Three 

An assay for Spollp-independent 
DSB repair in meiosis 

3.1 Introduction I 

In this study a meiosis specific and site-specific endonuclease, VDE, was 

employed to induce a DSB. VDE is a good candidate to drive recombination in 

yeast, as an approximation to Spollp-induced recombination for the following 

reasons; Firstly, VDE recognises a complex cleavage sequence equivalent to at 
least 18 bp in length (Bremer et al., 1992; Gimble and Thorner, 1992), ensuring 

that DSB formation is site-specific. Secondly, the endonuclease activity of VDE 

is meiosis-specific, and equally important, creates DSBs during meiosis at about 

the same time that Spol lp-DSBs form (Gimble and Thorner, 1992). Finally, gene 

conversion is efficiently induced by VDE-DSB formation (Gimble and Thomer, 

1992), indicating that VDE-should be a competent tool for use in this study. A 

self-homing endonuclease causes conversion of an endonucleasc allele (e. g. 
TFPI) into a endonuclease" allele (e. g. TFPI:: VDE). Figure 3.1 is an illustration 

of self-propagation by VDE. This reaction is unidirectional as the cutsite is only 

present in the endonuclease- allele, and the only available homology to repair the 

induced DSB is the endonuclease" allele. Thus subsequent conversion of 

endonucleasC allele causes the endonuclease cutsite to be lost in the cell and 

subsequent generations. SKI strains do not naturally express VDE (they contain a 
TFP1 allele). All SKI strains expressing the VDE endonuclease in this study have 

been made to do so experimentally with the VDE allele being integrated into the 

yeast genome. 

The cut site for VDE is located within an inserted copy of a modified ARG4 gene, 

creating the arg4-VDE allele. This is a heterozygous cassette with a second 

modified ARG4, arg4-bgl residing on the homologous chromosome V. Repeated 
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Figure 3.1: Self propagation by VDE. (a) Transcription and translation of TFPI creates 

the rt, p i p. (b) Transcription and translation of TFPI:: VDE forms the transient 

'1'1'pl:: VDE protein. (c) Mature Tfplp and VDE proteins arc produced through a splicing 

reaction. Homing of the VDE reading frame is mediated by VDE-induced DSB 

formation within TFPJ, followed by GC using the TFPI:: VDE locus as the repair 

template. 
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regions of URA3 sequences flank the arg4-VDE allele; upstream, the 5' side a 
URA3 allele is interrupted by a natural. Ty insertion element (ura3:: ty), and 
downstream of the VDE site is a WT URA3 allele. Repair can take place by 

homologous recombination (HR) with a donor sequence (arg4-bgb, on the 

homologous chromosome, to yield either ARG4 or an arg4-bgl allele. If 

resectioning continues to a greater extent, revealing the flanking URA3 

homologies, an ura3:: ty element, termed the deletion product, can be formed. 

Figure 3.2 is an illustration of the possible repair products of arg4-VDE. This 

deletion product can be formed be one of two ways, firstly by single strand 

annealing (Single strand annealing; SSA), a totally intra-molecular event (Figure 

3.3). Secondly, by an unequal inter-homologue event that involves a strand 
invasion step using the non-sister chromatid as the repair template (Figure 3.3). 

Repair using the sister chromatid is unlikely as both sisters receive a break. 

Previous work with a hemizygous VDE reporter cassette has shown repair of the 

VDE-DSB to be independent of RAD54 (A. Bishop-Bailey and A. S. H. Goldman, 

Unpub. ), a gene required for inter-sister meiotic DSB repair (Arbel et al., 1999). 

Using this assay system, it is possible to study mutations that either fail to make 
Spollp-DSBs, for example mre]]A, or result in a block in their repair, for 

example mrell-H125N. 
For physical analysis of VDE-DSB repair and formation of the deletion product, 
Southern analysis was employed. DNA was isolated from synchronous meiotic 

cultures and following appropriate restriction digest, was fractionated under native 

agarose conditions. Following transfer of DNA onto membranes, DNA was 

radio-labelled with specific probes and exposed to a Kodac Phosphor screen. 

Phosphor screens were then scanned on a BioRad Phosphoiniager following 

appropriate exposure. All work publislýed in Neale et al., (2002) involved transfer 

of the Kodak phosphor screen from lead cassette to Personal FX phosphoimager 

under the light conditions of a standard laboratory. During 2003, the laboratory 

was refurbished and central lighting was replaced. All scanned images were found 

to have dramatically reduced signals when scanned in the refurbished laboratory. 

63 



VDE-DSB site 
II kb 

ura3: -T arg4-VDE URA3 
(a) ý16 

ura3:. Ty arg4-bol URA3 

lira3:: Tv URA3 
(b) ---- --- -i 

ura3:: Ty are4-bgl URA3 

itra3:: Ty ARG4 URA3 
-EJ 0 ýýw 

itra3:: Tv arR4-bgl URA3 
(d) -Cj3WtXM 

ura3:: T 

URA3 

Figure 3.2: Reporter construct and associated repair products. (a) Diploid strains 

contained arg4-VDE and arg4-bgl alleles (dark blue boxes) inserted along with pl3R322 

plasmid DNA (dark lines) at the ura3:: T. v loci of' chromosome V (thin lines). The Ty 

disruption of' ura3 (striped box) is -6 kb long. The insertions created flanking repeats of 

URA3 homology (light blue boxes). (b) VDE cleaves specifically the arg4-VDE allele 

during mciosis at the 73 bp VDE-cutsite cloned into the EcoRV site of ARG4. (c-e) Each 

arg4-VDE chromatid is able to repair the VDE-DSB in four different ways. Gene 

conversion via an interaction with the arg4-bgl allele can result in production of' (c) an 

ARG4, or (d) an arg4-bgl allele. The VDE-DSB can also be repaired by deletion of the 

inserted DNA via interaction between the flanking URA3 homology. (e) Deletion to 

ura3:: Tv involves interaction between the 2nd and 3rd regions of' URA3 sequence. (1) 

Deletion to URA3 involves interaction between the Ist and 3rd regions of' URA3, this is a 

vcrý rare (< 3% total repair events) repair event. 
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Figure 3.3: The two routes for deletion product formation at the VDE-DSB: (a) 

Long resection tracts lead to repair using flanking repeated URA3 sequence, and 

formation of the deletion product ura3:: Ty. The repair event uses the homologous 

chromosome as the repair template, involving a strand invasion event. (b) A 

single-strand annealing event, which is expected to be independent of Dmclp activity 

and of a strand invasion event. 
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Due to the position of the bands on the radioactive filter it became apparent that 

the VDE-DSB band and deletion product were being blanked disproportionately in 

comparison with the Parental band on the uppermost part of the filter. 

It was decided that the movement of the Phosphor screen from the cassette to a 

phosphoiniager should be carried out entirely in the dark as exposure to white light 

prior to scanning would result in partial blanking of the screen and subsequent loss 

of signal. When scanned in the dark, the DSB band and the deletion product of all 

strains was found to be approximately 20 % higher than when scanned in the light, 

as described below. 

3.2 Results 

3.2.1 Redefining the base level of VDE-DSB repair and deletion product 

formation 

Neale et al., (2002) reported that WT levels of Spollp-DSBs are required for 

normal regulation of resectioning, even at a DSB created by another protein. To 

characterised. the functions of further proteins during repair of the VDE-DSB, the 

original experiments reported in Neale et al., (2002) had to be repeated. Repeating 

the original experiments produced new repair profiles for WT, spollf, sae2A and 

hopIA, with which the newly investigated mutants could be compared to. 

To confirm the kinetics of VDE-DSB repair and the level of deletion products 
formed in the WT, spollf, hopIA and sae2A cells and to investigate the kinetics of 

VDE-DSB repair and the level of deletion products formed in mekIA and mekl- 

K199R strains, meiotic time courses were performed and DNA was isolated from 

each time point. 

Standard Southern analysis can assess the rate of VDE cutting by using an 

EcoRVIBglII double digest that makes it possible to separate arg4-VDE parental 

molecules from all other species (see Materials and Methods section 2.9.16 and 

illustrated in figure 3.4). This digest is a useful way of measuring the rate of VDE- 

induced cleavage as the amount of DNA present in the arg4-VDE band will 

reduce relative to a loading control, as more cleavage occurs. 
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Figure 3.4: Physical analysis of arg4-VDE cleavage and ARG4 formation. EcoRV- 

and BgIll-digestcd DNA extracted from a synchronous meiotic time course was 

fractionated in a 0.5 17c 1x TAE agarose gel and hybridised with a probe (P) specific to 

the region of' ARG4. The 2.8 kb band represents arg4-VDE chromatids (Chr V), which 

disappear with time and VDE action. The 2.3 kb band represents the natural arg4 locus 

(Chr VI/1), used as a loading control. The S. 7 kb band contains both parental arg4-bgl 

and genc conversion molecules (Chr V). The I kb band represents the ARG4 repair 

product and the VDE-DSB (Chr V). Neither the 5.7 kb nor the I kh bands are used in 

this study. 
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To determine whether the VDE-DSB is processed differently in different mutant 

strains, Southern analysis was carried out on SpeI digested DNA. This Southern 

permits the visualisation of the Parental (and gene conversion to ARG4 or arg4- 
bgI) band, the formation and repair of the VDE-DýB and the production of the 

deletion product, throughout the time course as described in Materials and 

Methods section 2.9.17 and illustrated in figure 3.5. 

Confirmation of findings published by Neale et d. 2002 

3.2.2 The kinetics of cleavage by the VDE-endonuclease was found to be very 

similar in cells mutant for SPOH, SAE2, and HOPI 

Analysis of the quantified Southern can reveal the cutting efficiency of VDE in 

these mutants. Following 8 hr in meiosis, more than 90 % of arg4-VDE 

chromatids had been cleaved in spollf, sae2, d, hop]A, cleavage very similar to 

that seen in WT cells (see figure 3.6). 

3.2.3 The processing of the VDE-DSB shows different repair kinetics from 

WT cells, in cells mutant for SPO11, and HOPI. 

The EcoRVIBgIII digest of meiotic DNA has confirmed that the cleavage at the 

arg4-VDE is independent of all mutations so far studied. To determine whether 

the VDE-DSB is processed differently in spollf or hop]A cells, Southern analysis 

was carried out to quantifý the VDE-DSB throughout the time course as described 

in Materials and Methods section 2.9.17 and illustrated in figure 3.5. Results 

obtained were compared with those published in Neale et al., 2002. 

In WT cells, the VDE-DSB peaks at 45 % of chromatids that had received a break 

at 5 hr of meiosis, and has approximately 10 % DSBs remaining unrepaired by the 

end of the time course (see figure 3.7). In spollf cells, the VDE-DSB peaks 

approximately two hr earlier than in WT. Furthermore, the VDE-DSB 

accumulates to a lower level in the spollf strain reaching a maximum of 

approximately 15 %. The 2 hr earlier peak of maximum VDE-DSB peak, coupled 

with a reduced value suggests that the VDE-DSB is repaired with faster kinetics in 
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Figure 3.5: Physical analysis of DNA events at the arg4-VDE focus. Spel (S) digested 

DNA extracted from mciotic time course was fractionated on 0.5 %Ix TAE gels, 
h)bridised with aI kb probe (P) specific to the region of chromosome V, 200 bp 

downstream of ura3:: Tv. The 2.3 kb and 11.5 kb bands represent the fragments derived 

from the chromosome V ura3:: Ty natural and insert-containing loci, respectively. The 11.5 

kb band corresponds to the parental arg4-VDE and arg4-bgl constructs as well as gene 

conversion (GC) repair products to ARG4 and arg4-bgl. The transient -7.8 kb band shows 

the VDE-DSB. Limited 5'- 3' single-stranded rcsectioning leads to shortening of' some 

molecules in the population causing the smeared appearance of the VDE-DSB. The 2.3 kb 

band represents the deletion product. 
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Figure 3.6: Physical analysis and quantification of arg4-VDE cleavage in WT, spollf, 
hopIA and sae2A cells. Southern analysis using Bg1lI/EcoRV-digested DNA extracted 

from synchronous mciotic time course of (a) WT, (b) spollf (c) hopIA and (d) sae2A, 
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similar in all strains. 
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Figure 3.7: Comparison between the physical analysis of the VDE-DSB in 

experiments reported by Neale et al., (2002) and in this study. Southern analysis using 

Spel-digcsted DNA of (a) WT, (b) spollf, (c) hopIA and (d) sae2A and processed as for 

figure 3.5. The scanned images have been cropped to show just the parental/GC and VDE- 

DSB bands. (e) The VDE-DSB in hoplA and spollf cells peaks two hours earlier, at time 

point 3 hr, than in WT cells and peaks to a lower maximum level, at just - 15 %. sae2A 

cells show an increase in the maximum value of the DSB in comparison to WT cells. (f) 

Data presented in Neale et al., 2002, when scanning of Phosphor screens occurred in the 
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spollf cells (see figure 3.7). hqpIA cells showed repair kinetics very similar to 

the spollf, with the VDE-DSB again accumulating to lower levels (maximum of 

approximately 15 %) throughout the time course and alike spollf cells, peaking 

earlier than in WT cells (see figure 3.7). The more short-lived VDE-DSB in spollf 

and hoplA cells suggests rapid repair of the break. Figures 3.7 e and 3.7 f are a 

comparison between the results obtained in this study and those published by 

Neale et aL, 2002. Only the numerical values are altered, the trends between the 

strains remain the same. 

3.2.4 The VDE-DSB repairs to the deletion product more frequently in spollf 

and hop1A cells 

In VV`T cells, by time point 8 hr, 60 % of the arg4-VDE chromatids, which had 

received a break, had been repaired to form the deletion product (see figure 3.8). 

In spollf and hoplA strains, approximately 100 % of broken arg4-VDE 

chromatids had been repaired to the deletion product after 8 hr in meiosis (see 

figures 3.8). Figures 3.8 e and f are a comparison between the results obtained in 

this study and those published by Neale et aL, 2002. Only the numerical values are 

different, the trends between the strains remain the same. 

3.2.5 Repair of the VDE-DSB appears delayed in sae2A cells and shows 

reduced repair to the deletion product 

In sae2A cells, the VDE-DSB is seen to accumulate to a maximum of 

approximately 45 % all broken arg4-VDE chromatids, after 5 hr in meiosis, 

compared to around 30 % in WT cells. This increase in the maximum value of 
VDE-DSB is indicative of delayed kinetics for break repair (see figure 3.7). 

Approximately 40 % of broken arg4-VDE chromatids are repaired to the URA3 

repeat regions in cells lacking Sae2p, compared to 60 % in WT (see figure 3.8). 

This data supports the observation that the VDE-DSB has a delayed turnover in 

sae2A cells (see figure 3.7). 
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Figure 3.8: Physical analysis and quantification of deletion product formation in 

WT, spollf, hopIA, and sae2A cells. Southern analysis using Spel-digested DNA 

extracted from synchronous meiotic time course of (a) WT, (b) spollf, (c) hoplA and 

(d) sae2A cells and processed as for figure 3.5 The scanned images have been cropped 

so only the deletion product is seen. (e) By time point 8 hr, repair of the VDE-DSB to the 

deletion product is increased in spollf and hoplA cells in comparison to WT and 

decreased in sae2A cells. (f) Data presented in Neale et al., (2002) when scanning of 

Phosphor screens occurred in the light, for comparative purposes. 
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Figures 3.7 e, f and figures 3.8 e, f are a comparison of the two studies. Repeating 

the work of Neale et aL, (2002) has confirmed the original findings that the 

number of Spollp-DSBs within a cell can influence repair of the VDE-DSB. 

hopIA cells, which suffer - 10 % WT levels of Spo II p-DSB s, show an enhanced 

repair kinetics at arg4-VDE. To determine whether this altered repair at arg4- 
VDE is the result of reduced levels of Spol lp-DSBs, or the absence of the Hoplp- 

Redlp-Meklp complex, repair of the VDE-DSB was examined in mekIA cells. 

Study of mekIA and mek]-K]99R mutants and repairability of arg- 

3.2.6 The kinetics of cleavage by the VDE-endonuclease was found to be very 

similar to WT in mekIA and mek]. K199R cells 

mek]-K199R has a lysine to arginine substitution, which eliminates the kinase 

activity of Meklp, shown through autophosphorylation studies (de los Santos and 

Hollingsworth, 1999). Analysis of the quantified Southern processed as for figure 

3.4 can reveal the cutting efficiency of VDE in both mutants. Following 8 hr in 

meiosis, more than 90 % of arg4-VDE chromatids had been cleaved in mekIA and 

mek]-K199R, cleavage very similar to that seen in WT cells (see figures 3. §). 

3.2.7 Repair of the VDE-DSB occurs at a faster rate than WT in mek]A cells 

and shows an increase in repair to the deletion product 

The turnover of the VDE-DSB is faster in the MEKI mutants than in WT, with the 

breaks peaking at time point 3 hr in the mutants compared with time point 5 in 

WT. There is no significant VDE-DSB left unrepaired by time point 8 hr in the 

MEK] mutants. In cells mutant for MEK1, the VDE-DSB peaks with a value of 

- 15 % (see figure 3.10), similar to spol If and hoplA. 

In mek]A, by time point 8 hr, 80 % of the arg4-VDE chromatids, which had 

received a break, had been repaired to form the deletion product (see figure 3.11), 

compared with 60 % in WT cells. 
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Figure 3.11: Physical analysis and quantification of deletion product formation in 

WT, mekIA and nieki-KI99R cells. Southern analysis using Spel-digested DNA 

extracted from synchronous mciotic time course of (a) WT, (b) mekIA and (c) mekl- 

K199R cells and processed as for figure 3.5. Scanned images were cropped to only show 

the deletion product. (d) At time point 8 hr, both MEKI mutants showed anincreasein 

repair of the VDE-DSB to the deletion product relative to WT cells. 
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3.2.8 Repair of the VDE-DSB is altered in mek]-Kl99R cells and shows 

kinetics of break repair similar to mek1A 

In addition to the mek]A, a kinase dead allele of MEKI was tested to determine 

whether the phenotype of mek1A cells was due to the absence of the Meklp- 

Hoplp-Redlp complex, or an additional function of Meklp. The mek]-K199R 

single mutant was shown to have a turnover of VDE-DSB that is very similar to 

the mek]A. There is no significant VDE-DSB left unrepaired by time point 8 hr in 

mek]-K199R cells (see figure 3.10). 

In mekl-K199R, by time point 8 hr, 80 % of the arg4-VDE chromatids, which had 

received a break, had been repaired to form the deletion product. 

3.3 Discussion 

3.3.1 Trends reported by Neale et aL, (2002) are confirmed 

spollf cells possess no Spol lp-DSBs within the genome (Bergerat et al., 1997), 

whilst hop1A cells have 5- 12 % WT levels of Spollp-DSBs (Mao-Draayer et 

al., 1996; Woltering et al., 2000). Repeating the work of Neale et al, 2002., has 

confirmed the findings that the number of Spol lp-DSBs present within a cell can 
influence the repair of the VDE-DSB in trans. Different numerical values of 
VDE-DSB and deletion product were obtained in this study as a result of a change 
in the operation of the scanning of the Kodak Phosphor Screens. This has 

implications for certain mutants examined in this study. In the original study by 

Neale et al., (2002) the repair of the VDE-DSB, in spollf and hop]A cells, to the 

deletion product accounted for 80 % of total repair. However, on repeating this 

experiment, it was discovered that nearly 100 % of all repair of the VDE-DSB 

utilised the long resectioning tracts required to reveal the flanking URA3 repeat 

regions. 

spollf and hop]A cells show an increase in resectioning at VDE-DSB shown 

through an increased rate of VDE-DSB turnover, with a reduced maximum level 

of break, and peaking three hr earlier than in WT cells. Taken together, the work 

outlined in this chapter supports the findings of Neale et al., (2002) that the 
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number of Spollp-DSBs present within a cell can influence the rate of 

resectioning, in trans. 

Work presented in this chapter supports the original suggestion of Neale et al, that 

Sae2p has a role in promoting resectioning as when it is mutated, the kinetics of 

break repair are retarded and repair to the deletion product is reduced. The trends 
between sae2A and WT were the same as presented in the original study, only the 

absolute values were altered. Is the phenotype of sae2A cells the result of blocked 

Spollp-DSBs present within the genome? If Spollp-DSBs are not correctly 

processed, does this influence repair at the Spot lp-independent break VDE? An 

alternative hypothesis is that Sae2p is a positive regulator of resectioning, as when 
the protein is absent from the cell there is a reduced level of resectioning at the 
VDE-DSB. This would be a novel role for the protein Sae2p, as to date its 

primary role in meiotic Spollp-DSB has been in permitting the removal of the 

covalently bound protein Spollp. This assay has allowed the separation of the 

roles Sae2p plays in break repair, a fete impossible directly at Spol lp-DSBs. The 

putative involvement of Sae2p in the regulation of resectioning is further tested in 

Chapter five. 

3.3.2 Meklp acts as a negative regulator of resectioning at arg4-VDE 
It has been shown that loss of MEK1 (or RED]) can reduce the presence of 
Spollp-DSBs up to 4-fold and furthermore, can enforce recombination down a 

Dmclp independent route (Schwacha and Kleckner, 1997; Xu et aL, 1997). 

However, following further research, it was discovered that mekIA cells do not 
form fewer Spol lp-DSBs, the breaks in question appear to be resected at a greater 

rate than in WT, so much so that the apparent number of breaks appears 

significantly reduced. The evidence for this comes from studies with 

mek]Arad5OS cells, which show WT levels (rad5OS cells have blocked break 

ends, which cannot be rcsected) (Xu et al., 1997). 

mekIA cells show increased repair kinetics and exhibit an increase in repair of the 

arg4-VDE to the deletion product, suggesting that mekIA cells have increased 
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levels of 5' to 3' resectioning at the VDE-DSB as more repair of the VDE-DSB 

utilises the long resectioning tracts required to reveal the flanking URA3 repeat 

sequences. The phenotype of repair at the arg4-VDE in mekIA cells is similar to 

that seen in hopIA cells. mekIA and hopIA cells show different steady states of 

Spol lp-DSBs; mekIA cells show a faster turnover of Spol lp-DSBs, whilst hopIA 

cells receive ~ 10 % of WT levels of Spol lp-DSBs. The phenotype of VDE-DSB 

repair in mekIA cells could be the result of altered processing of Spol lp-DSBs in 

trans, the absence of the Meklp-Redlp-Hoplp complex, or an additional function 

of Meklp. To test this theory, VDE-DSB repair was assayed in cells lacking 

Meklp kinase activity: mek]-K199R. mekl-K199R cells were found to repair the 

VDE-DSB with repair kinetics similar to mekIA, suggesting that the kinase 

activity of Meklp is necessary for WT-like repair of arg4-VDE. One possibility 

is that the kinase activity of Meklp is required to enable inter-homologue 

recombination to be promoted, reducing resectioning at a meiotic DSB to allow 

the search for homology to proceed. 
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Chapter Four 

The establishment of a Dmclp dependency for repair of 
the arg4-VDE allele 

4.1 Introduction 

In meiosis, in order to prevent ancuploid progeny, it is critical to form inter- 

homologue joints. The inter-homologue joints, known as crossovers, are the end 

product of the repair of a programmed DSB, catalysed by the protein Spol L 

When repair of the Spo II p-DS Bs is directed towards the homologue as opposed to 

the sister, these crossovers, which are visualised as chiasmata, are formed. Hence, 

in meiosis there is a strong drive to direct repair of a Spollp-DSB towards the 

homologous chromosome (Zickler and Kleckner, 1999). 

There are several proteins that have been implicated in establishing this drive 

towards repair using the homologue as template. One such group of proteins are 

related to the RAD52 epistasis group, which includes the meiosis-specific recA 
homologue of F_ coli: DMCL Dmc Ip has been implicated in the establishment of 

repair directed towards the homologue as dmclA cells show an absence of joint 

molecules (JMs) formed between homologous chromosomes (Schwacha and 

Kleckner, 1997). A supporting group of proteins is the Mek; p complex: Meklp, 

Hoplp, Redlp (Hollingsworth and Ponte, 1997; Thompson and Stahl, 1999). 

Meklp is a kinase with an as yet unknown substrate. When Meklp is disrupted 

there is an increase in the proportion of inter-sister recombination over inter- 

homologue, characterised by an increase in RAD54-dependent repair (Niu et al., 

2005). 
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4.2 Results 

The previously described reporter cassette (Chapter Three, section 3.1 and figures 

therein) has been utilised in order to identify if the requirement for Dmclp- 

dependent repair is specific to gene conversion or whether it extends to different 

methods of repair. Earlier analysis from other labs has assumed that SSA is 

Dmclp independent, as the mechanism does not involve a strand invasion event. 

This assumption was tested using the heterozygous VDE reporter cassette. 

4.2.1 The kinetics of cleavage by the VDE-endonuclease was found to be very 

similar in WT cells and in cells mutant for DMCI 

The previously described EcoRV/BgIII-double digest (see Materials and Methods 

section 2.9.15 and figure 3.4), which permits the separation of the arg4-VDE 

parental molecules from all other species, was carried out on WT and dmc]A 

meiotic DNA. The cleavage at arg4-VDE was found to occur in a WT manner, 

with approximately 95 % of chromatids having received a break by 8 hr in meiosis 

(see figure 4.1). 

4.2.2 The VDE-DSB accumulates in the absence of Dmclp 

Southern analysis of SpeI-digested DNA that permits visualisation of the broken 

arg4-VDE allele, reveals that the turnover of the VDE-DSB in dmcIA, cells is 

significantly different from WT (see Materials and Methods section 2.9.16 and 

figure 3.5). 

The amount of DNA in the VDE-DSB is normalised to the proportion of 

ura3:: arg4-VDE-URA3 chromatids that have been cut prior to the time point. 

Figure 4.2 shows that 35 % of the chromatids that receive a VDE-DSB remain 

visible in the VDE-DSB band from time point 4 hr, and remain at this level to the 

8 hr time point. This differs from WT cells in which the VDE-DSB is seen to 

accumulate up to five hr after meiotic induction and reduces as the break is 

repaired. 
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4.2.3 Very little repair to the deletion product occurs in dmc]A cells 

In a Wr cell, approximately 60 % of the VDE-DSB is repaired to create the 

deletion product, by 8 hr. This is dramatically different to the cells mutant for 

DMC1, in which only 5% of the VDE-DSB is repaired to create the deletion 

product. This lack of deletion product is a result of the VDE-DSB undergoing 

very little repair through out the time course (see figure 4.3). 

4.2.4 Hyper-resectioning of DNA occurs at the VDE-DSB in dincIA cells 

The previous Southern analyses indicated that the VDE-DSB is hyper-resected in 

dmc]A cells in comparison with WT, as dmclA cells show significant amounts of 

smearing at the VDE-DSB when visualised physically by Southern analysis. This 

smearing is indicative of hyper-resectioning as the smearing represents a 

heterogeneous population of molecules of varying molecular weight. The amount 

of visible VDE-DSB in a native gel is thought to be underrepresented due to 

hyper-resectioning of the VDE-DSB, which would result in smearing of the DNA, 

as seen at Spollp-DSBs in dmclA cells (Bishop et al., 1992b; Schwacha and 

Kleckner, 1997; Xu et al., 1997). To ascertain whether DNA at theVDE-DSB is 

hyper-resected in dmc]A cells, an assay to quantify ssDNA was employed. 

This assay detects the ssDNA that is predicted to form downstream of the VDE- 

DSB (figure 4.4) (Sugawara and Haber, 1992). Slot blot analysis was carried out 

on meiotic DNA extracted from WT and dmclA cells. Slot blots can be used to 

assay the proportion of ssDNA within a sample by comparing it with a fully 

denatured sample, after probing with a single-stranded DNA probe (see Materials 

and Methods section 2.9.17). 

When the filters were hybridised with a single-stranded probe 3 kb distal to the 

VDE-DSB, the maximum signal to native DNA was reached I hr earlier in 

dmc]A, than in WT (see figure 4.4). Furthermore, in WT cells, the signal to native 

DNA decreased following its maximum value, indicative of the resected molecules 

being repaired. In contrast, the signal for DNA from dmc1A cells does not 

decrease, persisting with a similar signal from 5 hr in meiosis to the completion of 
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the time course at t=8 hr. This is consistent with the VDE-DSB being resected 

and not being repaired. To obtain a more detailed resectioning map of the VDE- 

DSB, a second physical assay was used. 
A loss-of-restriction site assay was employed which involves denaturing (alkaline) 

gel electrophoresis followed by Southern analysis using a single-stranded probe. 
Restriction-site-loss assays make use of the fact that type-11 restriction 

endonucleases only cleave double stranded DNA. Thus restriction enzyme 
digestion will occur at sites flanking an in vivo DSB only if the DNA has not 

undergone resectioning of the 5-ending strand. Increased length of single-strand 

resectioning will lead to the restriction enzyme cleaving the DNA at sites further 

away from the DSB. The longer restriction fragments that are produced can be 

detected using ýouthern blotting techniques, following electrophoresis. HaeII 

cleaves DNA at sites closely flanking the VDE-DSB site and at a further seven 
locations within 10 kb downstream of the arg4-VDE allele (see figures 4.5 and 4.6 

for an illustration of the loss-of-restriction site assay and Materials and Methods 

section 2.9.13). 

Analysing DNA taken from hourly intervals of a meiotic time course for dmc]A 

cells, showed that by 8 hr approximately 2% of the VDE-DSB DNA resides in the 

band that represents the non-resected DNA. In contrast, over 80 % of the 

arg4:: VDE DNA of dmclA cells is in the bands that represent resected molecules. 

If the proportion of VDE chromatids that have not received a VDE-DSB 

(i. e. between 5- 10 %) is taken into account, virtually all cut arg4:: VDE 

chromatids remain in a resected state. This data is considerably different from that 

obtained in WT cells, in which only II% of DNA resided in the bands 

representing resected DNA by t=8 hr. The loss-of-restriction site assay was 

carried out in collaboration with M. J. Neale and A. S. H. Goldman. 

The Dmclp dependency for repair of the VDE-DSB was a surprise, as the repair 

can take place via SSA; a mechanism thought to be independent of Dmclp 

function. To further test this dependency, the dmc]A mutant was coupled with 
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mutations in genes previously reported to be involved in Dmclp-dependent repair 

pathway. 

4.2.5 Mutation of MEKI or HOPI suppresses the VDE-DSB repair defect in 

dmc]A cells 

So far, repair of the VDE-DSB has been shown to be dependent upon Dmclp for 

repair. To confirm the dependence upon Dmclp, genes that have been strongly 
implicated in being in the pathway of Dmclp-dependent repair of DSBs i. e. repair 

towards the homologue, were mutated: HOPI and MEKL Both MEKI and HOPI 

when doubly mutant with dmc]A, show a turnover of VDE-DSB, which is 

comparable to the mek]A and hop1A single mutants. In essence, mutating either 

MEK1 or HOPI relieves the block in repair of the VDE-DSB found in dmc]A 

cells. In addition to the mek]A a kinase dead allele of MEKI was used (see figures 

4.7). 

The repair of the VDE-DSB using the flanking repeated URA3 sequences was also 

examined in double mutants and compared with respective single mutants. Repair 

of the VDE-DSB using these repeat sequences, as mentioned in Chapter Three, 

Section 3.3, yields a 2.3 kb deletion product, which can be clearly visualised and 

quantified by Southern analysis. 
dmclA cells repair very little of the VDE-DSB to the deletion product (< 5 %), 

however, the mek]Admc]A, mek1-K199RdmcJA and hop]Admc]A double 

mutants are all able to efficiently repair the VDE-DSB to form the deletion 

product. The amount of deletion product formed in all three of the double mutants 
is very similar to the respective single mutants meklA, mek-K199R or hop]A, (see 

figure 4.8). These findings suggest that both Meklp and Hoplp are involved in 

establishing the Dmclp-dcpendent repair of the VDE-DSB. Both Meklp and 
Dmclp have been implicated in directing repair of a Spollp-DSB to use the 

homologous chromosome as repair template (Niu et aL, 2005). One possibility for 

the rescuing of the dmc]A block of repair when made doubly mutant with hoplA 
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of the VDE-DSB is largely blocked by dmcIA, but this is restored by meklA mutation. (f) 
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Figure 4.8: Physical analysis and quantification of deletion formation in dmcIA, 

mekIA, meki-KI99R, meklAdincIA, hopIA and hopIAdmcIA cells. Southern analysis 

using SI)el-(Iigcstcd DNA extracted from synchronous meiotic time course of (a) meklA, 

(b) meklAdmcIA, (c) hoplA and (d) hoplAdmclA cells and processed as for figure 3.5. 

meklA, hopIA and dmclA data is shown for comparative purposes (see Chapter Three). 

The scanned images have been cropped to show only the deletion product. (e) The block 

of VDE-DSB in dmclA cells is relieved when made doubly mutant with ? neklA, mekl- 

K199R or hoplA. By time point 8 hr, the amount of repair to the deletion product in the 

double mutants reflects that of? nekIA, ? neki-KI99R or hoplA respectively. 
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or mek]A, is that their influence extends beyond Spo II p-DSBs to meiotic DSBs, 

even if not produced by Spol lp. hop1A cells have been shown to have between 5 

- 12 % of WT levels of Spol lp-DSBs whilst meklA cells have been shown by Xu 

and co-workers to resect Spol lp-DSBs with faster kinetics than WT cells (Xu et 

al., 1997). Is the rescue of the Dmclp dependency due to a direct role of the 

protein, or does it reflect the reduction in the steady state of Spol lp-DSBs? To 

examine this hypothesis, Dmcl dependency was tested in sae2A and spollf cells; 

sae2A cells have normal levels of Spol lp-DSBs, however they remain 'fixed' due 

to the inability to remove the covalently bound Spollp from the break site. spollf 

cells do not have any Spol lp-DSBs with the cell. 

4.2.6 Mutation of SAE2 or SPOII can alleviate the Dmclp-dependent repair 

of the VDE-DSB 

The steady state of the VDE-DSB for cells doubly mutant for spoIIfdmcIA or 

sae2Admc]A behave like the spollf or sae2A single mutants, respectively (see 

figures 4.9). 

Examination of the yield of deletion product for cells doubly mutant for 

spollfdmclA or sae2AdmclA shows levels of product comparable to hop]A, 

spol If or sae2A single mutants respectively (see figures 4.10). 

spollf or sae2A cells show either no Spol Ip-DSBs (spollj). or blocked break ends 

(sae2A cells do not remove the covalently bound Spol I protein, the breaks remain 

inaccessible to the resectioning machinery), respectively. Since both 'fixed' and 

no Spol lp-DSBs rescue the Dmclp dependency, the possibilities exist that firstly; 

Sae2p and Spol lp have bonefide roles in VDE-DSB repair. Secondly, this dmc]A 

rescue could reflect the change in the steady state of Spol lp-DSBs. 
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Figure 4.9. - Physical analysis and quantification of the VDE-DSB in spollf, dincIA, 

spolIfflincIA, sae2A and sae2Admc]A cells. Southern analysis using Spel-digested 

DNA extracted from synchronous meiotic time course of (a) spollf, (b) spolIfflincIA, (c) 

sae2A and (d) sae2AdmclA cells and processed as for figure 3.5. dmclA, sae2A and 

spollf (See Chapter Three) data is shown for comparison purposes. Scanned images 

were cropped to only show Parental/GC and deletion product bands. (e), (f) Repair of the 

VDE-DSB is largely blocked by dmclA, but this is restored byspol If and sae2A. 
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Figure 4.10: Physical analysis and quantification of deletion product formation in 

WT, spollf, dincIA, spoIIfdmcIA, sae2A and sae2Admc]A cells. Southern 

analysis using Spel-digested DNA extracted from synchronous melotic time course of (a) 

spollf, (b) spollfdmclA, (c) sae2A and (d) sae2Adtnc1A cells, and processed as for figure 

3.5. Scanned images were cropped to show only Parental/GC and VDE-DSB bands. 

spollf, sae2A and dmc]A data (See Chapter Three) is shown for comparative purposes. 

(e) The block of VDE-DSB repair in dmclA cells is relieved when made doubly mutant 

with spo I If or sae2A. By time point 8 hr, the amount of repair to the deletion product in 

the double mutants reflects that of spo /If or sae2A cells respectively. 
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4.3 Discussion 

4.3.1 VDE-DSB repair is blocked in dmc]A cells 
The genetic requirement of Dmclp for VDE-DSB repair was studied in this 

chapter. It was found that the VDE-DSB remains unrepaired in dmc]A cells even 
though the 
VDE allele is cleaved with WT efficiency. This was a surprising result as the 

reporter cassette allows repair of the VDE-DSB to occur via the SSA, an event that 
does not involve a strand invasion step, hence is believed to be independent of 
Dmclp (Ivanov et aL, 1996) By time point 8 hr of a meiotic time course, the 
VDE-DSB remained at its maximum, implying little repair of the break. This was 
in accord with the lack of deletion product formed in the dmc]A cells. Does 

Dmclp have a previously unreported role in SSA? 

This Dmclp dependency for VDE-DSB repair was found to be relieved when 
made doubly mutant with specific mutations in genes already implicated in certain 
facets of meiotic DSB repair. Mutations in SPOII, SAE2, HOPI and MEKI were 
found to relieve the dmc]A block in repair of the break with double mutants 
showing repair kinetics and deletion product formation similar to the spollf, 
sae2A, hopIA and mekJA single mutants. 

4.3.2 Proposed model for the establishment of a Dmclp-dependant 

mechanism of VDE-DSB repair 
One hypothesis for this Dmclp dependency and alleviation when made doubly 

mutant is that there is a pathway present within a meiotic cell that establishes the 

meiotic characteristics of break repair i. e. Dmclp-dependent repair using the 
homologous chromosome as the repair template. 
Overall, the data has lead to one suggestion that the presence of Spol lp-DSBs, 

and their normal processing, are significant contributors to the regulation of the 

outcome meiotic DSB repair in trans. The establishment of Dmclp dependence 
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for repair at a given break requires the presence of Spollp-DSBs, but not that 

Spo IIp created the break studied. 

In addition, while the presence of Spollp-DSBs is required to create Dmclp 

dependency, they are not suffiqient. Moreover, the VDE-DSB must be processed 

by Sae2p for either activation or commitment to the Dmc Ip repair route, which is 

mediated by the Meklp complex (Meklp, Redlp and Hoplp). Figure 4.11 is an 

illustration of the proposed Dmcl dependent pathway of meiotic DSB repair. 

The proposed model of Dmclp-dependency suggests that in a WT situation, the 

repair of the VDE-DSB is dependent upon Dmclp and hence is an inter- 

homologue event. When DMCI is mutated, the VDE-DSB cannot be repaired as 

the Dmclp-dependency has already been established by the upstream members of 

the dependency pathway (Spollp, Sae2p, Meklp complex). According to this 

model, repair of the VDE-DSB in mutants such as dmc]A, spollf and hop]A is 

now a Dmclp independent event, and so is repaired by an intra molecular SSA 

mechanism. In the dmc]A double mutants, the Dmclp dependency has not been 

established as upstream members of the pathway are missing, so the break can be 

repaired, even in the absence of Dmclp. 

4.3.3 Mutants that prevent the accumulation of large amounts of single- 

stranded DNA relieve the requirement for DmcIp to repair the VDE-DSB 

The possibility became apparent that in place of an active signalling pathway that 

results in the establishment Dmclp-dependent repair. The reason repair of the 

VDE-DSB is sensitive to the presence of Dmclp is the effect of the large amount 

of single-stranded DNA that accumulates at Spollp-DSBs in dmc]A cells. In 

dmc]A cells there is a defect in the conversion of Spollp-DSBs into the 

recombination intermediates required for inter-homologue repair. This causes an 

accumulation of meiotic DSBs, the broken DNA termini then undergo Y- 3' 

resectioning, which generates large amounts of ssDNA (Bishop et al., 1992). In 

order to test this hypothesis, we looked at experiments in which the amount of 

ssDNA present in the genome was different from WT. The requirement for 
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Figure 4.11: Proposed model for the establishment of Dmcl p-dependent DSB repair 

in meiotic cells. The establishment of Dmcip-dependence for repair at a given break 

requires the presence of Spo II p-DSBs but not that Spo IIp created the break studied. 

While the presence of Spol lp-DSBs is required to create Dmclp-dependency, they are 

not sufficient. We suggest that Spol lp-DSBs must be processed by Sae2p for either 

activation or commitment to Dmc I p-dependent repair, which is almost certain]) mediated 

by the Mck Ip complex. 
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Dmclp for repair of the VDE-DSB in cells was established in cells with reduced 
levels of Spollp-DSBs (hopIA with 5- 12 % of WT level of Spollp-DSBs) or no 
Spol lp-DSBs (spollj) and cells with WT levels of Spol lp-DSBs but where the 

Spol I protein remains covalently bound to the break site, hence no accumulation 

of ssDNA (sae2A). When the dmc]A mutation is coupled with a mutation that 

prevents the formation of WT levels of Spollp-DSBs and hence prevents the 

accumulation of ssDNA, the Dmclp dependency for repair of the VDE-DSB is 

relieved. An alternative possibility is that vast tracts of ssDNA present within a 

cell sequester away the ssDNA binding repair proteins, causing lack of repair 

proteins available to repair the VDE-DSB. 

4.3.4 Is repair of the VDE-DSB dependent upon progression of the rneiotic 

cell cycle? 
There also exists the possibility that in place of an active pathway for Dmclp- 
dependent repair, or a limited supply of repair proteins, the pachyten. e arrest found 
in dmcl. A cells could be responsible for the lack of repair at VDE-DSB (Bishop et 

aL, 1992). Chapter five aims to identify whether repair proteins are in limited 

supply in dmcIA cells or whether the pachytene arrest is responsible for block in 

repair. 
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Chapter Five 

The testing of the proposed Dmc I p-dependent pathway for 

repair of the arg4-VDE allele 

5.1 Introduction 

In the previous chapter the repair of the VDE-DSB was assayed in cells singularly 

mutant for DMCJ and in combination with other proteins implicated in Spo IIp 

DSB formation and repair. The data identified an absolute necessity for Dmcip 

for the repair of the VDE-DSB unless Spol I p-DSBs were absent or resectioning at 
Spol lp-DSBs was inhibited. 

Three possible explanations for this Dmclp dependency have been considered. 
Firstly, lack of repair of the VDE-DSB could be the result of pachytene arrest of 
dmc]A cells. Secondly, Dmclp could have a bonefide influence on DSB repair 

with a proposed Dmclp-dependent pathway. Thirdly, there is a positive 

correlation between a block of repair of the VDE-DSB and an accumulation of 

ssDNA within the cell, raising the possibility that the availability of ssDNA 
binding proteins is a limiting factor in VDE-DSB repair. This chapter aims to 
identify-why dmc]A cells have such a severe phenotype at the VDE-DSB. 

5.2Results 

5.2.1 Repair of the VDE-DSB is not dependent upon progression of the 

meiotic cell cycle 
Two mutants that influence cell cycle progression have been used to test the 

possibility that dmc]A cell arrest influences repair of the VDE-DSB. Firstly, 

ndt80A; Ndt8Op is a transcription factor that is required for progression from the 
first meiotic prophase. ndt8OA cells experience normal Spollp-DSB formation 

and normal chromosome pairing and synapsis up until the point of arrest. The 
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repair of the VDE-DSB was found to be very similar to WT in ndt8OA cells, even 

though the cells cannot pass through the first meiotic prophase. Thus a block in 

the cell cycle is per s6 does not influence VDE-DSB repair, suggesting that the 

block of repair found in dmc]A cells is not the result of cell cycle arrest (see figure 

5.1). 

5.2.2 Removal of the pachytene arrest in dmc]A cells does not restore VDE- 

DSB repair 
To further test whether the cell cycle arrest in dmc]A cells was responsible for the 

block of repair, a second approach was taken to remove the arrest found in dmc]A 

cells. Pch2p is required for the meiotic checkpoint that prevents chromosome 

segregation when recombination and chromosome synapsis are defective. 

Mutation of PCH2 relieves the checkpoint-induced pachytene arrest of the zip]A, 

zip2A, and dmc]A mutants, resulting in chromosome mis-segregation and low 

spore viability (San-Segundo and Roeder, 1999). If the block of repair found in a 
dmc]A strain is due to the arrest, removing the arrest should be able to rescue 

repair of the VDE-DSB. 

The pch2A mutation relieves the pachytene arrest of dmc]A as observed by 

staining with DAPI. The majority of dmc]A cells remain mononucleate after 10 hr 

in sporulation medium whilst WT cells show nearly complete entry into MI or 

MIL pch2Admc]A cells show rescue of the dmc]A block with approximately WT 

levels of entry into MI or MII by time point 10 hr (figure 5.2). 

The cleavage at arg4-VDE was found to occur in a WT level in pch2Admc]A cells 

with approximately 95 % of chromatids having received a break by 8 hr in meiosis 

(figure 5.3). 

Standard Southern analysis of SpeI-digested DNA reveals pch2Admc]A double 

mutant to have a VDE-DSB repair phenotype that is intermediate between WT and 

dmc]A (Figure 5.4). The pch2, Adnzc1A mutant is seen to accumulate large levels 

of VDE-DSBs, which argues that the pachytene arrest of the dniclA cells is not the 

cause of the block of repair. Interestingly, there is significantly more repair of the 
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Figure 5.1: Physical analysis and quantification of the VDFDSB in WT, ndt8OA, 
dincIA, and ndt8OAdtncIA cells. Southern analysis using Spel-digested DNA extracted 
from synchronous meiotic time course of (a) WT, (b) ndt80A and (c) ndt8OAdmc]A cells 

and processed as for figure 3.5. (d) ndt80A cells do not show a block in the repair of the 

VDE-DSB. This implies that the block in dmclA cells is not dependent upon the 

pachytene arrest. 
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Figure 5.2: Passage of WT, pch2A and pch2AdrncIA cells into the meiotic divisions 

as assessed by DAPI staining. Cells from synchronous mciotic cultures of (a) WT, (b) 

dmclA and (c) pch2Admc]A cells and were fixed in ethanol, incubated with the 

fluorescent DNA stain DAPI, and visualised using fluorescence microscopy. After 10 hr 

in sporulation medium, the majority of WT cells had underdone at least one nuclear 

division, however, the majority of dmclA cells remain mononucleate. pch2A appears to 

rescue the dmclA prophase arrest with at least 80 % of cells having undergone at least 

one nuclear division by time point 10 hr. 
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DSB to produce the deletion product in the pch2Admc]A mutant (figure 5.5) this 

may be a result of decreased levels of resectioning of DNA occurring at the 
Spol lp-DSBs (Hochwagen et aL, 2005)- an issue discussed in section 5.2.5. 

5.2.3 RPA, a single-stranded DNA-binding protein is in limited supply 
A positive correlation has been established between the need for Dmclp to repair 

the VDE-DSB and the presence of extensive tracts of ssDNA present at Spo II p- 
DSBs. Figure 5.6 is an illustration of where the mutations occur during the repair 

of a Spollp-DSB. Repairing the VDE-DSB requires approximately 8.5 kb of 

resectioning to reveal the flanking homology of the URA3 repeat sequences. One 

possible reason for the requirement of Dmclp for repair of the VDE-DSB is that 

the ssDNA binding proteins required for repair of the break are sequestered away 

to the 200 - 250 sights of hyper-resected ssDNA present in dmc]A cells (i. e. hyper- 

resected Spo II p-DSB sites; see figure 5.7 for the proposed model of repair protein 

sequestration). To test this hypothesis, Chromatin immunoprecipitation 

(Chromatin immunoprecipitation; ChIP) was carried out to determine whether a 

subunit of RPA (Rfa-1p) is bound to the URA3 flanking repeated sequences in WT 

and dmc]A cells. RPA is an ssDNA-binding protein that stimulates assembly of 
Rad5lp onto DNA, mediated through Rad52p, Rad55p and Rad57p, and hence is 

an important factor in homologous recombination (Gasior et aL, 2001). RPA's 

ssDNA-binding property and its many well-documented roles in meiotic 

recombination make it a good candidate for ChIP experiments throughout this 

study. 

Meiotic time courses were carried out and samples were taken for DNA extraction 

and DNA-protein cross-linking. Southern analysis was carried out on the meiotic 

time courses to ensure that the VDE allele had received efficient cutting, cleavage 

at arg4-VDE was found to be as in WT cells (data not shown). 

Enrichment of Rfa-lp was determined at the 1) URA3 repeat region 3' of the 

reporter cassette 2) a Spoll-coldspot (a dubious ORF, unlikely to encode a 

protein, see figure 5.8 for illustration of location) and 3) a Spol lp-hotspot (9% of 
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Figure 5.5: Physical analysis and quantification of deletion product formation in 

WT, dyncIA, pch2A and pch2Admc]A cells. Southern analysis using SpeI-digested 

DNA extracted from synchronous meiotic time course of (a) WT, (b) dmc]A and (c) 

pch2AdmcIA cells and processed as for figure 3.5. (d) By time point 8 hr, there is 

significantly more repair of the DSB to produce the deletion product in the pch2AdmcIA 

mutant, this may be a result of decreased levels of resection of DNA occurring at the 

Spo II p-DSBs. 
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mutants do not remove the Spol lp from the DNA. (c) The 5' to 3' resection of the DNA. 

dinclA mutants show excessive resection. tnekIA mutants also show a very rapid 
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Figure 5.7: Protein sequestration at sites of excess ssDNA. A schematic representation 
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repair. Transient ssDNA formation at Spo II p-DSBs in WT cells is not sufficient to 

sequester the ssDNA binding-proteins proteins away from the VDE-DS13 site. In sae2A 
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sites makes available all of the RPA protein to bind the ssDNA at the arg4-VDE allele 

allowing WT repair. In tImcIA cells, hyper-resection of the accumulating Spo II p-DSBs 

generates sufficient ssDNA to sequester the ssDNA binding proteins away from the 

VDE-DSB, therefore impairing SSA repair of the cjrg4-VDEallele. 
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immunoprecipitation. (a) Primers VDE E and VDE F anneal to the URA3 region of 
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region YCRO13C of chromosome 1/1 (product of 220 bp), a dubious ORF, unlikely to 
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anneal to the region YCR048W on chromosome III (product of 164 bp). This region is 

used as a Spol lp hotspot (9 % of all chromosomes receive a break). 
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all chromosomes receive a break, Borde et al., 2004. Figure 5.8 shows an 
illustration of the location). 

Output PCR samples (PCR reactions using DNA from immunoprecipitation 

reactions as a template) were calculated relative to input PCR samples (PCR 

reactions not associated with an immunoprecipitation reaction). This allows 
background PCR product to be subtracted from the PCR product, produced using 
immunoprecipitated DNA as the template. The Output/Input ratios at the Spol lp- 

hotspot were calculated as fold enrichment over the Output/Input ratio at the 

Spo II p-coldspot. 

Initial experiments were carried out in collaboration with Sheila Harris. 

Experiments were repeated in collaboration with Valerie Borde. 

In two independent experiments there was found to be an increase in the 

enrichment of Rfa- Ip at the Spo II p-DS B hotspot in the ChIP from dmc]A cells in 

comparison with WT cells, presumably due to the accumulation of ssDNA in 

dmc]A cells. In dmc]A cells, after 8 hr in meiosis, there is an increase in 

enrichment of Rfa-lp at the Spollp hotspot over the Spollp coldspot in 

comparison with the enrichment of Rfa- Ip at the Spo IIp hotspot over the Spo IIp 

coldspot in WT cells. This data suggests that there is a significant accumulation of 
Rfa-lp coating the ssDNA at the Spollp hotspot in a dmc]A mutant, which is 

known to amass significant tracts of ssDNA (see figure 5.9). 

There was also found to be an enrichment of Rfa-l close to the URA3 repeat 

sequence of the ura3:. arg4-VDE-URA3 reporter cassette in comparison with the 

Spollp coldspot, that is greater in WT cells than in with dmc]A cells. Atthe8hr 

time point, there was found to be an increase in the enrichment of Rfa-lp at the 

URA3 repeat region of the cassette over the Spollp coldspot in WT cells in 

comparison with dmc]A cells (figure 5.9). This is consistent with the lack of 

repair in a dmc]A cell being due to the limitation of available Rfa- Ip and again is 

consistent with the hypothesis that when Dmclp function is lacking, hyper- 

resected ssDNA accumulates at Spol lp-DSBs which sequesters away Rfa-1p and 
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associated repair away from the VDE-DSB so there is insufficient Rfa-lp to 
facilitate repair to the deletion product. 

5.3 Discussion 

5.3.1 Repair of the VDE-DSB is not dependent upon cell cycle 
dMcIA cells arrest at the pachytene stage of meiosis, triggered by long tracts of 
ssDNA present within the cell. The possibility arose that dMcIA cells had a block 
in repair at the VDE-DSB as the cells were arresting at pachytene. To test this 
hypothesis, repair of the VDE-DSB was examined in cells mutant for Ndt80P (Xu 

et al., 1995) -a transcription factor required for entry into pachytene. Repair was 
found to be WT in ndt8OA cells suggesting that the inability to enter the pachytene 
stage was not responsible for the block of repair found in dmc]A cells. To further 

test whether cell cycle progression had any effect upon VDE-DSB repair, cells 
were made doubly mutant for DMCI and PCH2. Pch2p is required for the 
pachytene arrest (San-Segundo and Roeder, 1999), mutating PCH2 relieves the 
pachytene arrest of dMcIA cells, however, it does not relieve the block of repair at 
VDE-DSB, again suggesting that the pachytene arrest is not responsible for the 
block of repair. 

5.3.2 Previously proposed model for Dmclp-dependent pathway for repair of 
the VDE-DSB 

Initial work within this study led to the hypothesis that within a meiotic cell there 
is an active pathway that leads to meiotic characteristics of repair of the VDE-DSB 

i. e. Dmclp-dependent repair which utilises the homologous chromosome as the 

repair template of choice. This pathway requires that Spo II p-DSB s are present 

within the cell, even though the break being assayed has been created in a Spo II p- 
independent manner. Furthermore, this pathway requires that Sae2p is also 

present within the cell to establish this Dmclp-dependency. This Dmclp- 

dependency is most likely mediated through the Meklp complex. 
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5.3.3 A correlation between the amount of ssDNA present within the cell and 
repair of the VDE-DSB 
dmc]A cells have been shown to have excessive tracts of resectioning present at 
Spol lp-DSBs (Bishop et al., 1992b). Many proteins identified as being involved 

in DSB repair have been shown to bind ssDNA and it became clear that if there 

was a finite amount of ssDNA binding repair proteins within a cell the available 

proteins could be sequestered to the approximately 200 - 250 hyper-resected 

Spol lp-DSBs thus being unable to repair the VDE-DSB. To determine whether 

the availability of repair proteins in vivo was responsible for the block of VDE- 

DSB repair in dmc]A cells, Chromatin immunoprecipitation was utilised to 

identify whether an RPA subunit, Rfa-lp, was limited in supply in mutants 

differing in the amount of ssDNA present in the cell. The data obtained in the 

ChIP experiments was consistent with the hypothesis that ssDNA-binding proteins 

availability is a limiting factor in VDE-DSB repair. 
The identification that the presence of vast tracts of ssDNA can influence repair of 

the VDE-DSB in trans has many implications for research outside of this study. 
The pleiotropic effects of hyper-resectioning at Spollp-DSBs have a significant 
impact on VDE-DSB repair. It is important to note that the phenotype of one 

mutant cannot always imply the exact function of the protein and instead could be 

the result of an altered biochemistry of the cell, which may have implications for 

research outside of this study. 
The possibility that the block of repair found in the dmc! A mutant is the result of 

sequestering away of repair machinery to other break sites elsewhere in the 

genome, could explain why pch2Admc]A cells show a increased level of deletion 

product in comparison with dnzc]A cells. pch2A exhibit reduced levels of DNA 

resectioning at Spol lp-DSBs (Hochwagen et al., 2005). If there is reduced tracts 

of ssDNA in pch2A, this could alleviate some of the sequestered RPA and 

associated repair proteins so that RPA is available at the VDE- 

DSB, and facilitate repair to the deletion product. 
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Chapter Six 

Examining the roles of Sae2p, Mrellp and Exolp during 

resectioning at arg4-VDE 

6.1 Introduction 

Mrellp forms a complex with two additional proteins; Xrs2p and Rad50p, 

collectively called the MRX complex. This complex is known to have many 
distinct roles within DSB processing in all cell types. In meiotic cclls, the MRX 

complex is firstly required for the creation of the Spollp-DSB itself, as null 
mutants of any of the complex members are unable to produce Spollp-DSBs 

(Moreau et al., 2001), and secondly in the processing of the Spollp-DSB. 
Specifically, it has been suggested that the MRX complex unwinds the ends of a 
DSB, thus providing a substrate for endonuclease activity of Mrellp to remove 
Spol Ip form DSBs (Neale et al., 2005). 

Biochemical studies in other labs have previously shown that purified Mrellp 

exhibits 3' to 5' exonuclease activity and endonuclease activity in vitro (Furuse et 
al., 1998; Trujillo et al., 1998; Usui et al., 1998; Tsubouchi and Ogawa, 2000). 
However, it is implicated in Y-3' resectioning of DNA duplex in vivo - the first 

step in the processing of a Spo II p-DSB. This is the wrong polarity if We IIp 

were the major resectioning activity. It is more likely that Mrellp is involved in 

DSB resectioning by being targeted to the 5' strand by an as yet unknown 

mechanism (Mirzoeva and Petrini, 2003; Lewis et al., 2004). 

Mrellp was an early candidate for the primary resectioning protein in DSB, 

mutations in any three of the phosphodiesterase domains abolish resectioning at 
Spollp-DSBs during meiosis (Nairz and Klein, 1997; Moreau et al., 1999). 
Studies at clean vegetative breaks, created by the HO-endonuclease, have 

suggested that Mrel lp nuclease activity is not required for resectioning (Liorente 
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and Symington, 2004). In contrast to mre]]A cells, strains homozygous for 

MRE11 separation of function alleles contain WT levels of Spollp-DSBs, but 

these breaks do not undergo resectioning and Spo IIp remains covalently bound at 

the break site (Nairz and Klein, 1997; Moreau et al., 1999). Both MRE11 

separation of function alleles used in this study are deficient for nuclease activity, 

although mrell-H125N is reported to form the MRX complex whilst mrell-58S 

apparently does not (Usui et al., 1998; Moreau et aL, 1999; Krogh et al., 2005). 

EXO1 was also isolated as a highly expressed cDNA that was found to suppress 

the DNA repair deficiency of rad5OA (Tishkoff et al., 1997). Overexpression of 

EXO1 increased the resistance of rad5OA, mrel ]A and xrs2A to ionising radiation 

or MMS, but not in other mutants defective for homologous recombination 

(rad5l, 52,54,59) or non-homologous end joining (non-homologous end joining; 

NHEJ) (Chamankhah et al., 2000). 

Exolp has also been previously shown to be required for WT levels of meiotic 

crossing over and normal meiotic chromosome segregation, as exo1A cells were 

shown to exhibit a 2-fold reduction in crossing over (Symington et al., 2000). 

Khazanehdari et al. have suggested that Exo Ip plays a role in DNA resectioning as 

mutants display reduced levels of gene conversion at some, but not all loci - 
suggesting possible redundancy with one or more proteins (Khazanehdari and 
Borts, 2000). 

Several observations suggest a certain degree of redundancy between MRE11 and 

EX01, however, there still is a large deal of uncertainty. In mitotic cells, 

Tsubouchi et al. have demonstrated that multiple copies of EXO1 suppress the 

MMS sensitivity of mrel]A cells and the double mutant exo]Amre]]A exhibiting 

increased MMS sensitivity and more severe defects in processing of MMS- 

induced single-stranded DNA breaks than either single mutant, suggesting Exolp 

and Mre 11 p function independently in DNA damage processing (Tsubouchi and 

Ogawa, 2000). 

It is uncertain whether Mrel lp nuclease activity is required for resectioning during 

repair of many DSBs, or whether the activity is limited to processing fewer, 
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aberrant DSBs. To answer this, Llorente and Symington (2002) analysed 

rescctioning by ssDNA formation in cells subjected to several DSBs catalyscd by 

HO, or phleomycin treatment, in mitotic cells. The authors found no difference 

between WT and mrell-D56N nuclease-deficient cells, suggesting that Mrcllp 

nuclease activity is not required for extensive 5' to 3' resectioning of DSB, in 

mitotic cells. However, DSB processivity was effected by the number of DSBs, in 

a dose-dependent manner. Llorente et al., (2004) postulate that the MMS 

sensitivity in mrell strains is due to an inability to process IR-induced DNA 

damage. exo1A cells were shown to exhibit reduced processivity of a singular 
HO-induced DSB, in mitotic cells. 
SAE2 was identified from a screen that identified mutants lethal if DSB were 
formed, but viable if there were no DSBs within the genome (McKee and 
Kleckner, 1997; Prinz et aL, 1997). sae2A mutants are functional for the 

formation of DSB; however, the covalently bound Spo IIp remains attached to the 
5' end of the DSB (Prinz et aL, 1997). As sae2A cells do not remove the 

covalently attached Spollp from the break site, it is impossible to study any 
downstream roles directly at the Spo II p-break site. 
The aim of this chapter is to further characterise the roles of the MRX complex, 
Exolp and Sae2p during meiotic DSB repair, in particular during 5' to 3' 

resectioning of DNA. Repair kinetics of arg4-VDE, and formation of the deletion 

product was examined. Loss-of-restriction site assays were also implemented to 

characterise a detailed profile of resectioning at arg4-VDE in mrell and exo]A 

mutant cells. The use of the VDE reporter cassette allows the functions of MRX 

downstream of Spol lp-DSB formation and removal of Spol lp, to be elucidated, 

events not possible to study directly at Spo II p-DSBs. 
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6.2 Results 

6.2.1 Sae2p influences the initiation but not the processivity of resectioning at 

the VDE-DSB, a site specific DSB that does not have associated covalently 

bound Spollp 

The number of Spollp-DSBs present in cells can influence the turnover of the 

VDE-DSB in trans. sae2A cells exhibit a delay in the turnover of the VDE-DSB 

and this is independent of the proportion of cells that induce a DSB in the arg4- 

VDE allele (Neale et aL, and Chapter Three of this study). This delay in the repair 

of the VDE-DSB is apparent even though there is no covalently bound protein 

(which would possibly require Sae2p for its removal) at this break site. 

This delay is in the initiation of resectioning in sae2A cells, and could be an 

indirect effect of accumulating unresected Spol lp-DSBs e. g. by the sequestration 

of resectioning complexes engaged in DNA repair at the 200 - 250 blocked 

Spollp-DSBs (see Chapter 5). To test this hypothesis, a strain doubly mutant for 

sae2A and spollf was constructed and the repair of the VDE-DSB was assessed. 

If the influence of Sae2p on VDE-DSB repair were an indirect affect of the 

accumulation of unresected Spollp-DSBs, the repair in sae2A and spollf cells 

would be identical to that of spollf cells. If, on the other hand, Sae2p has a more 
direct role on resectioning at the VDE-DSB, then the repair in the saeMspollf 

strain would be delayed in comparison with spol If single mutants. 

sae2Aspollf cells show a delay in repair of VDE-DSB similar to sae2A but 

deletion product forination similar to spollf 

The efficiency of cleavage at arg4-VDE was assessed in cells doubly mutant for 

SAE2 and SPOIL Similar to all strains, over 95 % of arg4-VDE alleles had been 

cleaved (see figure 6.1). 

Standard Southern analysis of SpeI-digested DNA, shows that there is a delay in 

the turnover of the VDE-DSB in saeMspollf cells compared to spollf. The 

relative increase in the height of the peak for sae2A spollf cells is similar to that 

for sae2A cells in comparison with WT. In essence sae2A is epistatic to spollf, 

with regards to the kinetics of the VDE-DSB (see figure 6.2). Repair of the VDE- 
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DSB to the deletion product by time point 8 hr, in the sae2A spollf double mutant 

shows the same level as the spollf single mutant. This represents a 2.5-fold 

increase in comparison with the sae2A single mutant. Additionally, for the 

sae2Aspollf double mutant, there is a short delay in the appearance of the deletion 

product, which is consistent with a delay in initiation of rescctioning as mentioned 

above, but not the processivity of resectioning (see figure 6.3). 

6.2.2 Mrellp is not required for cleavage at the agr4-VDE allele 
To determine whether- efficient cleavage at arg4-VDE was dependent upon 
Mrel lp, the cutting rate was measured; by time point 8 hr, more than 95 % of the 

arg4-VDE alleles had been cleaved in all three mutant mrell strains - mreIIA, 

mrell-58S and mrell-H125N (see figure 6.4). 

6.2.3 Mrellp is involved in the initiation of resectioning at the VDE-DSB 

The appearance of the VDE-DSB and its disappearance as it repairs varies from 

WT in all three MREH mutant strains. For both mre]]A and mrell-11125N cells, 

the VDE-DSB band peaks at a later time point than in WT cells, suggesting a 
delay in the repair of the break. Conversely, the VDE-DSB band in mrell-58S 

appears and disappears with similar kinetics to WT. For mreIIA and mrell- 
H125N the prolonged appearance of the VDE-DSB and its delay in repair implies 

that they are less efficient at rescctioning (see figure 6.5). By 8 hr all three MREII 

mutant strains have more VDE-DSB left unrepaired than WT (see figure 6.6). 

6.2.4 In MRE11 mutants repair of the VDE-DSB to the deletion product is 

reduced 
There is significantly less repair to form the deletion product, when calculated as a 

proportion of the arg4-VDE chromatids that have received a DSB. This reduced 
level of deletion product is consistent with 4 large proportion of VDE-DSB that 

remains unrepaired by time point 8 hr. There are three potential possibilities for 

why repair to the deletion product is reduced. Firstly, MREII mutants fail to 
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initiate resectioning. Secondly, MREII mutants exhibit slower or reduced 

resectioning, which would prevent uncovering flanking repeat sequences. Thirdly, 

MREII cells could be proficient at resectioning but are unable to convert the 

resected intennediates into the deletion product (see figure 6.7). 

6.2.5 Mrellp is involved in the initiation of resectioning at VDE-DSB 

The reduction in the proportion of repair to the deletion product could be the result 

of a reduced proportion of resected molecules having long resectioning tracts, 

which are required to create the deletion product. The resected molecules can be 

more directly studied using the previously mentioned loss-of-restriction site assay 

(described in Materials and Methods section 2.9.13 and illustrated in figures 4.5 

and 4.6). Figures 6.8 and 6.9 give an illustration of the preliminary phenotypes of 

the MRE11 mutants and WT using the loss-of-restriction site assay. Experiments 

have been carried out in collaboration with M. J. N- Neale, they have only been 

performed once. In WT cells, cleaved molecules seem to be processed quickly 

through the initiation of resectioning, such that little DNA is represented by the no 

or very short resectioning bands (of 0-400 bases), at all time points (see figure 

6.9). Molecules that have undergone 400 bases of resectioning can be removed 
from the quantified band either by repair to arg4-bgl or ARG4 by gcne conversion, 

or by further resectioning. Bands indicating resectioning up to 1.8 kb (short) and 

up to 3.6 kb (medium) accrue at 4h and 6h to higher levels; implying that at 

resectioning may slow down after the initial phase. Very s mall amounts of long 

(up to 8.5 kb) resectioning tract molecules are visible implying that resectioning 

speeds up again and/or the conversion to the deletion product it rapid. 

In all three strains mutant for MRE11, there is a considerable increase in the 

proportion of DNA trapped in the band representing no, or very short rcscctioning 

(see figure 6.9). This observation supports the hypothesis that Mrel lp has a role 

in establishing early resectioning at a VDE-DSB- 

In mre]]A cells the amount of deletion product appearing by 8 hr is - 30 % of that 

seen in WT cells (see figure 6.9). Conversely, the amount of DNA detectable in 
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bands representing short and medium resectioning, at earlier time points is only 6 

% to II% of WT. The implication for this data is that for the molecules initiating 

resectioning, resectioning progresses faster than in WT. In contrast, in mrell-58S 

and mrell-H125N cells, the majority of resectioning tracts appear at higher than 

or close to WT levels, even though the amount of deletion product is less than half 

of that found in WT cells (see figures 6.8 and 6.9). In addition, short to long 

resected intermediates are also more abundant in mrell-H125N and mrell-58S 

cells, than in either VV7 or mre]]A at 8 hr. The slower conversion of resectcd 

intermediates in these mutant cells implies that the mrell-H125N and mrell-58S 

alleles reduce the overall rates of resectioning and/or product formation. 

6.2.6 Exo1p is involved in the initiation and processivity of resectioning at the 

VDE-DSB 

Southern analysis of EcoRV and BgIII-digested time course DNA shows that, 

similar to all strains studied, more than 95 % of the arg4-VDE alleles had been 

cleaved (see figure 6.1). 

Southern analysis of SpeI-digested time course DNA reveals that exoIA cells have 

a severe defect in repair of the VDE-DSB, By the 8 hr time point there is very 

little repaired VDE-DSB, with the DSB being at the most maximum point of the 

time course (see figure 6.5). 

There is less repair to form the deletion product, when calculated as a proportion 

of the arg4-VDE chromatids that have received a DSB. This reduced level of 

deletion product is consistent with a large proportion of VDE-DSB that remains 

unrepaired by time point 8 hr. This reduced level of repair to deletion product 

could be the result of a deficiency in resectioning of DNA or an inability to repair 

the resected molecules to form the deletion product. However, this is unlikely as 

the VDE-DSB repair profile indicates that the majority of the VDE-DSB persists 

by time point 8 hr (see figure 6.7). 
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6.2.7 The profile of VDE-DSB shows an accumulation of resected 
intermediates 

The appearance of the VDE-DSB is markedly different in exoIA cells than in WT 

cells. A profile of radioisotope signal intensity through the VDE-DSB can be used 

to assess the proportion of accumulating DSB molecules that are resccted. A 

perfectly symmetrical profile is expected if all molecules are of identical size. A 

shoulder on the right hand side of the peak, the lower molecular weight side, is 

indicative of active resected DNA. As figure 6.10 shows, there is a significant 

shoulder to the right hand side of the peak of the break, when the signal profile is 

plotted as a proportion of maximum, and when compared to VvrT. exoIA and WT 

data has been overlaid for ease of comparison. 

6.2.8 Exo1p is required for progressive resectioning 
The loss-of-restriction site assay was employed, as described in Materials and 
Methods section 2.9.13 and illustrated in figures 4.5 and 4.6, to determine the 

spectrum of resected intermediates formed in an exolA mutant. As figure 6.9 

illustrates, alike the mre]]A cells, preliminary results reveal that exo1A cells 

accumulate significant amounts of DNA that has undergone either no or very little 

rescctioning (0 to 0.4 kb of resectioning). Furthermore, there was a significant 

accumulation of DNA in the bands representing short tracts of rescctioning (0.4 to 

1.8 kb of resectioning). Interestingly, at time points 4 hr and 6 hr, there are WT 

levels of medium to long resectioning tract DNA, however, this DNA persist at 

this level up to time point 8 hr. In essence, the loss-of-restriction site data suggests 

that exo1A has a deficiency in the initiation of resectioning, but also, once started 

occurs at a slower rate that WT. Once again, there exists the possibility that 

exo1A strains exhibit a reduced ability to repair the resected molecules to form the 

deletion product. This data is reminiscent, but more severe than mrell-11125N and 

mrell-58S and correlates well the lack of deletion product in the exo1A strain. 
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6.2.9 The creation of an Exolp-6xHIS tagged strain 
Many proteins undergo post-translational - modifications during the meiotic cell 

cycle. One example of such a protein is Sae2p, which is phosphorylated by the 

Meclp and Tellp kinases (Cartagena-Lirola et al., 2006). Work under taken in this 

chapter aims to identify whether Exolp undergoes any post-translational 

modification during the meiotic cells cycle, as Mrellp has been shown to do 

(Krogh et al., 2005). Original attempts to genomically 6xHIS tag Exolp, failed to 

identify the protein by standard Western blotting techniques, even though 

transformants had been positively identified through PCR screening. One 

possibility for this failure is a low abundance of Exolp molecules present within 

the cell. To test this hypothesis, Exolp was 6xHIS tagged on a ccntromcre-bascd 

plasmid, pAG336 (see figure 6.11 and 6.12), resulting in plasmid pAG338. The 

EX01 ORF also underwent a promoter replacement from the natural promoter to 

that of ME725, a highly expressed and regulable promoter. Transformants 

obtained were PCR screened and positive candidates were grown under MET- 

inducible conditions and checked by standard Western analysis. Five 

transformants were tested and a band present of the correct size, that was missing 
in the negative control, suggested Exolp had been successfully tagged and 

promoter replaced (see figure 6.13). One positive transformant was selected and 

designated hAG1389. hAG1389 was mated with WT haploid hAG3, and the 

resulting diploid was termed dAG1432. Meiotic time courses were carried out on 

dAG1432, and protein samples were analysed by standard Western techniques (see 

figure 6.13). To determine whether Exolp undergoes any phosphorylation events, 

Exolp was immuno-precipitated from total cell extracts and treated with 1% 

phosphatase. Samples with and without X phosphatase treatment were analysed by 

standard Western techniques (see figure 6.13). Unfortunately, as figure 6.13 

illustrates, Exolp runs at the same weight as the IgG chain, masking identification 

of any phosphorylation modifications of Exo I p. 
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Figure 6.11: Map of plasmid pAG336. Schematic map of pAG336: a centromere 

based plasmid. The plasmid was digested with restriction sites Xbal and Xljol to remove 

the yEGFP3 fragment. Ligated in is the amplified EXOI ORF with additional 6xHIS 

fragment. This results in 6xHIS tagged Exolp being expressed under the highly active 

MET25 promoter, Exolp-6xHIS is expressed when Methionme is not present in the 

media. This plasmid is transformed into hAG407, resulting in hAG 1389. 
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Figure 6.12: Schematic representation of 6xHIS tagging of Exolp. Sclieniatic 

representation of the plasmid based 6xHIS tagging of Exolp. The forward primer, 

ExolF, contains additional bases to create an Xbal site, which will be compicnicniary 

with the digested plasmid the fragment is to be ligated into. Following this, there are 30 

bases of homology initiating with the START codon of EX01 ORF. The reverse 

plasmid contains the final 30 bases of the EX01 ORF without the STOP codon. This is 

followed by a glycine linker then six Histidine codons, finally there were additional 

bases added on to create an Xhol restrcition site which will be complementary with the 

digcsted plasmid. 
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Figure 6.13: Plasmid borne promoter replacement and 6xHIS tagging of Exo I p. (a) A 

Western blot against ot-mouse tetra HIS antibody (Sigma) of negative control (WT) and 5 

candidate transformants. A band was detected in the candidate strains of the appropriate 

size (Exolp is - 80 kDa) which was not present in the negative control lane. N Mciotic 

time course of Exolp-6xHIS strain. The image has been cropped to show only the band 

representing the tagged protein. (c) Immunoprecipitation using anti cx-mouse tetra His 

antibody. The Exolp-6xHIS runs, with and without X phosphatase treatment, at the same 

size as the IgG chain, making visualisation of the protein impossible. 
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6.3 Discussion 

6.3.1 The three steps of VDE-DSB repair and the involvement of 
recombination proteins 
This chapter has centered on determining the direct roles of proteins already 
implicated in resectioning of DNA DSBs. There are three distinct steps during the 

repair of a Spollp-DSB, as follows: step 1; the removal of the covalently bound 

Spol lp from the break site, step 2; the early stages of resectioning immediately 

after the removal of Spollp and step 3; the processive resectioning to provide 

extensive, if necessary, many kb of 3' ssDNA tails (Figure 6.14 illustrates the 

three steps during DSB repair). The reporter assay used in this study examines the 

repair of a Spollp independent DSB. As VDE does not covalently bind to the 

DNA the assay cannot address step I of repair of the Spo II p-DS B. However, the 

assay does provide a model for the study of VDE-DSB repair downstream of the 

removal of the Spollp. It is impossible to study most of the mutants we have 

employed directly at the Spollp-DSB as these mutants either fail to create the 
DSB in the first place (e. g. mre]]A) or fail to remove the covalently attached 
Spol lp (e. g. mrell-58S). In this study, Sae2p, Mrel lp, and Exolp have all been 

found to have influences on the initiation of resectioning at VDE-DSB and the 

subsequent processing of the break site. 

6.3.2 Sae2p is involved in the initiation of resectioning 

sae2A has been previously shown and re-examined in this study, to reduce the 

overall rate of resectioning at VDE-DSB during meiosis (Neale et al., 2002). One 

possibility is that the large number of unprocessed Spollp-DSBs in sae2A cells 

sequesters away resectioning apparatus, reducing the amount of rcsectioning at the 

VDE-DSB. This study has shown that the sae2A delay in VDE-DSB is not 

dependent upon the presence of accumulating Spol lp-DSBs. Thus, Sac2p has a 

genuine role in initiation of resectioning at the VDE-DSB, step two in the above 

model of DSB repair, and hence a role downstream of its established involvement 

in the removal Spol lp. The impact of removing Sae2p function does not appear 

95 



(1) 

5. 
' 

(2) 

3, 
3' -5' 

(3) 

S. 

Spol I protein 

5' wý\ Many kb - 3' 
3' Many kb//- 5' 

Figure 6.14: The three stages of resection at a Spot Ip-DSB. The three steps of 

DNA resectioning during meiosis are proposed. As Spo IIp binds covalently to the 

break site, the first step of resectioning creates a 'protein free' substrate for nuclease 

activity, this step is not required at the VDE-DSB as VDE does not covalcntly bind 

to the break site. Stepi at the Spol lp-DSB liberates Spol lp covalcntly attached to 

an oligonucleotide. Step 2 involves resectioning over a few hundred bases of DNA, 

usually sufficient tracts of ssDNA to initiate recombination. Step 3. longer tracts of 

resectioning can arise, covering many kb. Step 3 is required to repair tile VDE-DSB 

to the deletion product. 
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to have a severe effect upon the cell as the majority of the DSB are repaired by the 
8 hr time point. Sae2p has recently been shown to be post-translationally modified 
during meiosis (Cartagena-Lirola et al., 2006; Clerici et aL, 2006), which may be 

important in signaling damage and possibly recruiting progressive resectioning 

machinery, which could include Exolp. However, as the phenotype of sae2A cells 

are not as severe as e-xo]A cells, Sae2p's role in recruiting other proteins must not 
be essential. 

6.33 Mrellp has allele dependent influence on the initiation of resectioning 

that exceeds the influence of Sae2p, and shows limited influence on 

resectioning over greater distances 

Separation of function mutants of Mrel Ip, have allowed the separate functions of 

the Mrel Ip to be studied. Nuclease mutants of MrCI lp, including mrell-58S and 

mrell-H125N, do process HO-induced DSBs in vegetative cells relatively well, 

however they do show sensitivity to IR and MMS. The lack of a severe phenotype 

in the Mrel lp nuclease deficient cells may be the result of redundancy with one or 

more nucleases (e. g. Exolp? ). Significantly, there appears to be a correlation 

between the ability to form the MRX complex and the sensitivity to IR/MMS, and 

there has been the suggestion that phenotypes of the Mrellp nuclease mutants 

reflects an inability to form the MRX complex, rather than the lack of nuclcasc 

activity. 

This study has shown that the main role for Mrel lp is an early one, step two of the 

DSB model proposed in figure 6.14. A large proportion of VDE-DSBs remain 

unrepaired in mreIIA, mrell-H125N and less so for mrell-58S, suggesting that 

initiation of resectioning can occur through at least two routes, one of which in 

Mrellp independent. When Mrellp is absent it appears possible that the VDE- 

DSBs that can repair are not hindered for long resectioning tracts and may cycn 

repair faster than in WT. The evidence for this is the lack of accumulation of 

bands representing the short to long resectioning tracts in the loss-of-rcstriction 

siteýassay. This observation could be due to the absence of Spollp-DSBs. Itmay 
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also be possible that Mre IIp acts as a negative regulator of very long resectioning 

tracts, possibly by promoting repair (Paull and Gellert, 2000). 

In is interesting to note that this study has shown a more severe phenotype for the 

mrell-H125N allele, which is phosphorylated, compared to the mrell-58S allclc, 

which is not (M. Khisroon Unpub. and Krogh et aL, 2005). Worthy of note is that 

the phosphorylation of Mrel lp is normally associated with the presence of DSBs 

blocked by a chemical adduct or a covalently bound protein. Usui et aL have 

suggested that the phospho-modification of Mre IIp is required for Mre IIp to act 

on blocked DSBs. This study raises the possibility that this modification may be 

inhibitory to Mrel lp function at clean DSBs (Usui et al., 2001). 

According to Usui and Krogh the mrell. -H125N allele is complex forming and the 

mrell-58S allele is not (Tsubouchi and Ogawa, 1998; Usui et al., 1998; Moreau et 

al., 1999; Moreau et al., 2001; Krogh et al., 2005). This correlates well with the 

effect of the respective alleles on IR/MMS sensitivity. The less severe phenotype 

of mrell-58S with respect to repair of the VDE-DSB raises the possibility that 

Mrel lp has important function outside of the MRX complex or that analyses of 

complex formation by immuno-precipitation are not fully representative of the in 

vivo situation. For example, mrell-58S may make sufficient MRX complex in 

vivo to handle the VDE-DSB but not enough to reliably act on a genomc wide 

basis in the presence of IR or MMS. An additional possibility is that the 

dysfunctional MRX complex formed in an mrell-H125N mutant has a negative 

impact on resectioning by blocking recruitment of alternative, functioning repair 

machinery to the break site. There also exists the possibility that Mrel Ip has roles 

outside the context of the MRX complex, and in an mrell-H125N allele all of the 

Mrellp is recruited to a non-functioning MRX complex - inhibiting MRX 

independent roles of Mre IIp. 
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6.3.4 mre11-H125N results suggest a different role for Mrellp In repair of 
Meiotic versus Mitotic DSB repair 
Moreau and cofleagues demonstrated in their 1999 and 2001 publications that 

mrell-H125N cells show an accumulation of unprocessed Spollp-DSBs in 

meiosis (Moreau et aL, 1999; Moreau et aL, 2001). This is consistent with other 

work that suggests Mrellp is required for the removal of the covalently bound 

Spoll protein from the break site. In a mitotic study, Moreau et aL, have 

demonstrated that HO-induced DSB repair in mrell-H125N cells showed no 
difference from WT cells. In this chapter it has been shown that mrell-HI25N 
cells show a severe phenotype at the VDE-DSB, with a significant inability to 

repair the DSB. This apparent contradiction suggests that the repair of meiotic and 

mitotic DSB do vary, and in particular, the role of Mre IIp is not the same in both 

situations. 

6.3.5 Exolp is involved in the initiation of resectioning and in the processivity 

In vitro studies have shown that Exol p possess 5' to 3' nuclease activity and so it 

has been implicated in resectioning. However, in the literature thcrc arc 

conflicting accounts about its involvement in resectioning with dramatically 

varying severities of phenotypes. The exoIA mutant showed an extremely severe 

phenotype with respect to the repair of the VDE-DSB, and the loss-of-restriction 

site assay showed a lack of molecules with no or very short resectioning tracts, 

indicative of a contribution to both the initiation of resectioning and to the 

processive progression of resectioning. 

6.3.6 A second, hemizygous VDE reporter cassette, provides support for 

proposed role of Exo1p identified in this chapter 
The hemizygous reporter cassette contains a large region in common with the 

arg4-VDE cassette used in this study, including the immediate context of the 

VDE-DSB. The homologous chromosome contains a delete region, prevcnting 

repair of the VDE-DSB by an inter-homologue mechanism. Repair can occur via 
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SSA using either proximal or distal repeat regions, resulting in deletion product 

p. j., j or deletion product distal respectively, as figure 6.15 illustrates. By comparing 

the proportion of repair products that are deletion product P j.., versus deletion 

product dismi it is possible to look at the influence of candidate gcnes on 

resectioning tract length. 

Data to support Exolp's involvement in initiation of resectioning and in the 

processivity comes from the hemizygous cassette, with very little repair of VDE- 

DSB occur-ring. Of the VDE-DSB that is repaired, very little deletion prodUCtd,. W 
is formed, consistent with a defect in 5' - 3' resectioning. 
A radioisotope signal intensity through the VDE-DSB of the hemizygous cassette 

was again employed to assess the proportion of accumulating DSB molecules that 

are resected. In exo1A cells the VDE-DSB of the hemizygous cassette appears 

with lower molecular weight discrete bands, implying that resectioning in this 

strain is significantly hindered and that there are relatively specific pause sights. 

This data is consistent with Exolp being required for WT levels of 5' - 3' 

resectioning (see figure 6.16 A. Bishop-Bailey. Unpub. ). 
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Figure 6.15: Hemizygous arg4-VDE reporter cassette and associated deletion 

products (it) Parental cassette DNA, containing the arg4-VDE allele (pink box; black 

box denotes VDE recognition sequence), flanked proximally by URA3 and ur(13 direct 

repeated sequences (dark blue arrows), and distally by ade2 direct repeated sequences 

(light blue (part) arrows). When VDE-endonuclease cleaves the arg4-VDE allele, the 

VDE-DSB can be repaired via SSA deletion repair by the generation of: (h) 

Resectioning tracts of length 2.5kb and 2.5kb (5kb total), that uncover the proximal 

URA3 repeated sequences, creating first deletion product. (c) Resectioning tracts of 
length 7kb and 3.5kb (10.5kb total), that uncover the distal ade2 repcated sequences. 

creating second deletion product. 
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Figure 6.16: Physical analysis of VDE-DSB of hernizygous cassette in WT and 

exo1A cells. Physical analysis of VDE-DSB formation and repair to the deletion 

products in (a) WT and (b) exo1A cells. (c) A comparison of the radioisotope profile 

through VDE-DSB of the hemizygous VDE cassette of WT and exo1A. In exo1A cells 

the VDE-DSB of the hemizygous cassette appears with lower molecular weight discrete 

bands, implying that resectioning in this strain is significantly hindered and that there are 

relatively specific pause sights. This data is consistent with Exolp being required for 

WT levels of 5' - 3' resectioning. This data is courtesy of A. Bishop-Bailey, Unpub. 
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Chapter Seven 

I 

General discussion 

Recombination is initiated in meiotic cells by the induction of around 200 - 250 

DNA DSBs, catalysed by the protein Spol 1. In order for the physical connections 
between homologous chromosomes, necessary for appropriate segregation at the 

MI division, to be established, repair of the Spollp-DSBs has to be an intcr- 

homologue event. The repair of mitotic DSBs differs from meiotic DSBs as repair 
is directed towards the sister chromatid. Crossover production is a rare event in 

mitotic cells (Paques and Haber, 1999). 

7.1 An assay for Spollp-independent DSB repair in meiosis 
A reporter cassette was made available for use in this study. The Spollp- 

independent DSB is catalysed by VDE; JýMAI derived homing Cndonucleasc. 

VDE is a site-specific endonuclease that is active only during meiosis and cleaves 

at the recognition site with timing approximately equal to Spollp. VDE-cutsite 

sequences are embedded within an otherwise WF ARG4 gene resulting in an arg4- 

VDE allele. The arg4-VDE locus was flanked both proximally and distally by 

URA3 repeat sequences. On the homologous chromosome V there is a similar 

cassette, which contains an arg4-bgl allele. The VDE-DSB can repair inter- 

chromosomally to yield ARG4 or arg4-bgl gene conversion products. The 

deletion product, can be formed the result of an unequal exchange event between 

homologous chromosomes or intra-chromosomally, by a SSA mechanism 

involving flanking URA3 repeats. 

7.2 Repeating the work of Neale et aL, 2002, confirms that the number of 

Spo11p-DSBs within a cells influences meiotic DSB in trans 

The original study carried out by Neale et aL, (2002) was repeated on finding that 

the Kodak Phosphor Screens have to be scanned by the BioRad Personal FX 
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imager in the dark as the white light dis-proportionally blanks the Southern blot, 

effectively reducing the quantity of the VDE-DSB and deletion product. 
Repeating the work of Neale et al., (2002) whilst scanning the phosphor screens in 

the dark, has confirmed the original findings that the number of Spollp-DSBs 

present within a cell, can influence repair of a Spol lp-independent break, VDE- 

DSB. The trends between WT and mutant strains remained the same as the 

original study, but the numerical values were altered. spollf and hopIA cells were 

found to repair the VDE-DSB to the deletion product significantly more frequently 

than in WT cells. Furthermore, in spollf and hoplA cells the turnover of the 

VDE-DSB peaked to lower levels and peaked earlier than in WE This 

modification of repair at the VDE-DSB seen in cells with no (spoill) or few 

(hopIA) Spol lp-DSBs is believed to be due to extensive hyper-resectioning at the 

break site. 

7.3 Sae2p has a bonefide role in initiation of resectioning but not processivity 

at VDE-DSB 

Repair of the VDE-DSB is delayed in sae2A cells even though the VDE-DSB does 

not have a covalently attached Spol I protein at the break site (Sae2p's primary 

role in meiotic DSB repair to date has been in the removal of Spo IIp from the 

break site). The delay in repair of the VDE-DSB in sae2A cells could be an 

indirect effect of sequestration of repair machinery to the alternative Spo II p-DSBs 

present elsewhere through out the genome. To test this theory, a strain doubly 

mutant for SAE2 and SPOM was created. There is a delay in the repair of the 

VDE-DSB in saeMspollf cells with respect to the turnover of the break not found 

in spollf cells. This suggests that Sae2p has a bone fide role in initiation of 

resectioning, which is not dependent upon the number of Spol lp-DSBs present 

within the cell. The impact of removing Sae2p function does not appear to have a 

severe effect upon the cell as the majority of the DSB are repaired by the 8 hr time 

point. Sae2p has recently been shown to be post-translationally modified during 

meiosis (Cartagena-Lirola et aL, 2006; Clerici et aL, 2006), which may be 
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important in signaling damage and possibly recruiting progressive resectioning 

machinery, which could include Exolp. However, as the phenotype of sae2A cells 

are not as severe as exoIA cells, Sae2p's role in recruiting other proteins must not 
be essential and may have redundancy with an alternative recruiting protein or 

may be through a different route. 

7.4 Mek1p is a negative regulator of resectioning at arg4-VDE 

This study has presented data that suggests Meklp acts as a negative regulator of 

resectioning, as in its absence, resectioning at the VDE-DSB is increased. One 

possibility is that this function of Meklp is required to enable inter-homologue 

recombination to be promoted, reducing resectioning at a meiotic DSB to allow 

the search for homology to proceed. This could be an additional mechanism to 

promote inter-homologue repair than the one recently proposed by Wan and 

colleagues, which implicated Meklp in blocking inter-sister repair (Wan, de los 

Santo et al., 2004; Niu, Wan et al., 2005). More specifically, this thesis has 

identified that the kinase activity of Meklp is required for the negative regulation 

of resectioning at VDE-DSB, presumably through the phosphorylation of an as yet 

unknown target(s) Indeed, evidence in the literature supports the hypothesis that 

Meklp is a negative regulator of resectioning. It has been shown by Schwacha, 

Xu, and co-workers that loss of MEK1 (or RED]) can reduce the presence of 
Spollp-DSBs up to 4-fold and furthermore, can enforce recombination down a 

Dmclp independent route (Schwacha and Kleckner, 1997; Xu et al., 1997; 

Hubscher et al., 2000). However, following further research, it was discovered 

that mek1A cells do not form fewer Spol lp-DSBs, instead, the breaks in question 

appear to be resected at a greater rate than in WT, so much so that the apparent 

number of breaks appears significantly reduced. Evidence for this comes from 

studies with meklraeffOS (rad5OS cells have blocked break ends, which cannot be 

resected) cells, which show WT levels (Xu et al., 1997). 
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7.5 dmc]A cells prevent repair of the VDE-DSB, even though the break can be 

repaired by a strand invasion independent mechanism 
Repair of the VDE-DSB is prevented in dmc]A cells, even though the break can be 

repaired by SSA. This mechanism is independent of a strand invasion step, hence 

independent of Dmclp. Three possibilities were tested to account for this Dmclp- 

dependency. Firstly, there was the possibility that the pachytene arrest found in 

dmc]A cells was responsible for the block of repair at VDE. NDT80, a 

transcription factor required for exit from pachytene stage of meiosis, was mutated 

to see if this prevented repair of the VDE-DSB. ndt8OA cells were found to repair 

the VDE-DSB as WT, suggesting that the pachytene arrest in dmc]A cells was not 

responsible for the block of repair. A dmc]Apch2A double mutant was also 

created, PCH2 is required for the pachytene arrest of meiotic cells; mutating 

pch2A relieves the pachytene arrest of dmc]A cells. The pch2Admc]A double 

mutant did not fully restore repair of the VDE-DSB, again suggesting that the 

block of repair found in dmc]A cells is not dependent upon progression of the cell 

cycle. 

Secondly, the possibility existed that Dmc Ip had a direct influence on repair of the 

VDE-DSB, to test this possibility dmc]A cells were made doubly mutant with 

genes implicated in meiotic DSB repair. When dmcIA mutation was coupled with 

mutations in SPOII, SAE2, HOPI and MEKI, the dmc]A block of VDE-DSB 

repair was abolished. These observations led to the proposal of a DmcIp- 

dependent pathway for repair of a meiotic DSB. The pathway proposed that for 

the establishment of this Dmclp-dependent repair; firstly, there have to be 

Spot lp-DSBs present within the genome, albeit the break in question is Spot lp- 

independent. The VDE-DSB then has to be processed by Sae2p, again even 

though the VDE-DSB does not have a covalently attached protein that has to be 

removed. Finally, the Dmclp-dependency is then mediated through the Meklp 

complex, a complex already implicated by others in directing repair of meiotic 

DSBs towards the homologue (Niu et aL, 2005). 
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A third possibility is that the block of repair in the dmc]A mutant was the result of 
sequestration of repair machinery to the approximately 200 - 250 Spollp-DSBs, 

that have undergone extensive resectioning resulting in long tracts of ssDNA. A 

correlation was identified between block of repair at the VDE-DSB and extensive 

resectioning at Spol lp-DSBs. The mutations that relieve the dmc]A block also 

prevented long tracts of ssDNA being created within the cell. To test this 
hypothesis, ChIP was utilised to identify whether Rfa-lp, a protein involved in 

DSB repair in meiosis, was in limited supply in certain mutants. 

7.6 P-PA availability is a limiting factor in VDE-DSB repair 
The enrichment of Rfa-1, a subunit of RPA, was found to be significantly 
increased at a SPollp hotspot compared with a Spollp coldspot in dmc]A cells. 
The same enrichment was significantly reduced in WT cells. The difference is 

believed to be tfie result of the extensive tracts of ssDNA found in dmc]A cells. 
The relationship at the VDE-DSB is reversed with increased enrichment of Rfa- Ip 

close to the URA3 repeat compared with the Spo IIp coldspot, greater in WT than 
in dmc]A cells. This supports the hypothesis that the block of repair at the VDE- 

DSB in dmc]A cells is the result of sequestered repair machinery to the 200 - 250 

hyper-resected Spol lp-DSBs present elsewhere in the genome. The identification 

that the presence of long tracts of ssDNA at Spollp-DSBs can influence repair of 

the VDE-DSB in trans has many implications for research outside of this study. 
The pleiotropic effects of hyper-resectioning at Spollp-DSBs have a significant 

impact on VDE-DSB repair. It is important to note that the phenotype of one 

mutant cannot always imply the exact function of the protein and instead could be 

the result of an altered biochemistry of the cell. 

7.7 Mrellp is involved in initiation and processivity of resectioning at the 

VDE-DSB 

Spollp-DSB formation has an absolute necessity for Mrellp function. The 

involvement of Mrellp following Spollp-DSB formation cannot be studied 
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directly at Spollp-DSBs as they do not form in these cells. Examination of break 

repair at VDE-DSB therefore allows the downstream roles of Mrellp following 

Spollp-DSB formation to be elucidated. Separation of function alleles of MRE11 

permit the formation of Spollp-DSBs, however they remain unprocessed with 

covalently attached Spollp at the break site. mrell-58S is a separation of 

function allele that permits the creation of Spol lp-DSBs, however, as a result of 

the mutation in the phosphodiesterase domain, the protein has lost its nuclease 

activity. Furthermore, mrell-58S has lost the ability to form the MRX complex 

(Usui et al., 1998). A second MRE11 separation of function allele is mrell- 

H125N, which again has lost nuclease activity, but is able to form the MRX 

complex (Usui et al., 1998; Moreau et al., 1999; Krogh et al., 2005). The mre]]A 

null mutant shows a more severe phenotype of VDE-DSB repair than either 

separation of function alleles, with a large proportion of the break remaining 

unrepaired after 8 hrin meiosis. In accord with a defect in Yto 3'resectioning of 

the VDE-DSB, very little break is converted to form the deletion product in 

mre]]A cells. Additional support for an involvement in resectioning at the break 

site came from the loss-of-restriction site assay. mre]]A cells were shown to have 

very little DNA present within the bands representing resccted DNA, with DNA 

accumulating in the band representing molecules that have undergone no or little 

resectioning (less than 0.4 kb). Interestingly there is a lack of molecules that have 

undergone short to long tracts of resectioning, suggesting that molecules than can 

proceed beyond the initial stages have no defect in resectioning and can rapidly 

proceed to form the deletion product. It is feasible that Mre IIp acts as a negative 

regulator of very long resectioning tracts, possibly by promoting repair (Paull and 

Gellert, 2000). The most severe phenotype of the separation of function allelcs 

of MREll is that of the phosphorylated allele, mrell-H125N. The 

phosphorylation of Mrellp has been suggested by others to be necessary for 

Mrellp to repair DSBs blocked by a chemical adduct or a covalently attached 

protein (Usui et al., 2001 a). Work in this study has led to the suggestion that this 

modification of Mrellp may actually hinder repair at the clean VDE-DSB. A 
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further possibility for the differing phenotypes of the MREII separation of 
function alleles, stems from the ability to form the MRX complex. According to 

Usui and Krogh (1998; 2005) the mrell-H125N allele is complex forming and the 

mrell-58S allele is not. The less severe phenotype of mrell-58S with respect to 

repair of the VDE-DSB raises the possibility that Mrel lp has important function 

outside of the MRX complex. A possibility is that the dysfunctional MRX 

complex formed in an mrell-H125N mutant has a negative impact on resectioning 
by blocking recruitment of alternative, functioning repair machinery to the break 

site. There also exists the possibility that Mrel lp has roles outside the context of 

the MRX complex, and in an mrell-H125N allele all of the Mrel lp is recruited to 

a non-functioning MRX complex - inhibiting MRX independent roles of Mre IIp. 

7.8 mreII-H125N results suggest a different role for Mrellp in repair of 

meiotic compared to mitotic DSB repair 
Moreau and colleagues have shown that mrell-H125N cells show an 

accumulation of unprocessed Spollp-DSBs in meiosis (Moreau et al., 2001; 
Krogh et al., 2005). This is consistent with other work that suggests Mre IIp is 

required for the removal of the covalcntly bound Spollp from the break site. 
However, Moreau et al., have demonstrated that mitotic HO-induced DSB repair 
in mrell-H125N cells showed no difference from WT (Moreau et al., 1999; 

Moreau et aL, 2001). This study has shown that mrell-H125N cells show a 

severe phenotype at the VDE-DSB, with a significant inability to repair the DSB. 

This apparent contradiction suggests that the repair of meiotic and mitotic DSB do 

vary, and in particular, the role of Mrellp is not the same in both situations. 
Furthermore, it supports the model that Mrellp has a role in mciotic DSB repair 

a fter the removal of Spo IIp from the break site. 
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7.9 Exolp is involved in initiation and processivity of resectioning at the VDE- 

DSB 

Others have implicated Exolp, in the 5' to 3'resectioning of DNA (Tishkoff et aL, 
1997; Tran et al., 20,02; Tran et aL, 2004). However, in contradiction to the initial 

in vitro findings, there is confusion in the literature as to the involvement of Exo Ip 

in meiotic DSB repair, with varying severities of phenotypes when mutated. The 

repair at VDE-DSB was the more severe of any mrell mutants, with very little 

repair of the break occurring. Consistent with little resectioning of DNA or repair, 

very little deletion product is formed in the exoIA cells. Studies of the loss-of- 

restriction site assay supports the lack of repair at the VDE-DSB, with significant 

amounts of DNA having undergone little or no resectioning. Furthermore, what 

DNA has undergone resectioning persists for longer than WT, suggesting that even 

when initiated, resectioning proceeds at a slower rate than WT. Exo Ip may be the 

redundant exonuclease that resects meiotic DSBs in the absence of the MRX 

complex. The next logical step would be to examine repair of the VDE-DSB in an 

mreIIAexo1A mutant, where it would be expected that virtually no repair of 
VDE-DSB would occur. 

7.10 Future Work and Further Directions 

Creation of an mre]]Aexo]A double mutant - under control of CL132 promoter. 

This controllable 'promoter would allow the double mutant to grow well 

mitotically, allowing synchronous meiotic time courses to be performed. Is the 

double mutant phenotype exaggerated, implying separate roles during DSB repair? 

Are there any post-translational modifications of Exolp during meiosis? If so, 
does the phosphorylation status of Exo Ip change when Mre IIp is absent? 

Employ the return to growth experiments using the reporter cassette to assess 

whether gene conversion is altered in mrell and exo1A mutant strains 
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