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The fidelity of chromosome inheritance is of utmost importance to all living 
organisms. During every cell division precisely one copy of the parental genome must 
be segregated into each of the two daughter cells in order to allow the stable existence 
of progeny. This is achieved initially by the complete and faithful duplication of the 
chromosomes during DNA replication. Following replication each chromosome is 
comprised of two identical sister chromatids. Next, sister chromatids are fully resolved 
from each other, ensuring that no physical connection exists between them. Finally, the 
sisters are segregated to opposite ends of the dividing cell, guaranteeing that when cell 
division is completed, both daughter cells have a full complement of genetic 
information. 

After replication sister chromatids are held together by three defined kind of 
linkages: 1) proteinaceous linkages, mediated by the cohesin complex: a ring shaped 
structure that embraces both sister chromatids. 2) Topological linkages, mostly 
intertwines between double helixes. 3) DNA-DNA linkages formed by regions of the 
chromosome that have not been fully replicated, or by intermediates of the homologous 
recombination (HR) DNA repair process, i.e. recombination intermediates.  

Complete replication of the chromosomes, cleavage of cohesin and removal of 
catenations are essential to segregate chromosomes correctly. If the cell leaves these 
linkages unresolved, they lead to the formation of DNA filaments connecting the nuclei 
of both daughter cells, known as chromosome bridges. If the chromosome bridges are 
not resolved they can be severed during cytokinesis leading to double strand breaks of 
the DNA molecule and genome instability. Formation of chromosome bridges is a key 
characteristic of tumorous cells and it is considered as one the first events in the 
transformation from a somatic to a cancerous cell, since it favours gross chromosomal 
rearrangements, amplification of oncogenes and elimination of tumour suppressor 
genes. 

However, it is unknown if recombination intermediates can lead to the formation 
of chromosome bridges. Recombination intermediates appear as a consequence of the 
DNA repair processes that uses homologous recombination pathway. In this pathway 
the undamaged sister chromatid provides a template which facilitates the restoration of 
the original sequence of a broken DNA molecule. 

I have used the budding yeast Saccharomyces cerevisiae as a model organism to 
study the sources of chromosome bridges. I have used a haploid cdc15-2 mutant as a 
reference strain. This mutant can be blocked in telophase with the genome correctly 
segregated between the two daughter cells. Using this strain I have studied whether 
persistent recombination intermediates, more specifically those that depend on structure 
specific endonucleases (SSEs) for their resolution, can lead to chromosome bridges. To 
this purpose, I modified the steady-state levels of these joint molecules (JMs) by 
deleting different combinations of the yeast SSEs genes together with exogenously 
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forcing the cells to bypass replication stress by utilising HR. I found that both Mus81-
Mms4 and Yen1, but not Slx4-related SSEs, are essential and compensate each other in 
preventing and resolving a specific type of chromosome bridge, which mostly 
comprises noncanonical (discontinuous) forms of the Holliday Junction (HJ) molecule. 

In addition I found that the SSE Yen1 is targeted to the nucleus by the mitotic 
master phosphatase Cdc14, acting as a ‘last resort’ endonuclease to deal with any 
remaining HJs that might compromise chromosome segregation. This result highlights 
the essential role of early-activated Cdc14; through the FEAR network, Cdc14 effects 
the removal of all kinds of non-proteinaceous linkage that preclude faithful sister 
chromatid segregation in anaphase. 
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1.1 Saccharomyces cerevisiae as a model organism  

Saccharomyces cerevisiae (baker’s or budding yeast) is one of the most 
intensively studied eukaryotic microorganisms. It has been used as a model organism 
because many fundamental processes such as cell cycle control, DNA replication, 
chromosome segregation regulation, and DNA repair are highly conserved from yeast to 
humans.  

Several properties make yeast particularly suitable for genetic, biochemical and 
cell biology studies. Yeast have a rapid growth (generation time is less than 2 hours 
under optimal conditions) and can be cultured in an economic manner. Genetic 
engineering is highly efficient: It occurs via homologous recombination (HR) mediated 
through short fragments of homologous linear DNA (Knop et al. 1999; Janke et al. 
2004). S. cerevisiae can stably exist as either a haploid or a diploid. Both haploid and 
diploid yeast cells are able to reproduce by mitosis. Haploid cells can be divided in two 
mating types, a cells and  cells. Haploid cells of different mating types are able to 
mate with each other to produce a diploid cell.  When diploid cells face stressful 
conditions such as nutrient deprivation they can undergo meiosis to produce four 
haploid spores: two a spores and two  spores (Fig 1.1). Working with the haploid form 
has a great advantage in terms of genetic manipulation, as just one copy of each gene is 
present to be manipulated (Hartwell 1974). 

 

Figure 1.1.: Life cycle of yeast. Yeast grow vegetatively as either haploid or diploid 
cells. The transition from haploid to diploid occur via mating between two cells of different 
mating type. The transition from diploid to haploid occurs via meiosis.(Taken from 
http://wiki.yeastgenome.org/images/e/ea/Yeast_life_cycle.png) 
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Additionally the S. cerevisiae genome has been sequenced and is publicly 
available since 1996. The genome has a size of 12.1 million base-pairs (bp) with about 
6000 genes distributed in 16 chromosomes. Several comprehensive genome-wide gene 
deletion and protein fusion libraries have been created that are now available for the 
scientific community (Winzeler et al. 1999; Cherry et al. 2012).  These libraries are an 
excellent resource and have had a great impact on the yeast research community and on 
genomics in general. 

1.2 Mitotic chromosome segregation in budding yeast 

The mitotic cell cycle can be divided in four phases: Two gap phases, G1 and 
G2, an S phase, where synthesis of the DNA occurs and the genetic material is 
duplicated, and an M phase, also called mitosis, in which the genetic material is divided 
equally and the cell divides. After the S phase, duplicated chromosomes consists of two 
sister chromatids that are maintained together by physical linkages. During mitosis it is 
of paramount importance to eliminate any linkages between different DNA molecules in 
order to segregate chromosomes correctly between the two daughter cells. 

1.2.1 Nature of the physical linkages between DNA 

molecules after replication 

After S phase, sister chromatids are associated by three types of linkages: a) 
proteinaceous linkages, represented by the cohesin complex, b) topological linkages and 
c) DNA-DNA linkages represented by recombination intermediates. 

a) Cohesin has been referred to as the molecular glue that maintain sister 
chromatids together. This function is essential to identify each sister 
chromatid and ensure that one and only one chromatid of each chromosome 
is delivered into each daughter cell. The cohesin complex has a ring shape 
structure composed of Smc1, Smc3, Scc1 and Scc3. It is thought that this 
structure embraces both sister chromatids after DNA replication and this 
interaction is stably maintained until the cells reach anaphase (Michaelis et 
al. 1997; Guacci et al. 1997; Haering et al. 2002; Gruber et al. 2003; Ivanov 
& Nasmyth 2005).  

b) DNA molecules are also topologically linked. During DNA replication 
termination, overwinding superhelical tension is generated ahead of the fork 
by the activity of replication helicases. This tension can be diffused into the 
region behind of the fork by rotation of the whole fork relative to the 
unreplicated DNA. As a consequence of the fork rotation, the topological 
stress ahead of the fork is relaxed at the expense of generation of DNA 
catenations behind the fork (Champoux & Been 1980; Peter et al. 1998; 
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Baxter 2015). The eukaryotic type-II topoisomerase (Topo II in mammals, 
Top2 in yeast) is essential to remove these catenations before cells enter 
anaphase (Nitiss 2009).  

c) Additionally DNA recombination intermediates maintain sister chromatid 
physical association (Torres-Rosell et al. 2005; Ho et al. 2010; Sarbajna et 
al. 2014; García-Luis & Machín 2014). Recombination between two sister 
chromatids provides an error-free pathway to repair DNA damage. 
Nevertheless this DNA repair pathway leaves as a by-product, DNA 
molecules physically linked by recombination intermediates (See sections 
1.3.2.1 and 1.3.3). These links are eliminated mainly by the Sgs1-Top3-
Rmi1 complex (STR) also called dissolvasome (Mankouri et al. 2011; 
Bizard & Hickson 2014). As well as this mechanism to eliminate 
recombination intermediates, the cell has SSEs that are able to recognize and 
resolve different structures that arise during the recombination process (See 
section 1.4). 

Faithful chromosome segregation also requires of condensin. Condensin is 
highly conserved and is essential in all eukaryotes. In budding yeast, condensin is a 
multiprotein complex comprised of 5 subunits; Smc2, Smc4, Ycs4, Ycg1 and Brn1 
(Strunnikov et al. 1995; Freeman et al. 2000; Ouspenski et al. 2000; Bhalla 2002; 
Lavoie et al. 2000; Hirano 2005).  The segregation defects observed in condensin 
mutants are very similar to those observed in topoisomerase II mutants. This 
observation suggest that condensin may be governing the function of topoisomerase II 
in its decatenation activity (Freeman et al. 2000; Hirano 2000; Bhalla 2002; Lavoie et 
al. 2004; Machín et al. 2005; Morgan 2007)  

1.2.2 Molecular mechanisms regulating the elimination of 

the physical linkages between DNA molecules after 

replication 

The mitotic phase of the cell cycle can be further subdivided into prophase, 
metaphase, anaphase, telophase and cytokinesis. In prophase the chromosomes 
condense to form a compact structure that is able to then align to the division plane in 
metaphase. At this point the chromosomes are connected to the spindle pole bodies 
(SPB, centrosome in animal cells) the machinery that is going to pull from the 
chromosomes to each daughter cell. In anaphase each sister chromatid is pulled to a 
different daughter by the forces exerted by the SPB. Finally in telophase the nuclei are 
totally separated and in cytokinesis the cytoplasm is physically divided into the two 
daughter cells.  
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By the time the cell reaches anaphase all the physical linkages that maintained 
sister chromatids together must be eliminated to ensure that each chromatid is 
segregated correctly, one to each daughter cell. Two main mechanism govern the 
elimination of the physical linkages between the sister chromatids and progression 
through anaphase: activation of the anaphase promoting complex (APC) and 
dephosphorylation of many targets of the cyclin dependent kinase Cdc28. (Stegmeier & 
Amon 2004; Pines 2011).  

The APC is only activated when replicated chromosomes are aligned to the 
metaphase plane and have established bivalent spindle attachment. If the chromosomes 
are not aligned or any DNA damage is detected, the cell will activate checkpoint 
signalling cascades that will maintain the APC inactive. These will halt the cell cycle 
progression in order to give enough time to attach spindles correctly or to repair the 
DNA damage (Hartwell & Weinert 1989; Paulovich et al. 1997).  

Anaphase onset is triggered when the APC binds to the specificity factor Cdc20 
(APC Cdc20) causing its activation. The APC is a tightly regulated ubiquitin ligase. 
Ubiquitinated targets will be destroyed by the 26S proteasome (Pines 2011). One of the 
key targets of the APC Cdc20 is the securin Pds1, an inhibitor of the protease Esp1, also 
known as separase.  Thus APC activation leads to degradation of Pds1 and thereby 
activation of Esp1 (Cohen-Fix et al. 1996; Yamamoto et al. 1996). Esp1 then cleaves 
Scc1, one of the components of the ring-shaped structure cohesin that entrap sister 
chromatids. The cleavage of Scc1 releases sister chromatids to allow chromosome 
segregation (Uhlmann et al. 1999). 

In addition of its proteolytic function, Esp1 has a second non-proteolytic activity 
that leads to the activation of Cdc14. Cdc14 is the cell cycle master phosphatase in 
budding yeast that ensures the elimination of any remaining physical linkage between 
DNA molecules and exit from mitosis. This phosphatase is tightly regulated throughout 
the cell cycle in a stepwise fashion (Fig.1.2) (Visintin et al. 1998; Stegmeier et al. 2002; 
Stegmeier & Amon 2004). Before anaphase, Cdc14 is found in the nucleolus in an 
inactive form bound to Net1 as part of the rDNA-binding RENT complex (Shou et al. 
1999; Visintin et al. 1999; Traverso et al. 2001). Esp1, as well as cleaving Scc1, 
downregulates the phosphatase PP2A. This allows Net1 to be phosphorylated by Cdc5, 
and prevents its dephosphorylation by PP2A, thereby allowing Cdc14 to be released 
from Net1. Thus Cdc14 is released from the nucleolus into the nucleoplasm in what is 
known as Cdc14 early anaphase release pathway (FEAR). (Uhlmann et al. 1999; 
Sullivan & Uhlmann 2003; Azzam et al. 2004; Queralt et al. 2006; Rahal & Amon 
2008). In this way Cdc14 reaches and dephosphorylates its nuclear targets.  

Cdc14 activation ensures correct chromosome segregation in several ways: 1) It 
associates with the SPB and the mitotic spindle and dephosphorylates Pds1 leading to 
an increased affinity of APCCdc20 for Pds1. This produces a positive feedback that 
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allows an increased smoothness in chromosome segregation (Holt et al. 2008). 2) It 
ensures efficient segregation of the rDNA and repetitive sequences by switching off 
transcription. This allows loading of condensin and Top2 to eliminate catenations (see 
section 1.5) (Clemente-Blanco et al. 2009; Clemente-Blanco et al. 2011). 3) Cdc14 
activation allows spindle stabilization and activation of motor proteins needed for 
spindle elongation (Higuchi & Uhlmann 2005; Roccuzzo et al. 2015) 4) Furthermore 
Cdc14 is required for the activation of the Mitosis Exit Network (MEN) (D’Amours & 
Amon 2004). The MEN pathway produces a second wave of Cdc14 activation, giving 
access to its nuclear and cytoplasmic targets and thereby promoting exit from mitosis 
and cytokinesis (Visintin et al. 1999; Shou et al. 1999; Kuilman et al. 2015) 

 

Figure 1.2: Schematic of the role of the FEAR network in completing chromosome 

segregation during early anaphase. See text for explanation. Modified from Marston 2014 

1.3 DNA damage and repair pathways 

Most of the modifications that alter the structure or the nucleotide sequence of 
the DNA molecule are considered to be DNA damage. DNA damage sources can be 
subdivided into two main types: endogenous and exogenous damage. Endogenous 
damage is caused by errors introduced during replication, recombination, DNA repair or 
from the attack of reactive oxygen species (ROS) that have been produced as a normal 
metabolic by-product. Exogenous damage is caused by external physical or chemical 
agents. Examples of physical agents are the ultraviolet (UV) light radiation, X-rays 
radiation or gamma rays. On the other hand examples of mutagenic chemical agents 
include DNA intercalating agents, alkylating agents, oxidizing agents or DNA 
crosslinking agents. Many anticancer drugs exert their effect via the production of 
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deleterious DNA damage, and these include DNA topoisomerases inhibitors and the 
DNA alkylating agents (Vilenchik & Knudson 2003). 

Types of DNA damage can be initially classified as single-stranded or double-
stranded. Single stranded DNA damage repair, includes Direct Reversal, Base Excision 
Repair (BER) Nucleotide excision repair (NER) and Mismatch Repair (MMR). In the 
latter three processes one or more nucleotides at the lesion are eliminated forming a gap, 
then filled and religated. Double strand damage is repaired using Double Strand Break 
Repair (DSBR) mechanisms, namely Non-Homologous End Joining (NHEJ) and HR 
based systems. The latter can be further divided into the double Holliday junction (dHJ) 
pathway, Syntheis-Dependant Strand Annealing (SDSA), Break Induced Replication 
(BIR) and Single Strand Annealing (SSA) (Fig. 1.3).  

 

 

Figure 1.3: DNA-repair pathways. Classification of the different DNA repair 
pathways. Direct reversal pathway, the mismatch repair pathway (MMR), the Nucleotide 
Excision Repair pathway (NER), the Base Excision Repair pathway (BER), the Homologous 
Recombination based pathways that include: double Holliday junction pathway (dHJ), 
Synthesis-Dependant Strand Annealing (SDSA), Break Induced Replication (BIR) and Single 
Strand Annealing (SSA) and Non-Homologous end Joining (NHEJ). Modified from (Hakem 
2008) 
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1.3.1 Single stranded DNA damage repair 

1.3.1.1 Direct reversal pathway 

Direct reversal repair allows cells to remove damage to bases by chemically 
reversing it. This requires one specific enzyme for each type of base damage. For 
instance, when cells are exposed to UV light dimers of pyrimidines can be formed. The 
cells are able to remove pyrimidine dimers by the direct action of photolyases that split 
the covalent bonds generated by the UV light (Britt 2004). Also alkylating agents can 
produce methylation of DNA. A particularly important type of methylation is the O6 
position of guanine, because the product, O6-methylguanine, forms complementary base 
pairs with thymine instead of cytosine. This damage can be repaired directly by a single 
enzyme, the O6-methylguanine-DNA methyltransferase (MGMT) that transfer the 
methyl group to its active site in a suicide reaction that leads to inactivation of the 
enzyme (Gerson 2004; Mishina et al. 2006).  

1.3.1.2 Mismatch repair pathway 

Despite the high accuracy of the replication machinery some nucleotides are 
mis-incorporated. The main task of MMR is to remove base mismatches and small 
insertion/deletion loops introduced during replication. In eukaryotes two kinds of 
protein Msh (Msh2, Msh3 and Msh6) and Mlh (Mlh1, Mlh2, Mlh3 and Pms1) repair 
this kind of damage. They scan the genome for mismatches and when one is found this 
proteins act cooperatively to nick and degrade the newly synthesized strand, removing 
the mismatch and allowing DNA synthesis in the single-stranded DNA (ssDNA) gap to 
finally ligate the nick, this gives rise to a DNA molecule as it was in the parental strands 
(Strand et al. 1993; Kolodner 1996). 

1.3.1.3 Nucleotide excision repair pathway 

DNA bases as it has been mention before can be modified by UV light and other 
bulky lesions. This kind of lesion can be repaired by the NER pathway in two ways, 
global genome repair (GGR) that recognise and repair the damage along all the genome 
or transcription coupled repair (TCR), which specifically repairs the transcribed strand 
of active genes. Each sub-pathway requires different factors that recognise and unwind 
the DNA around the bulky lesion to finally produce an incision in 3’ and 5’ from the 
damaged base. In this way the damage is released in a 24-32 nucleotide long 
oligonucleotide to allow new DNA synthesis and ligation (Reardon & Sancar 2005).  

1.3.1.4 Base excision repair pathway 

Not all the lesions produced on the DNA bases are bulky. Among the non-bulky 
lesions we can find those produced by alkylation, oxidation or base deamination. To 
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deal with this damage the cells have developed the BER pathway. This pathway is 
mainly based in the existence of DNA glycosylases that are able to recognize a broad 
substrate spectrum of modified bases (Hegde et al. 2010). This glycosylases break the 
N-glycosylic bond releasing the nitrogen base and generating an apurinic/apyrimidinic 
(AP site). Then the AP site can be removed in two ways: 1) The AP site is cleaved by 
an AP endonuclease in the sugar-phosphate backbone 3’ to the AP. The resulting 
fragmented sugar residue is removed by a phosphodiesterase activity, contributed by 
either an AP endonuclease or by DNA polymerase .  The one-nucleotide gap is filled 
by Pol  and ligated 2) an AP endonuclease cuts 5’ to the AP site, providing a primer 
for DNA polymerase . Pol  incorporates a nucleotide and its 
deoxyribophosphodiesterase activity removes the 5′ moiety. The remaining nick is 
sealed by ligation (Krokan & Bjørås 2013). 

1.3.2 Double strand DNA damage repair 

Double strand break (DSB) damage represent one of the most toxic forms of 
DNA damage, which, if left unrepaired, leads to chromosome aberrations, genomic 
instability, or cell death (Jackson 2002; Sonoda et al. 2006). In eukaryotic cells the 
efficient repair of a DSB is essential to ensure cell survival. Two main pathways have 
evolved to deal with these kind of lesions: HR and NHEJ.  

The utilization of either NHEJ or HR depends on the nature of the DSB, the cell type 
and the cell cycle stage. In S. cerevisiae NHEJ is efficient in repairing DSB with 
cohesive overhangs but not blunt ends or ends with non-cohesive overhangs, which 
must be left to HR. Regarding cell type, NHEJ and HR are both active in haploid cells, 
whereas in diploid cells NHEJ is supressed. Despite HR and NHEJ being active in 
haploid cells, NHEJ is especially important in G1 stage, when the 5’ to 3’ resection of 
the DSB ends, is blocked. (Lieber 1999; Lee et al. 1999; Frank-Vaillant & Marcand 
2001; Ira et al. 2004; Rothkamm et al. 2003; Lieber 2008). Since DNA damage repair 
by HR is a major source of physical linkages between DNA molecules in this thesis I 
will focus on homologous recombination repair based systems 

1.3.2.1 Homologous recombination repair  

HR mediated DSB repair can be divided in three phases: pre-synapsis, in which 
recognition and resection of the DSB ends is carried out, synapsis, where a joint 
molecule between the damaged DNA and its homologous template is formed and post-
synapsis where the joint molecule is further processed and resolved in two repaired 
homologous DNA molecules. 

Different homologous repair systems start from different phases of the HR 
pathway. After the DNA resection in the pre-synaptic phase the cell can repair the DSB 
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by SSA if the DSB is flanked by direct repeats. During the post-synaptic phase several 
pathways can then occur ensuing in completion of repair: dHJ pathway, SDSA and BIR. 

1.3.2.1.1. Phases of homologous recombination 

Pre-synapsis 

Shortly after the DSB is formed, nucleolytic degradation of the 5’ DNA ends at 
the break occur. It is carried out by the complex Mre11-Rad50-Xrs2 coupled with the 
Sae2 endonuclease yielding 3’ ssDNA overhangs of about 100 nts (Fig 1.4). 
Subsequently, extensive resection is catalysed by the 5’-3’ exonuclease Exo1, or by the 
combined action of Sgs1 helicase and Dna2 endonuclease (Mimitou & Symington 2008; 
Gravel et al. 2008; Zhu et al. 2008; Shim et al. 2010). Exo1 removes mononucleotides 
from the DNA ends and Sgs1-Top3-Rmi1 unwinds DNA that is then degraded by the 
endonuclease Dna2 (Mimitou & Symington 2008; Huertas et al. 2008; Zhu et al. 2008). 
While resection happens the heterotrimeric complex replication protein A (RPA) binds 
and protects the ssDNA. Rad51 recombinase then replaces RPA, forming a filament 
along the ssDNA. To achieve this critical step several proteins known as recombination 
mediators load Rad51 on ssDNA.  The recombination mediators are Rad52, Rad51 
paralog proteins Rad55- Rad57 and Shu1-Shu2-Csm2-Psy3 complex (called SHU 
complex). Rad52 is the most important recombination mediator. When it is deleted HR 
is totally abolished, revealing its essential role in HR  

Synapsis 

During synapsis, the ssDNA coated with Rad51 interrogate the genome looking 
for homologous double-strand DNA. When a donor duplex is found, DNA-strand 
invasion occurs, producing a displacement loop (D-loop). While Rad51 can perform 
synapsis by itself, it is greatly stimulated by the double-stranded DNA (dsDNA) motor 
protein Rad54 (Sung 1994; Van Komen et al. 2000; Tan et al. 2003; Heyer et al. 2006; 
Qi et al. 2015). Following strand invasion the invading 3’ end is extended using either 
DNA polymerase Polor DNA polymerase Pol together with the help of their 
processivity factor PCNA, and Dpb11. This step is critical to restore the information 
lost during DSB resection. (Wang et al. 2004; Li et al. 2009; Germann et al. 2011; 
Hicks et al. 2011; Symington et al. 2014). 

Post-Synapsis 

After this step of DNA synthesis, HR pathway can proceed following four 
alternative pathways: BIR, SDSA or dHJ pathway. 
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Figure 1.4: Schematic of the first two steps during HR repair after a DSB: 
synapsis, where DSB recognition, DNA resection and formation of the Rad51 filament 
happen and post-synapsis where homologous pairing and strand invasion happen. 
Modified from Mathiasen & Lisby 2014 

1.3.2.1.2. Homologous recombination repair pathways 

Break Induced Replication  

This pathway has been implicated in the restart of collapsed replication forks 
(RF), alternative lengthening of the telomeres in telomerase impaired cells and repairing 
of one-ended DSB after the severing of chromosomes during cytokinesis (Teng et al. 
2000; Michel et al. 2001; Lydeard et al. 2007; Iraqui et al. 2012). According to existing 
models, after creation of a D-loop intermediate BIR proceeds with extension of the 
invading strand in the D-loop, which can be continued as far as the end of the donor 
chromosome (Davis & Symington 2004; McEachern & Haber 2006). Repair by this 
pathway can be dangerous for the cell because extensive loss off heterozygosity (LOH) 
occurs if the donor molecule is a homologous chromosome (Fig. 1.5). Furthermore, BIR 
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can be initiated at ectopic chromosome location, and with several rounds of strand 
invasion, DNA synthesis and dissociation, this leads to chromosome rearrangements. 
BIR initiation is a slow process. It can take as long as 5 hours for the replication 
machinery to be assembled. This means that SDSA usually outcompetes BIR in DSB 
repair (Bosco & Haber 1998; Malkova et al. 2005; Smith et al. 2007; Jain et al. 2009). 

 

Figure 1.5: Schematic of the HR repair pathways.  Modified from Heyer et al. 2010 

dHJ pathway 

The dHJ pathway model was first suggested by Resnick (Resnick 1976) and 
later by Szostak (Szostak et al. 1983) based on the earlier conceptions of Holliday 
(Holliday 1964). After formation of the D-loop structure, the invading strand can be 
extended by DNA polymerases, mainly Pol and Pol(Hicks et al. 2010; Sebesta et al. 
2011). The ssDNA at the other end of the DSB can anneal with the displaced ssDNA 
from the donor molecule, a process known as second end capture. This process leads to 
the formation of two Holliday junctions (HJ) (Pâques & Haber 1999; Bzymek et al. 
2010; Mehta & Haber 2014). Then this HJ can be processed by the dissolvasome, 
composed by Sgs1-Top3-Rmi1, or can be resolved by different SSEs (See section 1.4).  
All dHJs that are processed by the STR complex will lead to noncrossovers (NCO), 
while those processed by SSEs (depending on which pair of strands they cut) will lead 
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to noncrossovers or crossovers (CO) (Symington et al. 2014).  COs implicate exchange 
of genetic material between the two homologous chromosomes while in a NCO there is 
only unidirectional transfer of genetic material from a “donor” sequence to a highly 
homologous “acceptor” (leading to gene conversion when synthesis changes the content 
of an open reading frame). The cell preferentially repairs the damage through the 
dissolvasome activity since it only leads to NCOs. COs are a pernicious product of the 
homologous recombination repair pathway because they cause loss of heterozygosity, a 
phenomenon linked to appearance of cancerous cells (Fig 1.5). 

Synthesis-dependent strand annealing  

The dHJ model explains many properties of the meiotic recombination, but 
mitotic recombination shows lower levels of CO products than expected if the cell only 
could use the dHJ pathway (Bzymek et al. 2010). This situation led to the elaboration of 
another model called SDSA. Similarly to the dHJ subpathway the D-loop structure is 
formed, and the 3’ end of the invading strand is extended using the donor molecule as a 
template. The newly synthesized strand is then displaced from the donor molecule and 
returned to the broken molecule pairing with the resected 3’ ssDNA at the other end of 
the DSB (Ferguson & Holloman 1996; Haber et al. 2004). Alternatively both ssDNA 3’ 
ends can invade the donor molecule, and after limited DNA synthesis this structure is 
dismantled with the help of DNA helicases, and the nascent complementary strands 
anneal (Nassif et al. 1994). After this, DNA synthesis to fill-in the gaps and ligation is 
carried out to restore the broken molecule. What differentiate SDSA from the dHJ 
pathway is that SDSA exclusively produces NCO outcomes, and that the DNA 
synthesis is conservative, and all the newly synthesized DNA is in the recipient 
molecule. How the nascent DNA strand is unwound from the template in the SDSA 
pathway is not known in detail but helicases Mph1, Srs2 and the Sgs1-Top3-Rmi1 
complex play a crucial role (Fig 1.5). 

1.3.3 Pathways of replication fork restart 

Inhibition of replication fork progression presents a challenge to the 
maintenance of genome stability. Paused RFs lose activity as a function of time, and the 
ssDNA generated is the substrate for DNA strand exchange proteins. The normal 
progression of the RFs during S phase can be interrupted in different ways. Stalling of 
the replication fork can be generated by DNA sequences that give rise to secondary 
structures, like those encoding transfer RNA (tRNA), or those with trinucleotides 
repeats (León-Ortiz et al. 2014). In addition, progression of replisomes is inhibited by 
topological constrains (Baxter & Diffley 2008a). Proteins that bind strongly to the DNA 
also cause the RFs to slow down or to stop replication. Regarding this last situation, the 
most studied case is the replication of ribosomal DNA in budding yeast, where the fork 
is forced to go mainly in one direction because of the presence of the replication fork 
block sequence, which binds tightly to Fob1. Fob1 wraps the replication fork block 



43 

 

sequence around itself and arrests forks moving in the 3’ to 5’ direction, avoiding 
collisions of replication and transcription (Kobayashi 2003; Takeuchi et al. 2003). 
However the most dangerous barriers are chemical modifications of the DNA like those 
produced by UV light (thymine dimers) or methylation of DNA nitrogenous bases by 
methylating agents like methyl methanesulfonate (MMS). How the stalled replication 
fork is recued depends on the kind of blockage and where it is localized: in the lagging 
or in the leading strand (Fig. 1.6).  

 

Figure 1.6: Pathways of replication fork restart depending on the kind of 

DNA damage and which strand is affected. See text for explanation. Taken from 
Aguilera & Gómez-González 2008.  

a) If the replication fork encounters a discontinuity, it will produce the 
breakdown of the replication fork and release of one of the sister duplexes 
with a dsDNA end (McGlynn & Lloyd 2002; Aguilera & Gómez-González 
2008). This is a substrate of recombination proteins that will lead to the 
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formation of a D-loop (Fig 1.6a). If a converging fork arrives by the time a 
D-loop is formed, the two merge to form a HJ, which is cleaved by Mus81 or 
Yen1. Alternatively the D-loop can be cleaved by Mms4-Mus81 to form a 
stable fork structure (Mehta & Haber 2014; Mayle et al. 2015). 

b) Blockage of the replication fork progression call upon RF processing 
enzymes in order to continue replication. Multiple SSEs are able to 
recognize structures resembling RFs. The heterodimers Mus81-Mms4, and 
Slx4-Slx1 have been implicated in recombination repair of stalled RFs 
(Osman & Whitby 2007; Schwartz & Heyer 2011; Muñoz-galván et al. 
2012; Rass 2013). RF cleavage may also occur after conversion of the three-
way junction into a four-way HJ intermediate by reannealing of the parental 
DNA strands, a process known as RF reversal or RF regression. The 
cleavage of these by SSEs release a one ended dsDNA that recombine back 
to the sister duplex producing a D-loop substrate for replisome reloading 
(Atkinson & McGlynn 2009; Neelsen & Lopes 2015). Alternatively, when 
the replication fork encounters genotoxic stress the synthesis of the leading 
and the lagging strand is uncoupled resulting in accumulation of ssDNA. 
The reannealing of this ssDNA can lead to the formation of a reversed fork. 
Several helicases/ translocases have been implicated in fork regression in 
vitro such as Sgs1, Mph1, Rad5 or Rad54 (Karow et al. 2000; Gari et al. 
2008; Zheng et al. 2011; Bugreev et al. 2011). If the damage is present in the 
leading strand, the regressed fork will allow extension of the blocked leading 
strand using the nascent lagging strand as a template. Reversal of fork 
regression or exonucleolitic degradation of the regressed arm by Dna2 and 
Sgs1 allow the bypass of the original lesion and reloading of the replisome at 
the fork thus facilitating the access to the repair machinery to remove the 
damage (Fig 1.6b) (Thangavel et al. 2015; Neelsen & Lopes 2015). 

c) Genotoxic lesions that block the synthesis of the lagging strand do not 
produce fork stalling but create a ssDNA gap between two flanking Okazaki 
fragments. If the genotoxic damage is in the leading strand, it can be 
bypassed by a replication fork that restarts downstream of the lesion, leaving 
a gap of ssDNA behind the fork. These tracts of ssDNA can be repaired by 
low fidelity polymerases of the translesion synthesis (TLS) pathway. 
Alternatively, the presence of ssDNA itself can promote HR repair using the 
sister chromatid as a template (Berdichevsky et al. 2002; Lopes et al. 2006; 
Heller & Marians 2006; Ortiz-Bazán et al. 2014) .  
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1.4 Processing of joint molecule intermediates during 

homologous recombination. 

In eukaryotic cells HR is a key pathway that repairs DSBs or stalled RFs. 
Despite being the most reliable pathway to repair DNA damage, it generates 
recombination intermediates that link the DNA molecules that are to be segregated to 
different daughter cells during chromosome segregation. The cells have to eliminate 
these linkages before the end of anaphase. A failure to eliminate recombination 
intermediates by anaphase could lead to chromosome missegregation, chromosome 
bridges, aneuploidy and gross chromosome rearrangements (GCR), or so it was thought 
before we carried out this study. Cells have evolved a sequential and tightly regulated 
system to ensure the complete elimination of all types of chromosomal interactions in 
preparation for efficient chromosome segregation. 

1.4.1 Dissolution of Holliday Junctions 

HR is crucial during DNA repair. dHJs appear as an intermediate in the HR 
repairing process (see section 1.3.2.1) (Bzymek et al. 2010). dHJs can be eliminated by 
the STR complex or by SSEs. If the dHJ is cleaved by SSEs it can give rise to COs or 
NCOs depending on whether the cleavage is carried out asymmetrically or 
symmetrically. In the case of the dHJ being formed between homologous chromosomes 
and cut by SSEs, COs and LOH can potentially be generated. If the dHJ is present 
between two homeologous sequences and is cut by SSEs, GCRs can occur. Thus, during 
mitosis the cell uses an alternative mechanism to process dHJs without producing COs. 
Such a mechanism is termed dHJ dissolution and is carried out by the STR complex 
(Szostak et al. 1983; Wu & Hickson 2003; Bellaoui et al. 2003).  

During dHJ dissolution the two HJs migrate towards one another until they form 
a hemicatenane which is then eliminated by the activity of Top3. This reaction 
regenerates the original DNA molecules present before starting HR. In somatic cells, 
this pathway is essential to avoid sister chromatid exchange and loss of heterozygosity  
(Nasmyth 1982; Wang et al. 1990; Wu & Hickson 2003). 

The STR complex plays a primary role in dHJ processing, dissolving them into 
NCO products. How the STR complex is regulated during the cell cycle is not well 
understood, but the JM dissolution by the STR complex is likely to happen from early 
S-phase until G2/M when Mms4-Mus81 is activated (Matos et al. 2011; Wechsler et al. 
2011). Combinations of mutations in any of the subunits of the STR complex with 
resolvases Mms4-Mus81, Slx1-Slx4, cause synthetic lethality. On the contrary, 
combined mutations of Yen1 and any of the components of the STR complex behave as 
the STR single mutant (Ashton et al. 2011) 
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1.4.2 Resolution of Holliday Junctions 

Alternatively to the dHJ dissolution pathway, the cell can process the HJs by HJ 
resolution reactions mediated by SSEs. Depending on the cleavage axis, either a CO or 
NCO are generated. Studies from various organisms indicate that there are at least three 
HJs resolvases. In budding yeast these involve  the Mus81-Mms4, Slx1-Slx4 and Yen1 
endonucleases (Kaliraman et al. 2001; Fricke & Brill 2003; Ip et al. 2008). HJ 
resolvases can be classified as canonical or noncanonical depending on their similarity 
to RuvC bacterial HJ resolvase. Canonical resolvases act as homodimers that introduce 
two symmetrically opposed nicks across the helical junction. This reaction yields a two 
nicked DNA duplexes that can be repaired by direct nick ligation. Noncanonical 
resolvases act as heterodimers and cleave the junction with asymmetric nicks. In this 
case the reaction yields a gapped and a flapped DNA duplex that cannot be directly 
ligated.  In addition to cleaving HJs, some of these SSEs have activity towards a variety 
of complex DNA lesions and other joint molecules in vitro (Wyatt & West 2014). The 
in vitro and in vivo activities and regulation along the cell cycle of each SSE in S. 
cerevisiae are discussed below. 

1.4.2.1 Mus81-Mms4 

Mus81 forms a dimer with its regulatory subunit Mms4 (EME1 in humans and 
Eme1 in fission yeast) (Mullen et al. 2001; Kaliraman et al. 2001). That Mus81-Mms4 
forms as an heterodimer is supported by the findings that yeast mms4 mus81 double 
mutants have identical phenotypes (Boddy et al. 2001; de los Santos et al. 2001; 
Kaliraman et al. 2001).  

Mus81-Mms4 is a noncanonical HJ resolvase. In vitro studies with partially 
purified MUS81-EME1 from human cells as well as Mus81-Eme1 from fission yeast 
have demonstrated that their activity on intact iHJs of this heterodimer is magnesium 
dependent. During the enzymatic reaction Mus81-Mms4/EME1 introduce two 
asymmetric nicks yielding one gapped and one flapped DNA duplex that cannot be 
ligated in vitro (Boddy et al. 2001; Chen et al. 2001; Constantinou et al. 2002). 
However purified Mus81-Mms4/EME1 cleaves iHJs with very low efficiency compared 
to recombination intermediates, such as D-loops or nHJs. Furthermore replication 
intermediates such as RF or 3’-flaps are preferred substrates for Mus81-Mms4/EME1 
(Fig 1.7) (Gaillard et al. 2003; Osman et al. 2003; Ciccia et al. 2003; Ciccia et al. 2008; 
Wyatt & West 2014). The available structural information on MUS81-EME1 protein 
suggests that nicked substrates are the preferred substrate because the arms of nicked 
junctions are  flexible  to  position  the incision point into the catalytic site (Chang et al. 
2008). 
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Figure 1.7: Substrate specificity of eukaryotic structure-specific endonucleases. 
The arrowheads show the incision sites of the SSE on the substrate. Taken from Schwartz & 
Heyer 2011 

In vivo studies with mms4 or mus81 mutants show that under unperturbed 
conditions they display elevated levels of spontaneous GCR and increased accumulation 
of HJs in the rDNA probably due to stalling of the RF at the Replication Fork Barrier 
(RFB). These phenotypes show that this heterodimer is required for normal growth and 
viability of unperturbed cycling cells (Boddy et al. 2000; Abraham et al. 2003; Smith et 
al. 2004; Noguchi et al. 2004; Dendouga et al. 2005; Zhang et al. 2006). Additionally 
mms4 or mus81 mutants are hypersensitive to UV light, MMS, camptothecin (CPT) 
and hydroxyurea (HU) (Interthal & Heyer 2000; Boddy et al. 2001; Doe et al. 2002; 
Abraham et al. 2003; Fu & Xiao 2003). The Mus81-Mms4 complex is required to 
process problems that arise when RFs are blocked by such lesions. This idea is 
supported by the observation in human cells where MUS81 localizes to regions of UV-
induced damage during S-phase and is further supported by the fact that in S. pombe 
ectopic expression of RusA (HJ resolvase from bacteriaphage) partially recues 
sensitivity to genotoxic agents and meiotic defects (Gao 2003; Ashton et al. 2011). 
Importantly combinations of mutations in any of the subunits of the STR complex with 
Mms4 or Mus81 produce synthetic lethality and aberrant recombination intermediates 
in meiosis. The synthetic lethality of mus81 sgs1 cells is suppressed when HR is 
eliminated by deletion of key RAD52 epistasis group genes such as RAD51 or RAD52 
(Fabre et al. 2002; Ashton et al. 2011). In addition it has been shown that Mus81-Mms4 
has a role in BIR. Extension of the D-loop via the BIR pathway is limited to within a 
few kilobases from the break. This is due to two factors:  the Mus81-Mms4 complex 
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can cleave the D-loop and help to re-establish a stable fork structure, or alternatively a 
converging fork can transform the migrating D-loop to a HJ structure, later resolved by 
Mus81-Mmms4 or Yen1. Both processes help avoid the use of the rearrangement-prone 
repair mechanism BIR (Mayle et al. 2015).  

Combining mus81 or mms4 mutants with the canonical HJ resolvase yen1 
leads to a greater sensitivity to genotoxic agents compared to the single mutants. Under 
unperturbed conditions mus81 yen1 mutants show growth defect, Rad53 
phosphorylation indicative of checkpoint activation, decreased spore viability compared 
to the single mutants and chromosomal loss. The higher rate of chromosomal loss is 
associated with a failure in the elimination of recombination intermediates between 
sister chromatids, causing chromosome nondisjunction and chromosome loss. These 
defects are greatly reduced by the deletion of RAD51 or RAD52  (Blanco et al. 2010; 
Ho et al. 2010; Tay & Wu 2010; Agmon et al. 2011; García-Luis & Machín 2014). Also 
overexpression of Yen1 in an mms4 background recues the sensitivity of this single 
mutant to MMS. All these results are consistent with Mus81-Mmms4 acting in a 
parallel overlapping pathway with Sgs1 and Yen1 targeting D-loops, (regressed) forks 
or by processing recombination intermediates (Boddy et al. 2001; Doe et al. 2002; 
Osman & Whitby 2007; Blanco et al. 2010; García-Luis & Machín 2014).  

The Mms4 subunit of the Mms4-Mus81 complex has been found to undergo cell 
cycle dependent phosphorylation. It is phosphorylated following S-phase, when the bulk 
of DNA replication has taken place and before chromosome segregation. This 
phosphorylation was found to be dependent on Cdc28 and Cdc5. These two kinases 
phosphorylate the N-terminal region of Mms4 enhancing the nuclease activity of its 
partner Mus81. This late activation of Mms4-Mus81 in the cell cycle supports the idea 
that the dissolution pathway mediated by the STR complex is the primary pathway for 
the cells to eliminate intermediates that originate during replication associated DSB 
repair or fork stalling (Fig 1.8) (Matos et al. 2011; Gallo-Fernández et al. 2012; Matos 
et al. 2013; Szakal & Branzei 2013; Blanco & Matos 2015). 

In S. pombe the regulation of Eme1 (S. pombe Mms4 homolog) is slightly 
different to S. cerevisiae. It is also phosphorylated in a cell cycle dependent manner by 
Cdc2/Cdk1 but independent of Plo1 (S. pombe Cdc5 homolog). However in S. pombe 
Eme1 is further phosphorylated in response to DNA damage, enhancing the nuclease 
activity. This regulation strategy contrasts with that of S. cerevisiae and humans (see 
below), where the detection of DNA damage inactivates Cdc5 and blocks cell cycle 
progression precluding the activation of Mms4-Mus81(Saugar et al. 2013; Matos et al. 
2013; Dehé et al. 2013; Matos & West 2014). 

In humans, the MUS81-EME1 complex interacts with the SLX1-SLX4 complex 
increasing its nuclease activity. This interaction is triggered in a cell cycle dependent 
manner by CDK1 phosphorylation of EME1. PLK1 (Homolog of Cdc5 in S. cerevisiae)  
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form part of the complex MUS81-EME1 and potentially phosphorylates SLX4, but its 
activity appears to be dispensable for the bulk of SLX-MUS complex formation at the 
G2/M transition (Svendsen et al. 2009; Wyatt et al. 2013; West et al. 2015). 
Additionally, in response to DNA damage MUS81-EME1 is phosphorylated by WEE1 
inhibiting its activity and protecting stalled forks from being recognised by this complex 
(Domínguez-Kelly et al. 2011)  

 

Figure 1.8: Spatiotemporal regulation of HJ processing enzymes in S. cerevisiae 

and humans. See text for explanation. Taken from Matos & West 2014 

1.4.2.2 Yen1 

 The first gene product identified as a canonical HJ resolvase in mammals was 
GEN1 (Elborough & West 1990; Ip et al. 2008). Homologs of GEN1 have been 
identified in other eukaryotes including budding yeast (Yen1) but strikingly it is absent 
in S. pombe (Ip et al. 2008). GEN1 and Yen1 promote HJ resolution by a symmetrical 
cleavage mechanism analogous to that shown by RuvC.  

In vitro studies on the amino-terminal fragment of human GEN1 (hGEN11-527) 
and Yen1 purified from S.cerevisiae have shown that hGEN1 and Yen1 are able to cut 
5’-flaps, RFs and nicked or intact HJs (Ip et al. 2008; Rass et al. 2010; Blanco et al. 
2014). Unlike other resolvases Yen1/Gen1 is monomeric in solution and it dimerizes 
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when it binds to its substrate before introducing two symmetrically opposed nicks in a 
coordinated way (Rass et al. 2010). 

The S. cerevisiae yen1 mutant does not seem to have any detectable phenotype. 
It shows normal cell growth, viability, resistance to genotoxic agents, recombination 
rate and meiotic CO formation (Blanco et al. 2010; Tay & Wu 2010; Agmon et al. 
2011; Ho et al. 2010; García-Luis & Machín 2014). Similarly, depletion of Yen1 
homologs in other organisms such as C. elegans or human cells does not cause any 
detectable phenotype. However the ability of GEN1 and Yen1 to cut HJs in vivo is 
supported by several genetic experiments. As afore mentioned, the double mutant 
mms4 yen1 in S. cerevisiae accumulates recombination intermediates. Similarly, S. 
cerevisiae sgs1 or top3 mutants accumulate recombination intermediates that are 
eliminated by ectopically expressing hGEN11-527 (Mankouri et al. 2011). Furthermore 
C. elegans mus-81 xpf-1 mutants are synthetic lethal: They accumulate recombination 
intermediates between pairs of homolog chromosomes. Injection of hGEN11-527 
eliminates the recombination intermediates and supresses DNA bridges formation 
between homolog chromosomes (O’Neil et al. 2013). Despite the fact that Yen1 and its 
homologs in other organisms were identified as the canonical resolvases in eukaryotes, 
it seems that their role is obscured by the redundant activity of other SSEs, suggesting 
that Yen1 provides a backup activity of other resolvases. In the case of S. cerevisiae 
Yen1 backs up the activity of the Mus81-Mms4 heterodimer and in humans the MUS-
SLX complex (Ho et al. 2010; García-Luis & Machín 2014; Sarbajna et al. 2014). 

1.4.2.3 Slx1-Slx4 

Slx1 belong to the YIG family of endonucleases and its sequence is relatively 
evolutionary conserved. By contrast, Slx4 is evolutionarily diverse, although in S. 
cerevisiae, S. pombe, C. elegans and humans SLX4 contained a conserved SAP domain 
localized to the C-terminal region that is thought to mediate DNA binding and substrate 
specificity (Schwartz & Heyer 2011).  

In vitro experiments with Slx1-Slx4 have shown that it is a noncanonical HJ 
resolvase. It has a broad substrate specificity with a preference to cut 5’-flaps, Y-
splayed arms, model RFs, as well as mobile and fixed HJs (Fricke & Brill 2003; Wyatt 
et al. 2013; Gaur et al. 2015). Mechanistic studies with human Slx1-Slx4 have shown 
that it cuts HJs in an uncoordinated manner. It makes first a nick near the junction and 
then dissociates from the substrate before a second nick can occur (Wyatt et al. 2013) 

In vivo studies on Slx1-Slx4 in yeast show that single slx1 or slx4 mutant 
have wild-type (WT) growth rate and sporulation efficiency (Mullen et al. 2001). 
However both subunits are required for suppression of GCR and for resistance to DNA 
damage induced by MMS (Fricke & Brill 2003; Zhang et al. 2006). The in vivo function 
of this complex has been better characterized from its genetic and physical interaction 
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with other genes and proteins. In the same screening where slx1 and slx4 were 
identified as synthetic lethal with deletion of sgs1, MUS81 and MMS4 were also 
identified (Mullen et al. 2001). The lethality of mus81 or mms4 with sgs1was 
supressed by a HR defect caused by deletion of RAD51, RAD52 or RAD54 (Fabre et al. 
2002). This observation strongly suggests that HR generates recombination 
intermediates that have to be processed by the STR complex or Mus81-Mms4 resolvase. 
Surprisingly mutations of the genes implicated in the initial steps of the HR did not 
supress the lethality of slx1 or slx4 with sgs1(Fricke & Brill 2003). This data 
together with the information from studies on in vitro preference of cleavage of 
replication structures, lead to the hypothesis that this complex is implicated in 
maintaining the structural integrity of stalled RFs. This hypothesis is further supported 
by the fact that the double mutants sgs1-34 (temperature sensitive allele) slx4has 
replication defect at the rDNA (Kaliraman & Brill 2002). How Slx1-Slx4 is regulated, 
in not well understood. However, it is known that Slx1 forms a stable homodimer in 
which the active site is blocked. Conversion of the Slx1 homodimer to the Slx1-Slx4 
heterodimer exposes the active site and activate Slx1 (Gaur et al. 2015). In addition in 
the recent years it has become clear that the Slx4 subunit of the Slx1-Slx4 nuclease acts 
as a scaffold that coordinates the actions of a number of proteins involved in DNA 
processing during cell cycle progression. Slx4 binds to Rad1 in a mutually exclusive 
way with respect to Slx1 and stimulates the 5’ flap endonuclease activity of Rad1-
Rad10 during SSA DNA repair pathway (Toh et al. 2010). In yeast Slx4 also forms a 
complex with at least two other scaffold proteins, Dpb11 and Rtt107 (Fig 1.9)  (Ohouo 
et al. 2010; Gritenaite et al. 2014).  

 

Figure 1.9: Regulation of the Slx4-Dpb11 complex during the cell cycle. See text for 
explanation. Taken from Princz et al. 2015.  
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The formation of this complex is heavily regulated by posttranslational 
modifications, integrating two cellular signals: cell cycle stage through Cdc28 
dependent phosphorylation and DNA damage checkpoint activation through Mec1 
dependent phosphorylation (Gritenaite et al. 2014; Princz et al. 2015). 

In S phase, upon Cdk1 phosphorylation of Slx4, an interaction between Slx4 and 
Dpb11 is established. Slx4 also binds to Rtt107 and Slx1. In G2/M phosphorylation of 
Mms4 by Cdc5 promotes the additional association of Mus81-Mms4 with the complex, 
promoting joint molecules resolution. In the case of DNA damage detection, the DNA 
damage checkpoint is activated and counteracts Mus81-Mms4 binding to the Dpb11-
Slx4 complex (Gritenaite et al. 2014; Princz et al. 2015). In higher eukaryotes Slx4 also 
forms part of the SLX-MUS complex. (See Mus81-Mms4 section) (Cybulski & Howlett 
2011) 

1.5 Special segregation requirements of the rDNA in 

S. cerevisiae  

In all eukaryotes the RNA that forms part of the ribosomes (rRNAs) is 
transcribed from multicopy genes that are spread over the entire genome or clustered to 
certain regions. In S. cerevisiae, the rRNA genes are located in a single genomic 
location. 450 kb left from the centromere and 610 kb from the right end of chromosome 
XII (cXII) . It consists of 150-200 tandemly repeated copies of 9.1 kb rDNA units, 
representing almost 10% of the yeast genome and making cXII the longest S. cerevisiae 
chromosome (Petes 1979).  Each 9.1 kb unit contains two transcribed regions, the 35S 
precursor rRNA and 5S rRNA, and two non-trascribed regions, NTS1 and NTS2. The 
DNA encoding the 35S rRNA and 5S rRNA is transcribed by RNA polymerase I (Pol I) 
and III (Pol III) respectively. Each rDNA unit has a RFB localized in the NTS1 and an 
autonomous replicating sequence localized in the NTS2 (Fig 1.10) (Brewer & Fangman 
1988; Linskens & Huberman 1988). 

Apart from the highly repetitive nature of the locus, the rDNA has other 
characteristics that differentiates it from the rest of the genome. It is replicated 
unidirectionally in the direction of 35S rRNA transcription due to the presence of the 
RFB (Brewer & Fangman 1988; Linskens & Huberman 1988). Importantly, the rDNA 
is highly transcribed. In an exponential growing culture 60% of the total transcription is 
devoted to ribosomal RNA (Warner 1999). Due to this high level of transcription and 
the presence of the RFB that stalls the RFs coming from the opposite direction, the 
rDNA is a hot spot for recombination (Gottlieb & Esposito 1989; Takeuchi et al. 2003). 
Transcription in the rDNA is regulated by the histone deacetylase Sir2. Sir2 along with 
Net1 and the Cdc14 phosphatase comprises the nucleolar complex called RENT 
(REgulator of Nucleolar silencing and Telophase exit). The RENT complex interacts 
with the rDNA through Fob1 and RNA polymerase I (Straight et al. 1999; Shou et al. 
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1999; Huang & Moazed 2003). It is thought that the high levels of transcription are 
responsible for the increased catenation accumulation at the rDNA locus (Baxter & 
Aragón 2010).  

 

Figure 1.10: Structure of rDNA repeats in S. cerevisiae. The rDNA repeats, present in 150-
200 copies on chromosome XII, are indicated. Each repeat contains the coding sequence for 35S 
rRNA and 5S rRNA, transcribed in the direction of the arrows, and NTS1 and NTS2 regions 
that are not transcribed. NTS1 and NTS2 contain the RFB and ARS, respectively.  

Due to its special characteristics, the rDNA requires additional mechanisms to 
be segregated correctly. It has been demonstrated that the rDNA locus is the last region 
of the genome to be segregated during mitosis. Its segregation not only needs the 
pulling forces of the spindle but also its Cdc14-dependent condensation (Freeman et al. 
2000; D’Amours et al. 2004; Sullivan et al. 2004; Torres-Rosell et al. 2004; Machín et 
al. 2005). At the time of anaphase Cdc14 dephosphorylates the RNA polymerase I 
subunit Rpa135, causing inhibition of the RNA polymerase I transcription. Switching 
off the rDNA transcription is necessary to allow condensin loading onto the rDNA, 
which then condense the locus short enough to avoid lagging DNA at the cytokinetic 
plane (Freeman et al. 2000; Lavoie et al. 2004; Machín et al. 2006; Clemente-Blanco et 
al. 2009). Furthermore condensin loading onto the DNA is essential to recruit Top2 to 
chromatin allowing removal of catenations from the DNA and correct segregation of 
chromosomes (Bhalla 2002). 

1.6 Chromosome segregation failure as an origin of 

chromosome bridges and cancerous cells 

If the cells fail to segregate chromosomes or repair DNA damage, there is a risk 
of daughter cells obtaining an incorrect or aberrant chromosomal endowment. If this 
happens chromosomal instability can occur. Chromosomal instability is a condition 
defined by frequent changes in chromosome structure and number. 

Chromosomal instability is a key characteristic of tumorous cells and it is 
considered as one the first events in the transformation from a somatic to a cancerous 
cell (Colnaghi et al. 2011; Bakhoum & Compton 2012; Heng et al. 2013). The failure in 
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sister chromatids resolution has been proposed as an important trigger of chromosome 
instability, along with many other mechanisms that can seed genome instability. Once 
the cell has entered anaphase, if two sister chromatids remain attached, even partially, 
the mitotic division has three possible outcomes: aneuploidy of the non-resolved 
chromosome, formation of an anaphase bridge followed by breakage during cytokinesis, 
or cytokinesis abortion.  

Chromosome bridges were first described by Barbara McClintock in maize cells  
(McClintock 1941). She observed that after exposing the cells to DNA damage, broken 
chromosomes appear. These chromosomes fused to one another giving rise to dicentric 
chromosomes. In the next cell division these chromosomes attached to both spindles 
poles which led to chromosome bridges. These bridges were broken during the 
cytokinesis and were formed again in the next interphase, thus starting a cycle of 
breakage-fusion-bridge. This process can cause the amplification of oncogenes or 
elimination of tumour suppressor genes. 

The connection between tumorous cells, GCR and anaphase bridges warrants 
further research. There is a strong link between anaphase bridges and human tumour 
cells (Gisselsson 2003; Hoffelder et al. 2004; Payne et al. 2011) and it has been 
suggested as a clinical diagnostic tool to identify neoplastic tissues (Montgomery et al. 
2003) 

The mechanisms by which chromosome bridges are formed has attracted much 
attention from the scientific community in the last decade. This has led to the 
characterization of different kinds of anaphase bridges and the mechanisms that give 
rise to them. 

From a cytological point of view, the anaphase bridges can be classified in two 
main classes. The first class comprises the chromatin anaphase bridges which are 
stained by conventional DNA dyes (e.g. DAPI). Chromatin bridges contain 
nucleosomes and other chromatin components. They are easily noticeable under the 
microscope and since the late 30’s have been described as a potential origin of 
chromosome rearrangements (McClintock 1932; McClintock 1941). The second class 
of anaphase bridges are not stained with conventional dyes. They were first described in 
mammalian cells in 2007 and named as ultrafine anaphase bridges (UFBs). The UFBs 
do not contain histones and can only be revealed specifically by immunostaining of 
BLM (the human ortholog S. cerevisiae Sgs1), PICH (the human ortholog S. cerevisiae 
Rad26) or TopBP1 (the human ortholog S. cerevisiae Dpb11) or by BrdU incorporation 
followed by immunofluorescence staining. (Chan et al. 2007; Germann et al. 2014).  

Thus far, at least three potential origins of UFBs are known to exist in higher 
eukaryotes. (1) Those that come from unreplicated regions of the genome. They are 
formed between a pair of FANC2/I foci that already exist on their sister chromatids in 
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late S-phase/G2 and are induced upon replication stress conditions. They localize 
mainly to templates that are difficult to replicate, known as fragile sites (Chan et al. 
2009; Germann et al. 2014).  (2) Those thought to come from unresolved catenanes and 
that do not contain the FANCD2/FANCI protein complex. They are predominantly 
found at centromeres and are induced by catalytic inhibitors of topoisomerase II. (Chan 
et al. 2007; Baumann et al. 2007; Chan & Hickson 2009; Germann et al. 2014). (3) In 
yeast, recombination intermediates have been demonstrated to lead to chromatin bridges 
and UFBs. Cells depleted for the SSEs Yen1 and Mms4 formed not only chromatin 
anaphase bridges detected by DAPI but also UFBs (García-Luis & Machín 2014) (see 
also Discussion).   
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2 Aims  
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The aims of this thesis are: 

1. To elaborate a model strain to study the sources of chromosome bridges. 
 

2. To determine if recombination intermediates are a source of anaphase 
bridges, at least those intermediates that can be enriched by deleting the 
structure-specific endonucleases (SSEs) involved in their final resolution.  

 
3. To study the effect that these deletions have on cell cycle progression and 

chromosome segregation 
 

4. To characterize the physical nature of the joint molecules that maintain sister 
chromatids together in the absence of SSEs 

 
5. To determine how is regulated the resolution of joint molecules during the 

cell cycle.  
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3.1 Culture conditions for S. cerevisiae. 

All the strains were stored in YPD/20% glycerol at -80ºC in Eppendorf tubes. I 
first took the strain I wanted to work with and struck it on YPD plates. Then I normally 
incubated the plate in a 25°C incubator since I regularly worked with temperature 
sensitive strains (cdc14-1 or cdc15-2). After three days I used a 1l inoculating loop to 
inoculate a liquid culture. Then I grew the culture overnight in an air incubator at 200 
rpm and 25ºC. The following day the culture had an OD600 of 0.8-1. Then, I diluted the 
culture to an OD600 of 0.3 and grew it further for 3 hours. Then I diluted the cells to an 
OD600 of 0.5 to start the experiment.  

3.1.1 Asynchronous to telophase arrest 

To block the cells in telophase in a cdc14-1 or cdc15-2 background I incubated 
the asynchronous culture at 37°C for 3 hours. 

 

Figure 3.1: Schematic of the experiment of telophase block 

3.1.2 G1 to telophase arrest 

As a standard procedure for the G1-to-telophase experiments I synchronized the 
cells in G1 by adding the pheromone -factor to a final concentration of 50 ng/ml to the 
asynchronous culture for 3 hours at 25°C, since the sexual type of all yeasts used in this 
case were MATa and strains harboured the mutation bar1Δ. Then I released the cells 
from G1 by washing the cells twice with YPD, and resuspended them in fresh YPD 
media containing 0.1mg/ml of pronase E. Finally I incubated the cultures at 37°C for 4 
hours to inactivate Cdc14-1 or Cdc15-2 and induce a telophase arrest.  

 

Figure 3.2: Schematic of the experiment of G1 to telophase arrest 
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For the G1-to-telophase experiments, where I induced the expression of Yen1 or 
Mms4 in telophase I followed the standard procedure for the G1-to-telophase 
experiments except that I grew the cells with raffinose as a carbon source all through the 
G1-to-telophase synchronous cell cycle, and I added galactose at 2% (w/v) at the time 
of the cdc15-2 telophase block to induce the expression of Yen1 or Mms4 while 
keeping the yeast culture at 37°C.   

 

Figure 3.3: Schematic of the experiment of G1 to telophase arrest with induction of 

Yen1 or Mms4 in the telophase arrest 

For the G1-to-telophase experiments where I induced the expression of Yen1-
GFP in G1, I followed the standard procedure for the G1-to-telophase experiments 
except that I grew the cells with raffinose as a carbon source and supplemented the 
media with adenine 0.08 mg/ml. I supplemented the media with adenine to decrease the 
autofluorescence due to accumulation of metabolic intermediates of the adenine 
synthesis pathway, since these strains were ade2. Then I induced Yen1-GFP for 2 hours 
by adding galactose at 2% (w/v). I monitored the induction by fluorescence microscopy. 
Then I switched off the expression of Yen1 by adding glucose 2% (w/v). I continued all 
through the telophase arrest using a combination of raffinose 2% (w/v) + galactose 2% 
(w/v) + glucose 2% (w/v) as a carbon source. Throughout the G1-to-telophase cell 
cycle, I took samples at different timepoints for further analysis.  

 

Figure 3.4: Schematic of the experiment of G1 to telophase arrest with induction of 

Yen1 in the G1 arrest 
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When I needed to induce DNA damage in the G1-to-telophase experiments I 
added MMS to the flask at the time of the G1 release. In the dose-response experiments, 
I split the cell cultures into ten flasks at the time of the G1 release. To 9 of the flasks I 
added 1:3 serial dilutions of MMS. The MMS final concentrations ranged from 0.1 to 
0.000015% (v/v). I left a tenth culture without MMS as a control.  

 

Figure 3.5: Schematic of the experiment of G1 to telophase arrest with DNA 

damage induction 

3.1.3  G2 to telophase to G1 

For the G2-to-telophase experiments where I induced Yen1-GFP in G2 block 
cells I grew the cells with raffinose as a carbon source all through the G2 arrest. I 
synchronized the cells in G2 by adding nocodazole (Nz) to a final concentration of 15 
g/ml to the asynchronous culture for 3 hours at 25°C. Then I added galactose for 1.5 
hours to induce the expression of Yen1-GFP. I shut off the expression by adding 2% 
(w/v) of glucose. Then I released the cells from the G2 arrest by washing out the Nz 
with fresh YP with a mix of raffinose 2% (w/v) + galactose 2% (w/v) + glucose 2% 
(w/v) as a carbon source and shifting the temperature to 37°C. For the telophase-to-G1 
release, I shifted the temperature to 25°C and added 50 ng/ml of F. 

 

Figure 3.6: Schematic of the experiment of G2-to-telophase-to-G1 with induction 

of Yen1 in the G2 arrest 
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3.1.4  Transformant cells 

After transformation, I plated the cells on solid media with the appropriate 
selective medium according the marker used for selection. When I used auxotrophic 
markers for selection, I plated the cells on SC medium without the aminoacid or 
nucleotide used for selection. To prepare this media I first mixed both Yeast Nitrogen 
Base and a commercial dropout lacking adenine, histidine, leucine, tryptophan and 
uracil at the recommended concentration according to supplier’s instruction. Next, I 
added glucose (working concentration 2%) and required additional nutrients (working 
concentrations: 10 µg/ml adenine, 50 µg/ml histidine, 100 µg/ml leucine, 100 µg/ml 
tryptophan, 10 µg/ml uracil). When I used antibiotics for selection I grew cells in liquid 
YPD without antibiotics for 3 h after heat shock and before plating on selective medium 
containing the appropriate antibiotic (working concentrations used: 300 µg/ml G-418 
sulphate, 300 µg/ml hygromicin B, 100 µg/ml nourseothricin and phleomycin 7.5 
g/ml). 

3.2 Transformation of S. cerevisiae. 

To generate new strains of S. cerevisiae I used the lithium acetate protocol 
adapted for frozen competent cells (Knop et al. 1999; Janke et al. 2004) with slight 
modifications. 

3.2.1 Preparation of competent cells 

I inoculated 50 ml of YPD and grew the culture at 25°C until cells reached an 
OD600 of 1. Then, I harvested cells and discarded supernatant. I washed pellet once with 
30 ml of sterile milliQ water and once with 10 ml of SORB solution. Finally, I 
resuspended cells in 350 µl of SORB solution and mixed it with 50 µl of carrier DNA 
(sonicated and denatured salmon or herring sperm DNA). I stored competent cells at -
80°C until use. 

3.2.2 Transformation 

I put 50 l of competent cells suspension and 8 l of DNA (directly from either 
a PCR reaction or a digestion) into an Eppendorf tube. I added 348 l of PEG solution 
to the cells/ DNA suspension and incubated it for 30 min at room temperature. I put the 
tube into a water bath pre-heated at 42ºC and incubated it at 42ºC for 15 min. After 
heat-shock, I harvested cells by centrifuging them at 2000 rpm for 3 min. I discarded the 
supernatant and, if selection was done using auxotrophic markers, I resuspended cells in 
150 µl of water and plated them onto selective medium. If selection was done using 
antibiotics, I resuspended cells in 1 ml of YPD medium and I incubated them for 3 h at 
25 ºC before plating on selective medium. 
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3.3 Polymerase chain reaction 

I performed PCRs to amplify DNA for transformation and to check clones after 
a yeast transformation. To amplify DNA, I used the T100™ Thermal Cycle (Bio-Rad). 
To amplify DNA for transformation, I used the commercial kit Expand™ Long Range 
(Roche Applied Science), following instructions as recommended by the supplier. For 
each PCR reaction, I used the following working concentrations: 2.5 mM of Mg 2+, 0.5 
mM of each dNTP, 0.2 M of each primer, 3.3% (v/v) DMSO and 0.07 U/l of enzyme 
with the provided reaction buffer. In general, I used the following program: 

 

Figure 3.7: Schematic overview of the PCR program used to amplify DNA to 

transform yeast. 

To check yeast transformation, I routinely made a genomic DNA preparation. 
For the PCR, I used the GoTaq enzyme (Promega), to a final concentration of 0.025 
U/µl. I also used the provided reaction buffer and the working concentration of the rest 
of the reaction components was as follows: 2 mM of Mg 2+, 0.2 mM of each dNTP, 
3.3% (v/v) DMSO and 0.4 µM of each primer. I used the following program: 

 

Figure 3.8: Schematic overview of the PCR program used to amplify DNA to 

check transformant clones. 
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3.4 Primers  

Table 3.1: List of primers used in this thesis 

Name Sequence Description

Yen1 (-493)-F GGTTAAAATTTGGTATATGACCGC To check  yen1  deletion

Yen1 (-401)-F ACCTCTGACCACAATCCTGAGCA To amplify yen1  for transformation.

Yen1 (+3680)-R TCCGCAAAATCTGTGTCACCACCA

To check  yen1  deletion. 

To amplify yen1  for transformation. 

To check  YEN1  C- terminal tag

Yen1-F-pUG6 CATTTTACCTACTTGTATATTCTGGATACTG

CACAAGAAACAGCTGAAGCTTCGTACGC
To delete YEN1

Yen1-R-pUG6
CAACTGTGGTGGCGGATTTTTTGACGCTGT

GCCCGTTAACGCATAGGCCACTAGTGGAT

CTG

To delete YEN1

YEN1 (+578)-R CCCTCCCCACATGCGATTAC To check  Gal promotor insertion in YEN1

YEN1-S1 
AGTTCTATTGCATTTTACCTACTTGTATATT

CTGGATACTGCACAAGAAAATGCGTACGC

TGCAGGTCGAC

To introduce  Gal promotor  in YEN1

YEN1-S4
CTGGAATCTTGCAGATATGGCTTCAAAAAT

TCCCATATTTGTGAGACACCCATCGATGAA

TTCTCTGTCG

To introduce  Gal promotor  in YEN1

YEN1-S2 
GCGCGATCAACTGTGGTGGCGGATTTTTTG

ACGCTGTGCCCGTTAACTCAATCGATGAAT

TCGAGCTCG

To tag  YEN1  in its C- terminal end

YEN1- S3
CAGTCGACCGGTTTGTAGCCTGTGACAGT

GATAGCAGTAGCACTATTGAACGTACGCT

GCAGGTCGAC

To tag  YEN1  in its C- terminal end

Mms4 (-398)-F CAGTGACGTTTTTATTCCTACACA To check  mms4  deletion

Mms4 (-253)-F ACACCTTTGCTGGTTGCTTGTGA To delete MMS4

Mms4 (+3346)-R ATCGAGCCTCTAAAGGACAGACTT
To check  mms4  deletion. 

To amplify mms4   for transformation.

MMS4 (+725)-R TTGCCATGGATGTCCCATCTTC To check  Gal promotor insertion in MMS4

MMS4-S1
GTATGGATTATGGTATAGAATAATAGTAGTC

ACATATTGCAGCTAGTTAAATGCGTACGCT

GCAGGTCGAC

To introduce  Gal promotor  in MMS4

MMS4-S4
CTGGCATCGTTTCTTGAATCTTTGTCCTCAA

CAAAATCAACGATCTGGCTCATCGATGAAT

TCTCTGTCG

To introduce  Gal promotor  in MMS4

Rad52-F(-150) TAAGAAAAGACGAAAAATATAG To amplify rad52   for transformation.

Rad52-R(+150) AAGTAAATATTAATACGACAC
To amplify rad52  for transformation.

To check rad52  deletion

Rad52(-332)F GTCTTGCACACGTCGCTAAA To check  rad52  deletion.

5' CDC14 (-275) AGCTATGAGCCTGATAACGTGAGTC To amplify cdc14-1  allele

3' CDC14 (+2000) CGATTTTAAGATTGGCATATCGAG To amplify cdc14-1  allele

3' Cdc15 (+3179) TTTAACAAAATGCCACCTTCTAGAGTC To amplify cdc14-2  allele

5' Cdc15 (+818) ACTCTACCGAAAATGTGAAGGTCGAC To amplify cdc14-2  allele

SPC42-S2
AGAACGCTTTAAGAATGCGCCATACTCCTT

AACTGCTTTTTAAATCATCAATCGATGAATT

CGAGCTCG

To tag  SPC42  in its C- terminal end

SPC42-S3
CTGAAAATAATATGTCAGAAACATTCGCAA

CTCCCACTCCCAATAATCGACGTACGCTG

CAGGTCGAC

To tag  SPC42  in its C- terminal end

spc42(+770)-F AGCTGAAGCGTGTCGAAGAA
To amplify SPC42  tagged in its C- terminal end. 

To check  SPC42 C- terminal tag

spc42(+1402)-R TGACACTAACCATCCACCATTT To amplify SPC42  tagged in its C- terminal end

spc42(+1530)-R ACTTAGATGAAAGTTGTTGGT To check  SPC42  C- terminal tag

Slx4 5' (-500) TTTAGCGAAAGATTTTTATTCA To amplify slx4  for transformation.

Slx4 3' (+500) ATCGTGCAAGAATTTCAGGACGAA 
To amplify slx4  for transformation. To check slx4 

deletion

5-SLX4 (-600) TTGTACCTTTAGCTATGATCTTAGC To check slx4 deletion

yITS1-F GTGAACCTGCGGAAGGATC To make ITS fluorescein-labelled probe

yITS2-R CCTACCTGATTTGAGGTCAAAC To make ITS fluorescein-labelled probe  
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3.5 DNA preparations 

3.5.1 High molecular weight-DNA preparation 

As large DNA molecules are extremely fragile and break down into pieces in 
standard manipulations of molecular biology, they should be prepared in a solid support 
such as agarose plugs. Thus, for the preparation of yeast chromosome sized-DNA I 
embedded cells in low melting point agarose plugs prior to extract DNA. For this 
purpose, I collected 4ml of culture at OD600 of 1. I harvested cells and washed the pellet 
twice with 50 mM EDTA (pre-chilled to 4ºC). I resuspended cells in 10 µl of pre-chilled 
50 mM EDTA. Then, I mixed this cell suspension with 20 µl of solution SB1 and 60 µl 
of LMPA solution pre-heated at 50ºC. When suspension was perfectly homogeneous, I 
dispensed it onto plug moulds. After solidified, I put plugs into tubes filled with 
solution SB2. I incubated tubes overnight at 37ºC. Next, I replaced solution SB2 for 
solution SB3 and I incubated tubes overnight at 37ºC. Finally, I retired completely 
solution SB3 and I added plug storage solution. Plugs were stored at -20ºC until used. 

3.5.2 Genomic DNA preparation from S. cerevisiae 

To perform a genomic DNA (gDNA) extraction to check clones by PCR, I 
performed a standard phenol-chloroform genomic DNA extraction. For this purpose, I 
inoculated a single colony in 1 ml of selective medium and I grew culture until 
stationary phase. Then, I harvested cells and I washed the pellet with milliQ water. I 
resuspended the pellet in 200 µl of breaking buffer, 200ul of phenol: chloroform: 
isoamyl alcohol (25:24:1, v/v) and added 200 l of 710-1,180 μm-acid glass beads 
(Sigma-Aldrich). I vortexed suspension for 2 min to mechanically break the cells. After 
breakage, I added 200 l of TE 1X. Then I transferred the lysate to a new tube and 
centrifuged it for 5 minutes at 13,000 rpm. After centrifugation I took the upper aqueous 
phase and transferred it to a new tube. To this tube I added 1 ml of ethanol 100% and 
centrifuged it 5 min at 13000 rpm. After centrifugation I removed all the ethanol and let 
the DNA pellet to dry at RT. Then I resuspended the DNA in 50 l of sterile milliQ 
water and added 1g/ml of RNase A. I incubated for 15 min and stored suspension at -
20ºC until use. 
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3.6 DNA electrophoresis 

3.6.1 Agarose electrophoresis 

I used this type of electrophoresis to routinely check PCR products and when 
required gDNA extractions. I  usually  loaded  1-5  µl  of  sample  and  I  used  Loading  
Dye  (Promega)  as loading buffer. I adjusted the final concentration of agarose (ranging 
from 0.7 to 2%, w/v, in 1X TAE) depending on the expected DNA size, using 1X TAE 
as running buffer.  

Gels  were  stained  in  a  solution  of  50  µg/ml  of  ethidium  bromide  in  
milliQ  water  to visualize DNA bands under UV light by using the Gel Doc system 
(Bio-Rad). 

3.6.2 Pulsed-Field Gel Electrophoresis 

I used this technique to assess the integrity of S. cerevisiae chromosomes. There 
are several types of PFGE, varying in the electric field applied. During this thesis, the 
system I used was CHEF (Chu et al. 1986), and, specifically, the system CHEF-DRIII 
(Bio-Rad). 

All PFGE performed during this thesis were done on an 0.8% (w/v) agarose gel 
in 0.5X TBE, and using 0.5X TBE at 12ºC as running buffer. To visualize all 
chromosomes, I used the following settings: 

- voltage.- 6 V/cm. 

- switching time.- 80 s (initial) to 150 s (final). 

- angle.- 120º. 

- running time.- 20/40 h. 

To assess the size of the cXII, I used the following settings  

- voltage.- 3 V/cm. 

- switching time.- 300 s (initial) to 900 s (final). 

- angle.- 120º. 

- running time.- 68 h. 
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Gels were stained in a solution of 50 µg/ml of ethidium bromide in milliQ water 
for 45 min and de-stained for 20 min in milliQ water, prior to visualize DNA bands 
under UV light by using the Gel Doc system (Bio-Rad). 

3.6.3 Two-dimensional neutral-neutral DNA electrophoresis 

(NN-2D) 

I used DNA extracted from yeast embed in low melting point agarose plugs (see 
section 3.5.1). I washed the agarose plugs with 1mg/ml of Pefabloc SC (Roche Applied 
Science) for 1 hour to inhibit the remaining of proteinase K used during the DNA 
extraction process. Then I wash the plugs for 1 h twice with TE 1X to remove the 
Pefabloc. Next I digested the plug overnight with 1500 U/ml of the restriction enzyme 
BglII (New England Biolabs).  

After this I cut one-half of the plug and loaded it onto a 0.35% (w/v) agarose gel 
prepared with TBE 1X (Brewer & Fangman 1988). I ran the first dimension at 0.8 V/cm 
for 24 h. Next, I sliced the lane and trimmed it to take 1 cm under the weight of the 
restriction fragment and 2 cm over the double of the weight of the restriction fragment. I 
re-oriented it 90 º anticlockwise and ran the second dimension. For the second 
dimension I prepared 1% (w/v) agarose with TBE 1X, cooled it down to 60 º C and 
poured it in the tray with the slice from the first dimension. I ran the gel at 6 V/cm for 9 
h under the presence of 0.3 g/ml of ethidium bromide in both the gel and the running 
buffer. Importantly, I left the buffer recirculating through a cooling system to keep 
constant the running temperature at 16 ºC. Then the gel was transferred to a positively 
charged membrane (Roche) for Southern blot analysis.  

3.6.4 Three-dimensional neutral-neutral-alkaline DNA 

electrophoresis (NNA-3D) 

In the case of NNA-3D electrophoresis (Lucas & Hyrien 2000), the agarose gel 
that I obtained after the NN-2D electrophoresis was first soaked in 0.04N NaOH plus 2 
mM EDTA five times for 1 h each, to allow alkaline equilibration. Then, I trimmed the 
gel to cut only the region where the DNA was expected to run according to the running 
time, temperature and gel percentage. Next I ran a third electrophoresis in the same 
orientation as the first one was. I ran this third dimension at 0.8V/cm for 38 h at 16 ºC 
using alkaline buffer with the same composition than the one used for the alkaline 
equilibration . Finally, this 3D gel was used for Southern blot analysis 
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3.6.5 DNA modifying enzymes used on agarose plugs 

3.6.5.1 RuvC  

To treat the agarose plugs with RuvC  enzyme (Abcam) I used a procedure 
similar to one used elsewhere (Wehrkamp-Richter et al. 2012). I first wash twice (for 30 
min each) the plug in 300 l of RuvC buffer. The first wash was done at RT and the 
second at 4 ºC. Then I digest the plugs by adding 150 l of RuvC buffer with 3 g of 
RuvC. I incubated it for 4 h at 4 ºC and then 1 h at 55 ºC. As a control I did the same 
procedures in parallel with another plug but without enzymes. Then, I loaded this plug 
onto an agarose gel to start a NN-2D electrophoresis. 

3.6.5.2 T4 DNA ligase  

To treat the agarose plugs with T4 DNA ligase enzyme (Roche) I employed an 
adaptation of the RuvC protocol for this enzyme, taking also into account general 
protocols for the T4 ligase. I wash twice (for 30 min each) the plug in 300 l of T4 
ligase buffer. The first wash was done at RT and the second at 4 ºC. Then the plugs 
were incubated in 150 l of buffer with 3,500 cohesive end units of T4 DNA ligase 
either at 19 ºC or 37 ºC. As a control I did the same procedures in parallel with another 
plug but without enzymes. Then I load this plug onto an agarose gel to start a NN-2D 
electrophoresis. 

3.7 Southern-blot analysis 

After visualization of the PFGE or NN-2D gels stained with ethidium bromide, 
DNA was transferred from the gel to a membrane, in order to detect specific regions by 
using non-radioactive labelled probes. 

3.7.1 Probe synthesis 

Probes were labelled with fluorescein using the commercial kit Fluorecein-High 
Prime kit (Roche Applied Science). As a starting point I used a heat denaturalized PCR 
product from which I wanted to generate a probe. With this method, the complementary 
DNA strand of denatured DNA, (in my case a PCR product) is synthesized by Klenow 
polymerase using the 3′-OH termini of the random oligonucleotides as primers. The 
Klenow polymerase introduces Fluorescein-12-dUTP in the new DNA synthesized 
molecules. I did the labelling reaction according to supplier’s instructions. After the 
labelling reaction I cleaned the probe with QIAquick PCR Purification Kit (Qiagen), to 
eliminate small labelled molecules that can increase background during the detection 
process. 
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3.7.2 DNA transfer from the gel to the membrane 

Before the transfer I washed the gel with milliQ water for 5 min. Then I 
depurinate it with 0.4% HCl for 10 min. Next, I washed it again with milliQ water for 5 
min and soaked it in denaturing solution for 30 min. After a brief washing with water, I 
equilibrated gels with neutralization solution for an additional 30 min. Finally I did an 
overnight upward capillary transfer onto a positively charged membrane (Roche) using 
20X SSC as transfer buffer. After the transfer the DNA was crosslinked to the 
membrane using a Stratalinker UV crosslinker set up at 1200 J/cm2. I stored the 
membranes between Whatman papers until used. 

In the case of PFGE I carried out a saline downwards transference onto 
positively charged membrane. This procedure improved the transference of the wells to 
the nylon membrane. 

3.7.3 Probe hybridization and detection 

First, I washed briefly the membranes with 2X SSC. Then after introducing the 
membrane in the hybridization tube I added 50 ml of blocking solution and incubated it 
at 65ºC for 2 h. Next I added the probe, previously denatured, to the blocking solution 
and incubated it overnight.  

Prior to detection I washed the membranes twice at 65ºC with primary washing 
solution for 10 min. I did two extra washes with secondary washing buffer at 65ºC for 5 
min each. Then I rinsed the membrane in AB buffer for 5 min at RT. For the detection I 
block the membranes in AB buffer with 1% of milk (w/v) for 2 h. Next I washed it with 
50 ml of AB buffer for 5 min and proceed to incubate it with 250 ml of AB buffer with 
anti-fluorescein antibody conjugated to alkaline phosphatase (1/250,000 dilution) for 1 
h. After this, I wash the membrane three times for 10 min each adding 300 ml of AB 
buffer with 0.2% Tween.  

Finally I added CDP-Star Chemiluminescent Substrate (Sigma) to the membrane 
and after eliminating the excess of CDP-Star. Next in the case of being a PFGE I 
exposed the membrane to a Lumi-Film Chemiluminescent Detection film (Roche 
Applied Science) to then developed the film in a Konica SRX-201 machine. In the case 
of NN-2D and NNA-3D I exposed the membrane in a ChemiDoc MP apparatus 
(BioRad)  

3.7.4 Stripping 

For the stripping with fluorescein labelled probes I used a harsh treatment based 
in pouring boiling 0.1 % SDS onto the blot and allowing it to cool to room temperature. 
I did this treatment twice to ensure elimination of the probe used previously. Finally, I 
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washed the membranes with 2X SSC solution, prior to block and hybridize with a new 
probe. 

3.7.5 Signal quantification  

For quantifications I used the software ImageLab (BioRad). I picked a time 
exposure in all cases (360 s) where the signal of the X-shaped molecules was visible but 
not saturated. I then picked another time exposure for all linear 1N DNA signals where 
they were not saturated either (1 s). The 1N signals include the monomer spot and the 
smear that appeared during the first dimension. Finally, I calculated the quotient 
[background-subtracted intensity of the Xs/ background-subtracted intensity of the 1N]. 
To calculate the relative amount of discontinuous HJs over the whole of X-shaped 
molecules, I directly quantified the ssDNAs resolved from the X-shaped structure after 
the NNA-3Ds according to the following formulae: [background-subtracted intensity of 
the full-length ssDNA line/background-subtracted intensity of the arc for smaller 
ssDNAs].  

3.8 Western blot analysis 

3.8.1 Protein extraction 

I used an equivalent of 5 OD600  of culture to extract total proteins by using an 
alkaline procedure. I harvested yeast cells and discarded the supernatant. I washed cells 
with milliQ water, resuspended the pellet in 100 l of SDS 2% and added 100 l of 180 
µm-acid glass beads (Sigma-Aldrich). Then I vortexed the sample for 2 min and added 
100 l of 2X Laemmli buffer. Next, I boiled the samples for 1 min and briefly 
centrifuged them. Finally I loaded 20 l of the sample.  

3.8.2 SDS-PAGE 

I performed protein acrylamide electrophoresis in one dimension under 
denaturing conditions (SDS-PAGE). Proteins were separated by using an 8 % 
acrylamide gel (acrylamide/bisacrylamide 29:1 proportion). The electrophoresis system 
I used was Mini-Protean (Bio-Rad), using the running buffer and conditions 
recommended by the supplier (60 mA/gel). 

3.8.3 Protein transfer and detection 

After electrophoresis, I transferred proteins from gel to an Immobilion-P PVDF 
membrane (Millipore) by using the humid transfer system Mini Trans-Blot (Bio-Rad). 
First, I removed the stacking gel and then I washed the separating gel with transfer 



73 

 

buffer before the transfer. Next, I did an overnight transfer at 30 V and 4 ºC by using 
conditions recommended by Bio-Rad. Then, I blocked the membranes with milk 5% 
(w/v) in TBST for 1 h at RT.  After the blocking I incubated the membrane with the 
primary antibody anti- GFP from rabbit at 1:8,000 (Abcam) in 5% milk.  I did 3 washes 
with TBST (10 min each) and incubated the membrane with the secondary antibody 
anti-rabbit-AP (1:50,000) (Promega) in 5% milk/TBST for 1 h. Finally, I did 3 
additional washes with TBST (10 min each) and spread 500 µl of Amersham ECL 
Prime Western Blotting Detection Reagent (GE Healthcare) over the membrane. As a 
last step I exposed the membranes to a Lumi-Film Chemiluminescent Detection film 
(Roche Applied Science) and develop them in a Konica SRX-201 machine. 

3.9 Microscopy 

For the visualization and imaging of cells, I used the Leica DMI6000B 
epifluorescence microscope (Leica), using a 63X/1.30 immersion objective, immersion 
oil with a refractive index of 1.515-1.517, the appropriate filter cube for each tag (table 
2) and an ultrasensitive DFC350 digital camera. Before imaging, I froze the cells pellet 
at -20 ºC for 48 h. This was done to store the cells and to increase the permeability of 
the DAPI staining afterwards. Then I defrost the cells and stained them using DAPI at 
0.05 g/ml and Triton X-100 0.01 % (v/v) as final concentration. When I needed to do 
in vivo fluorescence microscopy I did it in freshly harvested cells without any staining.  

Table 3.2: : List of filter cubes used during this thesis. 

Filter Cube Fluorochrome Excitation range Excitation filter Dichromatic mirror Supression filter

A DAPI UV BP 360/40 400 BP 470/40
CFP CFP violet / blue BP 436/20 455 BP 480/40
RFP RedStar green BP 546/12 560 BP 605/75
YFP YFP, GFP blue BP 500/20 515 BP 535/30  

For each image, I first captured series of 20 z-focal plane images (0.3 µm depth 
between each consecutive image) to detect chromosomes tagged with the tetO/tetR 
system or 10 z-focal plane images (0.6 µm depth between each consecutive image) to 
monitor live cells. Then, I processed them using the ImageJ software (Abràmoff et al. 
2004). When measurements where required I did them using 2D maximum intensity 
projections. Intensity, gain and exposure settings for each single fluorescent protein can 
be found on table 3. 
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Table 3.3: List of microscope settings used for capturing images for each tagged 
protein and DAPI used in this thesis. 

Pritein/ compound Exposure (s) Gain Intensity

DAPI 0.02 1.5 1
TetR-YFP 1 2.5 4
LacI-CFP 1 7 4
Yen1-GFP 1 7 5
Spc42-RFP 2 7 4  

*Gain can vary from 1 to 10. Intensity can vary from 1 to 5  

3.10 Flow cytometry  

To determine DNA content of cells, I pelleted 1 ml of culture of each time point 
and resuspended it in 500 l of 75 % ethanol (v/v). Then I centrifuged suspension at 
13,000 rpm for 1 min and I discarded supernatant. Then I centrifuged again for 10 
seconds and removed the excess of ethanol. Next, I resuspended the pellet in 250 µl of 
1X SSC with 10 µg/ml RNase A and I incubated it overnight at 37ºC. The day after, I 
added 50 µl of 1X SSC with proteinase K (working concentration: 1 mg/ml) and I 
incubated it at 50ºC for 1 h. Finally, I added 3 µg/ml of propidium iodide in 1X SSC 
and I incubated it at room temperature for 1 h. I stored the samples at 4 ºC until use. 

Prior to analysis, I sonicated samples for 5 s in a water bath sonicator (Branson). 
I analysed around 200,000 events, by using CellQuest Pro software (BD Biosciences) 
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4.1 Article 1: Nondisjunction of a Single chromosome 

leads to breakage and activation of DNA damage 

checkpoint in G2. 

In the first article included in this thesis, the cellular response after the 
resumption of the cell cycle from a cdc14-1 block was studied. I specifically 
characterized the chromosome bridges that appear in a cdc14-1 block. I measured the 
segregation status of chromosome V, XII and XIV telomeres. I determined that 
telomeres of chromosomes other than the one on the right arm of cXII (cXIIr) barely 
missegregated after a cdc14-1 release. This characteristic makes the cdc14-1 mutant an 
outstanding model to study the cellular response to the presence of anaphase bridges 
comprised of just one chromosome during mitosis.   

As a parallel control for this experiments I used a cdc15-2 strain where I 
measured the segregation status for the same loci than for the cdc14-1 mutant. I 
determined that in a cdc15-2 block all the chromosome telomeres are segregated 
correctly. I used the cXIIr tagged cdc15-2 strain as a reference strain for the following 
study of this thesis.  
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4.2 Article 2: Mus81-Mms4 and Yen1 resolve a novel 

anaphase bridge formed by noncanonical Holliday 

junctions 

In this second paper I used a cdc15-2 strain tagged in the subtelomeric region of 
cXII with the system tetO/TetR to study how accumulation of recombination 
intermediates affect chromosome segregation. I chose to measure the segregation of this 
specific locus because it is thought to be the worst-case scenario in terms of segregation. 
cXII is the longest chromosome in yeast and it contains the rDNA locus. The rDNA is 
highly transcribed and replicated unidirectionally, and these in turn produce 
accumulation of catenations and high rates of recombination. 

In this work, I aimed to determine whether the persistence of joint molecules 
dependant on SSEs for their resolution cause the formation of anaphase bridges. In 
order to test this I increased the steady-state levels of joint molecules by deleting 
different combinations of SSEs genes and exposing the cells to genotoxic agents that 
boost the usage of homologous recombination. I found that both Mus81-Mms4 and 
Yen1, but not Slx4-Slx1, are essential and compensate each other in preventing and 
resolving not only chromatin bridges but also ultrafine bridges that mostly comprise 
noncanonnical HJs. 
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4.3 Article 3: Cdc14 targets the Holliday junction 

resolvase Yen1 to the nucleus in early anaphase 

  

It was already known that Mus81-Mms4 is activated at the end of mitosis by a 
Cdc5 dependent phosphorylation. It was also known that Yen1 is activated soon 
afterwards to act as a back-up resolvase in the elimination of recombination 
intermediates. However little was known about how Yen1 is activated at the very end of 
mitosis. In this work we show that Cdc14, the mitotic master phosphatase, targets Yen1 
to the nucleus in early anaphase through the FEAR network, giving access to its targets. 
The MEN-driven Cdc14 re-activation in late anaphase maintain Yen1 in the nucleus 
until the beginning of the next S phase. The activity of Yen1 imported into the nucleus 
through the first wave of Cdc14 activation is enough to remove any branched DNA 
structure and backup the SSE Mus81-Mms4. 
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5.1 The cdc15-2 block as a model to study 

missegregation and anaphase bridges formation  

Faithfull chromosome segregation during mitosis is of paramount importance to 
maintain genomic stability. The failure in eliminating the many physical linkages that 
maintain sister chromatids together can lead to the formation of anaphase bridges. 
Studies with the model organism S. cerevisiae have shown that unfinished replication, 
unresolved cohesion or catenated chromosomes can cause anaphase bridges formation 
(Holm et al. 1985; Uhlmann et al. 1999; Torres-Rosell et al. 2007). Previous studies 
have also shown that during unperturbed conditions higher eukaryotes as well as yeast 
cells form transient ultra-fine chromosome bridges during anaphase (Chan et al. 2007; 
Chan & Hickson 2009; Germann et al. 2014).  

In this thesis we started creating a model that allowed us to study chromosome 
segregation. We took advantage of the temperature-sensitive allele cdc15-2. When 
grown at restrictive temperature the cells are blocked in telophase with two nuclei. We 
demonstrate that, in contrast to the cdc14-1 mutants (another temperature-sensitive 
mutant used to to block the cells in telophase), all the genome is correctly segregated in 
the cdc15-2 block. We assessed the segregation not only by DAPI staining of the nuclei 
but also tagging different chromosomes with the tetR/tetO system including the cXII. 
cXII is the most challenging chromosome to be segregated due to its length, the 
presence of the hyper-recombinogenic rDNA array, and the rDNA high transcription 
rate that makes it prone to catenations. We concluded that our model with a temperature 
sensitive version cdc15-2 tagged in the subtelomeric region of cXII is a powerful tool to 
study chromosome segregation due to the following reasons: 1) It correctly segregates 
the genome. 2) We can track the segregation of cXII, considered to be the segregation 
worst-case scenario. 3) Mother and daughter cells can be tracked since the cdc15-2 
mutants fail in performing cytokinesis. This is useful to identify missegregation of 
tagged chromosomes since we can correlate the presence of two resolved or unresolved 
chromosomes in one daughter cell with the absence of this chromosome tag in the other 
daughter cell. 4) The impairment in conducting cytokinesis also helps to maintain the 
structure of chromosome bridges that otherwise would be severed during cytokinesis 
(Holm et al. 1985; Uhlmann et al. 1999; Baxter & Diffley 2008b). 5) In addition, the 
use of cdc15-2 allele allows to synchronize the cell in anaphase where chromosome 
segregation takes place. This makes it easier to correlate single-cell analysis with whole 
population analysis, in contrast to other models used to study chromosome segregation 
that are restricted to single-cell analysis due to the asynchrony of the culture. 
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5.2 The mms4 yen1 double mutant accumulates 

recombination intermediates that lead to 

chromatin anaphase bridges and ultrafine 

anaphase bridges  

Recombination intermediates have been long discussed to be a physical linkage 
that can maintain sister chromatids together at the time of anaphase. In this thesis by 
using the aforementioned model we intended to check whether recombination 
intermediates form anaphase bridges. In order to boost recombination intermediates 
formation we made use of the alkylating agent MMS, known to increase replication fork 
stalling and replication fork restart associated to recombination, as well as mutants of 
SSEs implicated in the resolution of recombination intermediates.  

We did observe that recombination intermediates accumulation at the time of 
anaphase can lead to chromosome missegregation. Our results show that concomitant 
deletion of two SSEs, MMS4 and YEN1, led to increased cXII missegregation. 
Importantly, the missegregation phenotype was alleviated by deleting RAD52, a gene 
essential for all types of HR-mediated DNA repair in S. cerevisiae. This result 
supported the notion that HR intermediates are accumulated in this mutant. In addition, 
other studies have also shown that this double mutant has slow growth, higher 
accumulation of cells in G2/M in an asynchronous culture and increased sensitivity to 
DNA damaging agents. Accordingly, these works also showed that the high sensitivity 
to DNA damaging agents is alleviated by deleting RAD52 (Ho et al. 2010; Blanco et al. 
2010; Agmon et al. 2011). Our results are consistent with these data and point towards 
the structural basis behind these phenotypes. We hypothesize that accumulation of HR 
intermediates produce missegregation of chromosomes in anaphase. Missegregated 
chromosomes are then severed during cytokinesis. In the following cell cycle, cells will 
sense the damage triggering a G2/M arrest in order to repair the damage and as a result 
of this a slower progression in the cell cycle; i.e. slower doubling time. 

We also observed that the inability of this double mutant to eliminate HR 
intermediates on time rendered the cells sensitive to the alkylating agent MMS. The 
increased sensitivity of the mms4 mus81 mutant to DNA damaging agents has also 
been reported in previous studies (Ho et al. 2010; Blanco et al. 2010; Agmon et al. 
2011). In our case we further correlate the increased sensitivity to MMS to a massive 
failure in chromosome segregation and accumulation of HR intermediates. We show 
that this mutant accumulated HR intermediates by different evidences: 1) after MMS 
treatment large chromosomes are not able to enter in a PFGE. Importantly this condition 
is indicative of the existence of recombination intermediates and/or replication 
intermediates. We speculate that larger chromosomes are more likely to contain at least 
one HR intermediate that preclude the chromatids to enter into the gel. Additionally this 
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condition is worsened in cXII since it contains the rDNA array. 2) By NN-2D DNA 
electrophoresis probed against the rDNA we show that this mutant has a strong spike 
signal that corresponds to DNA molecules with double the size of a linear fragment and 
with a branched structure. This signal is conformed of HR intermediates (Friedman & 
Brewer 1995). 

Intriguingly, the NN-2D DNA electrophoresis of the double mutant mms4 
mus81 also had a faint signal of Y molecules (corresponding to replication forks) 
(Paper 2. Figure 4b). Replication intermediates have been reported to lead to anaphase 
bridges (Chan et al. 2007; Chan et al. 2009; Naim et al. 2013; Germann et al. 2014). We 
totally ruled out the possibility of these replication intermediates being responsible for 
the higher cXIIr missegregation for three reasons: 1) The faint signal of the Y-shaped 
molecules also appears with the same intensity with and without MMS in the single 
mutants and the reference strain. However yen1 or the WT do not have high levels of 
chromosome missegregation. 2) The overexpression of either Yen1 or Mms4 in a 
mms4 yen1 background rescue chromosome segregation and viability (Paper 2. 
Figure 3a). In vitro experiments have shown that Mms4-Mus81 as well as Yen1 are able 
to cut HR intermediates as well as replication-fork like structures (Gaillard et al. 2003; 
Ciccia et al. 2003). However it is highly unlikely that the improvement in chromosome 
segregation and viability upon overexpression are due to replication intermediates 
cleavage. In case of any of the two SSEs cutting a replication intermediate that maintain 
sister chromatids together a decrease in chromosome bridges would be expected but not 
an improvement in chromosome segregation (Fig 5.1). 3) As it was pointed out before, 
missegregation under unperturbed conditions in the mms4 yen1 mutant depends on 
homologous recombination since deletion of Rad52 improved chromosome segregation. 

 

Figure 5.1: Schematic representing the potential substrates of Mms4 or Yen1 upon 

overexpression in telophase in a mms4 yen1 background. The only way to obtain correct 
chromosome segregation (the diagram on the right hand side) is if the structure maintaining 
sister chromatids together and precluding segregation is a HR intermediate (X-DNA) and not a 
replication intermediate (Y-DNA) 
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One explanation for the existence of the Y-signal can come from the small 
proportion of cells that are arrested in S/G2/M (<4%) even in unperturbed conditions 
i.e. without MMS. It is possible that some of these cells have not completed replication 
and are giving rise to the Y-signal. Alternatively it can also come from the cells with 
missegregated cXIIr (5-10%) that are visible even in unperturbed conditions in the 
reference strain. It is possible that these cells do not have complete replication at least 
within the rDNA that account for the observed missegregation. Interestingly the low 
levels of chromosome missegregation in the WT strain are not associated to DAPI 
visible bridges. This observation open the possibility of this missegregated chromatids 
to be connected by replication intermediates that lead to the formation of bridges not 
detectable by classical DNA dyes. Bridges formed by regions of non-replicated DNA 
that cannot be stained with classical DNA dyes have been reported before and called 
UFBs. (Ying et al. 2013; Naim et al. 2013). Coincidentally, the rDNA has the 
characteristics to be a slow replication zone due to the presence of the RFB and its 
highly repetitive nature (Lambert et al. 2005). Importantly, multiple studies have linked 
slow replication zones in the genome with formation of UFBs and chromosome 
instability resulting in neurological disorders and cancer (Lemoine et al. 2005; Lambert 
et al. 2005; Debacker & Kooy 2007; Ying et al. 2013; Naim et al. 2013). It would be of 
great interest to study more deeply the nature and the origin of the Y-signal in a WT 
strain in unperturbed conditions and its possible relation with the rDNA being a slow 
replication zone that can lead to UFBs.  

In our model we used MMS to increase the usage of HR. The treatment of the 
double mutant mms4 yen1 with low doses of MMS (0.004% (v/v)) increased 
missegregation of cXIIr to levels of 70-80% and DAPI visible bridges to 20% (Paper 2. 
Figure 1a). Generally all those cells that had DAPI visible bridges also showed cXIIr 
missegregated. We tested if the missegregation status and DAPI chromosome bridges in 
the double mutant were reversible upon overexpression of Mms4 or Yen1. Interestingly 
we observed that the missegregation of cXIIr and DAPI bridges were enormously 
improved upon overexpression of Mms4 dropping to 10% and 1% respectively. Also 
overexpression of Yen1 made cXIIr missegregation and DAPI visible bridges drop to 
20% and 10% respectively (Paper 2. Figure 3a). This result indicates three things: 1) 
Yen1 and Mms4 are active upon over expression in late mitosis, and are able to 
recognise the linkages that maintain the sister chromatids together and resolve them 
(discussed in the next section). 2) As stated before, the improvement in the segregation 
strongly indicates that the observed missegregation was due to recombination 
intermediates and not to broken DNA molecules or replication intermediates. The 
resolution of the linkages by these two SSEs and the pulling forces applied from the 
SPB are sufficient to improve segregation to levels similar to the reference strain. 3) 
More importantly, the enormous drop in chromosome missegregation (from 80% to 
10% upon induction of Mms4) and the concomitant drop in DAPI visible bridges (from 
40% to 1%) indicates that at least 30% of the missegregated cXIIr were forming a 
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bridge between the two daughter nuclei but were not visible by DAPI staining, a 
characteristic that allows to define them as an UFBs. UFBs have been detected before 
indirectly by tagging with fluorescent proteins or immunostaining of the helicase Sgs1 
(the yeast homolog of the vertebrate BLM ), Dpb11 (the yeast homolog of 
the vertebrate  TopBP1) or the helicase PICH or more directly by incorporation of the 
nucleoside analogue 5-ethynyl-2′-deoxyuridine in the DNA during replication and 
subsequent immunostaining (Chan et al. 2007; Germann et al. 2014). With our model 
based in the use of tagged chromosomes with the system tetO/tetR in a cdc15-2 
background we describe a novel way to infer the presence of UFBs. Detection of UFBs 
with our model can be a good complement to indirect detection by immunofluorescence 
or tagging with fluorescent proteins since it allows to know the segregation output of 
the disappearing UFBs upon mitosis exit.  

It has been shown that immunofluorescence or fluorescent tagging of Sgs1 
(BLM), Dpb11 (TopBP1) or PICH can indirectly detect the presence of UFBs formed 
by catenations or replication intermediates but not HR intermediates (Chan et al. 2007; 
Baumann et al. 2007; Chan et al. 2009; Germann et al. 2014). However in our case we 
infer the presence of UFBs by different means. We test the improvement of cXIIr 
segregation in telophase cells to unveil the presence of UFBs not detected by DAPI 
staining. By using this approach we show that HR intermediates can also form UFBs. 
Importantly, these data point to the possibility of the existence of UFBs of a different 
nature that bind different proteins in order to be resolved. It would be of great interest to 
test the presence of the aforementioned proteins in the UFBs observed in our model to 
better characterize them. Also Mms4 and Yen1 are good candidates to test since they 
are able to resolve UFBs formed by HR intermediates, specially Yen1 considering that 
it forms foci preferentially in the space between two splitting nuclei in anaphase (Paper 
3. Figure 2c). 

5.3 Mms4 and Yen1 are able to resolve homologous 

recombination intermediates comprised by 

noncanonical Holliday junctions 

The double mutant mms4 yen1 growing under unperturbed conditions 
accumulates HR intermediates that lead to the formation of chromosome bridges. This 
condition is worsened upon mild replication stress with MMS. Presumably and 
according to the conclusion from paper 1 and previous studies, the chromosome bridges 
will be severed during cytokinesis leading to the formation of DSBs (Ho et al. 2010; 
Cuylen et al. 2013). Accordingly the mms4 yen1 mutant shows a delay in G2/M due 
to the detection of the DNA damage, and a drop in viability to 60% compared to the 
reference strain (Paper 2. Figure 1a) (Ho et al. 2010; Blanco et al. 2010). Again, these 
phenotypes are worsened under low concentration of MMS leading to a drop in viability 



144 

 

to 1% compared to the reference strain. Surprisingly overexpression of either Yen1 or 
Mms4 in the mms4 yen1 mutant arrested in telophase reverts these phenotypes and 
improves chromosome segregation and viability at the same time that X-shaped DNA 
molecules detected by NN-2D DNA electrophoresis disappear (Paper 2. Figure 3 and 
4c). This indicates that both SSEs are able to recognize and efficiently resolve the HJ-
like structures that maintain the sister chromatids together. 

Our data and many of the phenotypes that have been already described for 
mms4 mutants imply that Mus81-Mms4 is important for HJs resolution. However this 
appears to contradict the low activity of this complex on iHJs in vitro. To reconcile the 
apparent discrepancies between the in vivo and in vitro results two hypothesis have been 
proposed. The first one proposes that Mus81 may need to be activated to resolve iHJs. 
The activation would be a post-translational modification produced in some stage of the 
cell cycle or under DNA damage conditions. However at least Mus81-Mms4 purified 
from S. cerevisiae after DNA damage did not show apparent increase of iHJs cleavage 
in vitro (Ehmsen & Heyer 2008).  Alternatively it has been suggested that an accessory 
protein could modulate substrate specificity, but no candidate has been identified yet 
genetically or biochemically (Schwartz & Heyer 2011). The second hypothesis proposes 
that the nHJs are the actual substrate of Mmm4-Mus81. The nHJ would appear from the 
initial strand invasion event that precede the formation of a joint molecule or from the 
migration of an iHJ to a nick in the DNA molecule. Alternatively, the first nick might 
be introduced by another endonuclease, thus generating a substrate for Mms4-Mus81 
(Wyatt & West 2014).  

We characterized more in depth the physical nature of the X-shape molecules 
that appear in the NN-2D electrophoresis in the double mutant mms4 yen1 by NNA-
3D DNA electrophoresis. With this technique we concluded that the HR intermediates 
accumulated in this mutant during anaphase are mostly nHJs or gapped HJs with a nick 
or a gap next to the junction. This result is consistent with the hypothesis of nHJs being 
the actual substrate of Mms4-Mus81 in vivo. However how nHJs are originated is not 
well known. Supporting the idea of another endonuclease introducing the first nick, in 
higher eukaryotes it has been found that the complex MUS81-EME1 and SLX1-SLX4 
interact at the onset of mitosis thorough a CDK-dependent phosphorylation. In vitro this 
holoenzyme is able to cut iHJs more efficiently than any of the two components alone. 
The HJ resolution proceeds by a coordinated nick and counter-nick mechanism, the first 
nick is mediated by SLX1 and the second nick is introduced by MUS81 (Wyatt et al. 
2013). A similar complex formed by Slx1-Slx4, Rtt107 and Dpb11 has been identified 
in budding yeast (Ohouo et al. 2010). The prediction is that if Slx1 is responsible of 
creating the first nick in a iHJ to then resolve the resulting nHJ by Mms4-Mus81, the 
double mutant slx1 yen1 could have a similar phenotype than the mms4 yen1 
mutant. The slx1 yen1 mutant would accumulate iHJs that cannot be resolved by 
Mms4-Mus81. However we did not observe any decrease in viability or missegregation 
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in the slx1 yen1 mutant, indicating that in budding yeast Slx1 does not have a role in 
transforming iHJs to nHJs providing the right substrate to Mus81-Mms4 (Paper 2. 
Figure Supp.5b). Accordingly, another report has shown that in budding yeast the 
activity of Mus81-Mms4 forming part of the complex Slx4-Dpb11 towards iHJs does 
not change compared to the one that is not part of the complex (Gritenaite et al. 2014). 
More research is needed in order to elucidate the origin of nHJs in the DNA 
recombination intermediates metabolism. The power of the NNA-3D DNA 
electrophoresis to differentiate the physical nature of the different recombination 
intermediates in combination with different mutants for the DNA repair pathway can 
provide us enlightening information about the formation of the nHJs in vivo. 

Similarly to Mms4, the overexpression of Yen1 in the mms4 yen1 mutant, is 
also able to improve chromosome segregation and viability with a concomitant drop of 
the signal of X-shaped DNA molecules. However, Yen1 has been shown to cut iHJs 
with high efficiency in vitro but its activity on nHJs or HJs with a gap had not been 
tested (Ip et al. 2008). From this data we speculated that either nHJs and/or gap HJs are 
an in vivo substrate of Yen1 or alternatively the cell can be able to change nHJs to iHJs 
upon overexpression of Yen1, in order to be resolved by Yen1. In agreement with the 
first hypothesis a recent report has shown that Yen1 is even more active on nHJs than 
on iHJs in vitro (Blanco et al. 2014).  

Despite the overexpression of either Mms4 or Yen1 is able to improve viability 
and chromosome segregation, they do it with different efficiencies. Overexpression of 
Mms4 resolves chromosome bridges significantly faster than overexpression of Yen1, 
and after 3 hours of Yen1 overexpression the levels of missegregation are still higher 
compared to Mms4 counterpart. Furthermore, this differences in missegregation 
correlate with a lower viability after overexpressing Yen1 compared to Mms4 (Paper 2. 
Figure 3). We consider two possibilities to explain these differences: 1) Overexpression 
efficiency is different for both proteins. 2) Mus81-Mms4 has a higher affinity for nHJs 
or HJs with a gap than Yen1. This would explain why upon overexpression of Mms4 
the bridges are resolved faster. 

5.4 Cdc14 targets Yen1 to the nucleus in early 

anaphase 

Yen1 location and activity is tightly regulated along the cell cycle. In contrast to 
Mus81-Mms4 it is inhibited by phosphorylation events that take place during G1/S 
transition and activated by dephosphorylation in anaphase. Phosphorylation of Yen1 
introduces two layers of regulation, determining its localization and catalytic activity 
(García-Luis et al. 2014; Blanco et al. 2014; Eissler et al. 2014). During G1, when the 
CDK activity is low, Yen1 is dephosphorylated and is localized to the nucleus (Kosugi 
et al. 2009). In the G1/S transition Yen1 is phosphorylated by Cdc28-Clb5 in a highly 
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specific manner producing its exclusion from the nucleus and its biochemical 
inactivation (Ubersax et al. 2003; Loog & Morgan 2005; Eissler et al. 2014; Blanco et 
al. 2014). Yen1 has 9 CDK consensus sites. Phosphorylation of the residues localized to 
the C-terminal region avoid the import to the nucleus by masking its nuclear 
localization signal. On the other hand phosphorylation of the residues localized in the 
central region of the primary structure of the protein inhibits its biochemical activity, 
most likely by reducing its DNA binding affinity (Eissler et al. 2014; Blanco et al. 
2014). In anaphase, at the time that chromosome segregation is started, the first wave of 
Cdc14 released from the nucleolus through the FEAR pathway, dephosphorylates Yen1, 
allowing its nuclear import and making it biochemically active (Stegmeier & Amon 
2004; García-Luis et al. 2014; Blanco et al. 2014; Eissler et al. 2014). Intriguingly the 
activation of Yen1 by Cdc14 released through the FEAR network points out that this 
first wave of Cdc14 should not be exclusively nuclear as generally assumed. It 
necessarily has to reach the cytoplasm in order to dephosphorylate Yen1 and allow its 
import to the nucleus and catalytic activation. 

Cdc14 has a really well characterized role in chromosome segregation during 
anaphase (Stegmeier & Amon 2004). It is tempting to speculate that the chromosome 
segregation problem observed in cdc14-1 mutants at the restrictive temperature can be 
partially explained by the inability of these mutants to activate Yen1 and hence not 
eliminating any remaining recombination intermediate (Quevedo et al. 2012). However 
this possibility is very unlikely since in the PFGE gels of cdc14-1 arrested cells the 
chromosomes are able to enter in the gel as in a wild type strain, indicating that the 
physical linkages between chromatids are not replication or recombination 
intermediates (Paper 3. Figure 4a). Besides this, cdc14-1 has much more anaphase 
bridges than cdc15-2 yen1. 

5.5 Yen1 acts as a last resource backup of Mus81-

Mms4 resolving joint molecules 

Mus81-Mms4 and Yen1 act in consecutive and temporarily separable waves of 
HJs processing with Yen1 acting as a last resource endonuclease to deal with any 
remaining HJ that might compromise chromosome segregation. Scheduled activation of 
Yen1 in the cell cycle is crucial. A phosphorylation mutant of Yen1, constitutively 
active along the cell cycle has been studied. Strains carrying this mutant version of 
Yen1 appear to be more sensitive to DNA damaging agents such as MMS and show 
increased CO formation (Blanco et al. 2014). These data underscore the importance of 
restricting the activity of Yen1 to the last stages of mitosis but it still keeps open the 
question  of why it is nit active at the same time than Mus81-Mms4 in order to have 
more time to remove any recombination intermediate. It has been shown that Mms4-
Mus81 contributes to replication fork restart by cleaving the fork (Hanada et al. 2007). 
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It is possible that the small window between the activation of Mus81-Mms4 and Yen1 
is enough for the cell to repair and restart replication forks and finish recalcitrant 
replication in the presence of the Mus81-Mms4, potentially forming part of the complex 
Slx1-Slx4-Dpb11-Rtt107. In this small window of time the cell would avoid the activity 
of Yen1 over replication structures that can give rise to irreparable toxic products. 
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6 Conclusions  
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1. Cells arrested in a cdc15-2 telophase block segregate correctly all their 
chromosomes. Including the cXII, the longest and most segregation-
challenging chromosome arm in the yeast genome. 
 

2. The combined deletion of MMS4 and YEN1 causes spontaneous anaphase 
chromatin bridges in 10% of the telophase arrested cells. Upon mild 
replication stress chromatin bridges increase to 20% of the telophase arrested 
cells. 
 

3. The combined deletion of MMS4 and YEN1 causes spontaneous 
missegregation of cXII in 20% of the telophase arrested cells. Upon mild 
replication stress anaphase missegregation increase to 80% of the telophase 
arrested cells. 

 
4. The combined deletion of MMS4 and YEN1 changes neither the timing of the 

S-phase nor the timing of anaphase onset. 
 

5. The observed missegregation of cXII and formation of anaphase bridges are 
Rad52-dependent. 

 
6. Mms4 and Yen1 compensate one another in resolving cXII and cIV sister 

chromatids DNA-DNA linkages in ongoing DNA damage. In a mms4 
yen1 mutant arrested in a cdc15-2 block, reactivation of either Mms4 or 
Yen1 reverts DAPI-stained anaphase bridges, missegregation of cXII, DNA-
DNA linkages and restores viability of the progeny 

 
7. The mms4 yen1 mutant accumulate DNA-DNA linkages comprised 

mainly by Holliday junctions with a discontinuity at the junction 
 

8. Recombination intermediates can lead to the formation of UFBs. At least 
30% of the mms4 yen1 mutant cells arrested in a cdc15-2 block have cXII 
UFBs not detected by DAPI staining 

 
9. Cdc14 released by the FEAR network targets Yen1 to the nucleus. 
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Suppliers 
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I. Media for Saccharomyces cerevisiae culture. 

 liquid YPD medium 
- 1% yeast extract 
- 2% peptone 
- 2% glucose 

 
 solid YPD medium: 

- 1% yeast extract 
- 2% peptone 
- 2% glucose 
- 2% agar 

 
 liquid YPraff: 

- 1% yeast extract 
- 2% peptone 
- 2% raffinose 

 
 solid YPraff: 

- 1% yeast extract 
- 2% peptone 
- 2% galactose 
- 2% agarMedia and Solutions 

 
 liquid YPgal: 

- 1% yeast extract 
- 2% peptone 
- 2% galactose 

 
 solid YPgal: 

- 1% yeast extract 
- 2% peptone 
- 2% galactose 
- 2% agarMedia and Solutions 
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II. Solutions 

II.1. Preparation of competent cells of and transformation 

of Saccharomyces cerevisiae. 

 SORB solution: 
- 100 mM lithium acetate 
- 10 mM Tris/HCl pH 8 
- 1 mM EDTA 
- 1 M sorbitol 

 
 PEG solution: 

- 100 mM lithium acetate 
- 10 mM Tris/HCl pH 8 
- 1 mM EDTA 
-  40 % polyethylenglycol 3350 

II.2. Preparation of high-molecular weight DNA samples. 

 SCE: 
- 1 M sorbitol 
- 0.1 M trisodium citrate dehydrate salt 
- 0.06 M EDTA 

 
 SB1: 

- SCE 
- 5 µl/ml β-mercaptoethanol 
- 100 U/ml zymolyase 100T or 2500 U/ml Lyticase 

 
 LMPA solution: 

- 1% low melting point agarose 
- 0.125 M EDTA 

 
 SB2: 

- 0.45 M EDTA 
- 0.01 M Tris/HCl pH 7.5 
- 7.5% β-mercaptoethanol 
- 10 µg/ml RNase  

 
 SB3: 

- 0.25 M EDTA 
- 0.01 M Tris/HCl pH 7.5 
- 1% L-laurylsarcosine 
- 1 mg/ml proteinase K 

 Storage solution: 
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- 70% glycerol 
- 0.05 M EDTA 

II.3. Genomic DNA preparation 

 Breaking buffer solution: 
- 10 mM Tris/HCl pH 8 
- 1 mM EDTA 
- 1% (w/v) SDS 
- 100mM NaCl 
- 2 % Triton X-100 

 
 TE 1X pH 8 

- 10 mM Tris-Cl pH 8 
- 1mM EDTA pH 8 

II.4. Agarose gel electrophoresis 

 1X TAE: 
- 40 mM Tris base 
- 20 mM acetic acid 
- 1 mM EDTA 
-  

 1X TBE: 
- 89 mM Tris base 
- 89 mM boric acid 
- 2 mM EDTA 

 
 0.5X TBE: 

- 44.5 mM Tris base 
- 44.5 mM boric acid 
- 1 mM EDTA 

 
 Alkaline Buffer 

- 40 mM NaOH 
- 2 mM EDTA 

II.5. Southern-Blot 

 Denaturing solution: 
- 0.4 M NaOH 
- 1 M NaCl 

 Neutralisation solution: 
- 1.5 M NaCl 
- 0.5 M Tris-HCl 
- Adjust pH to 7.5 with HCl 
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 Depurinating solution 
- 0.125 M HCl 

 
 

 20X SSC, pH 7 
- 3 M NaCl 
- 0.34 M trisodium citrate dehydrate salt 

 
 Blocking membrane solution 

- 5X SSC 
- 0.1 % SDS 
- 5 % Dextran sulphate 
- 5 % Rapid-hyb Buffer (GE Healthcare) 

 
 Primary washing solution 

- 1X SSC 
- 0.1 % SDS 

 
 Secondary washing solution 

- 0.5X SSC 
- 0.1 % SDS 

 
 AB buffer  

- 100 mM Tris-HCl 
- 0.15 M NaCl 

II.6. Western-Blot 

 Laemmli buffer (2X): 
- 120 mM Tris/HCl pH 6.8 
- 20 % glycerol 
- 4% SDS 
- 4% β-mercaptoethanol 
- 0.02 % bromophenol blue 

 
 Running buffer: 

- 3 g/l Tris base 
- 14,4 g/l glycine 
- 0.6 g/l SDS 

 
 Transfer buffer: 

- 25 mM Tris/HCl pH 8.3 
- 192 mM glycine 
- 20% methanol 
- 0.1% SDS 
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 TBST: 

- 100 mM Tris/HCl pH 7.5 
- 150 mM NaCl 
- 0.1% Tween 20  

II.7. List of suppliers 

Table 4: List of suppliers 

 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 


